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Electrical transport, magnetism, and magnetoresistance in ferromagnetic oxides
with mixed exchange interactions: A study of the La0.7Ca0.3Mn12xCoxO3 system
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In this paper we report the results of an extensive investigation of the La0.7Ca0.3Mn12xCoxO3 system.
Substitution of Mn by Co dilutes the double-exchange~DE! mechanism and changes the long range ferromag-
netic order of La0.7Ca0.3MnO3 to a cluster glass-type ferromagnetic~FM! order similar to that observed in
La0.7Ca0.3CoO3. This happens even for the lowest Co substitution ofx50.05 and persists over the entire
composition range studied~0.05<x<0.5!. The Co substitution also destroys the metallic state and the resis-
tivity increases by orders of magnitude even with a very small extent of Co substitution. The charge localiza-
tion due to Co substitution is likely to have its origin in polaronic lattice distortion. The Co substitution also
suppresses the colossal magnetoresistance~CMR! of the pure manganate (x50) over the entire temperature
and composition range and it becomes very small forx>0.2. We conclude that the DE interaction and the
resulting metallic state is very ‘‘fragile’’ and hence even a small amount of Co substitution can destroy the FM
order, the metallic state, and the CMR.@S0163-1829~97!00127-6#
n
o

a

n

h
c
s
E
t

ion
ri
e

’s

lli
c
or
n
lle
d
r

-
-
e
o

e-
-
or-
R

e-
si-
of
r in

nsi-
ag-
me-
M
be-
rom
ran-
nge
ow
be-

hat
the
net
tate.
ys-
I. INTRODUCTION

Transition metal oxides of the ABO3 type display variet-
ies of electronic transport and magnetic properties. Rece
there has been renewed interest in physical properties of
ides with the general chemical formula Ln12xAx8MnO3 ~Ln
5La, Pr, Nd, etc., andA85Ca, Sr, Ba, Pb, etc.! since these
materials show some exotic electronic transport and m
netic properties and colossal magnetoresistance~CMR!.1–3

In these systems, theA sites of the ABO3 structure are oc-
cupied by trivalent Ln or divalentA8 ions leading to mixed
valency of the transition metal ions~Mn31/Mn41) which
occupy theB sites. In the particular context of the manga
ates the mixed valency leads to strong ferromagnetic~FM!
interactions arising from the Mn31-O-Mn41 bonds. This
strong FM interaction arises from double-exchange mec
nism ~DE!.4 This is in addition to the superexchange intera
tions which are usually antiferromagnetic. In the compo
tion range 0.2,x,0.4, the ferromagnetism due to the D
interaction wins over the other interactions and one sees
occurrence of ferromagnetism, a metal-insulator transit
and CMR occurring at and around the ferromagnetic Cu
temperature (Tc). The strong ferromagnetic interaction du
to double exchange arises because both Mn41 and Mn31

ions have a core spin ofS53/2 coming from the half-filled
crystal field splitt2g orbital and a strong intra-atomic Hund
rule coupling which spin aligns the electron in theeg orbital
which takes part in the electronic transport. The meta
state in the manganates is thus caused by ferromagneti
teractions. In addition to DE interactions the lattice dist
tions are believed to play an important role through stro
electron-lattice coupling which arises from the Jahn-Te
distortion5,6 around the Mn31 ions. A metallic state cause
by the onset of ferromagnetism is also seen in a closely
560163-1829/97/56~3!/1345~9!/$10.00
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lated solid La12xSrxCoO3 for x>0.2. The solid has a com
position driven metal-insulator transition with critical com
position xc'0.25. In this solid the ferromagnetism and th
resulting metallic behavior arises from mixed valency of C
ions ~Co31/Co41) much like in the manganate.7,8 The mag-
netosresistance~MR! of this solid is, however, generally
small for the metallic compositions (x'0.3!, unlike the
manganates.9 Close to the critical composition range and b
low (x< 0.25!, the ferromagnetic order gives way to ferro
magnetic clusters. The loss of long range ferromagnetic
der leads to carrier localization and to a large negative M
accompanied by memory effects and hysteresis.9 The Co
ions in this solid undergo a spin state transition~high spin/
low spin!, and the ferromagnetic state, onset of metallic b
havior, MR, etc., depend crucially on this spin state tran
tion. Recent transport, magnetic, and MR studies
cobaltates have established that the ferromagnetic orde
this solid is of short range arising from clusters.9,10,13Thus
cobaltates and manganates with mixed valency of the tra
tion metal ions show a close relation between the ferrom
netic order and the metallic state. The occurrence of the
tallic state is dependent on the existence of the F
interactions. However, there are important differences
tween the two systems. These differences arise mainly f
the electronic configurations and the spin states of the t
sition metal ions and these lead to ferromagnetic excha
interaction of different nature. These differences also sh
up in the resulting ferromagnetic order which shows up
low Tc .

In this paper we investigate an interesting question: W
happens to the ferromagnetic order, metallic state, and
CMR when we mix a double-exchange type ferromag
such as the manganate with a ferromagnet like the cobal
To study this question we have investigated the s
1345 © 1997 The American Physical Society
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1346 56N. GAYATHRI et al.
tem La0.7Ca0.3Mn12xCoxO3. Both the end members o
the system, namely La0.7Ca0.3MnO3 (x50) and
La0.7Ca0.3CoO3 (x51) are ferromagnetic.~Note that in this
paper we will refer tox50 as ‘‘pure manganate’’ and
x51 as ‘‘pure cobaltate.’’! While the compositionx50
shows a metallic state forT,Tc , the compositionx51 lies
close to the metal-insulator transition boundary and both
compositions have low resistivity. We show that even fo
small x ~as low asx' 0.05! the ferromagnetic order of th
pure manganate is severely modified; this leads to ca
localization and gives rise to an insulating phase. The pr
erties of this system are governed by the nature of the e
tronic state of the two TM ions. Therefore, it is worth me
tioning a few points regarding this aspect. The Mn ions w
valency 31 and 41 exist in the high spin state with th
electronic configurationt2g

3 eg
1 and t2g

3 eg
0 , respectively. Both

the valence states carry spin and the conduction band a
from theeg electron which takes part in the DE interaction
The electronic configuration of the Co ions are more com
cated due to the possibility of the existence of the Co ion
the low spin and the high spin states. The spin state trans
occurs because the crystal field splitting and the excha
energy are comparable.8,10 The high spin Co31 ion has a
configurationt2g

4 eg
2 and the low spin ion has a configuratio

t2g
6 eg

0 . The low spin state is energetically more favorab
Thus trivalent Co is often found to be in a diamagnetic lo
spin state at room temperature and below and hence in
system we consider it to be predominantly in the low s
state. But we cannot rule out the fact that the Co ion is i
different environment when it is in the proximity of Mn ion
and hence there is a finite probability of formation of hi
spin trivalent Co ions. The tetravalent Co ion, on the ot
hand, is found in the high spin state, since the high spin s
with the electronic configurationt2g

3 eg
2 is energetically lower

compared to the low spin Co41 ion with configuration
t2g
5 eg

0 as found by photoelectron spectroscopy.12 The compet-
ing interactions in the system will therefore depend on
electronic state of the two TM ions in the lattice.

II. EXPERIMENTAL DETAILS

In this investigation we have carried out the followin
measurements in addition to chemical and structural cha
terization of the materials: dc magnetic susceptibility (xdc),
ac susceptibility (xac), resistivity (r), magnetoresistance
and the Seebeck coefficient (S). The materials were prepare
by the usual solid-state reaction method. The samples
nominal composition La0.7Ca0.3Mn12xCoxO3 with x50.05,
0.1, 0.2, 0.3, 0.5, and 1 were prepared w
La2O3, CaCo3 , MnCO3, and CoC2O4,2H2O as the start-
ing materials. The compositions 0.05<x<0.3 were prepared
by heating the reactants in air at 1100 °C for 32 h w
intermediate grinding. Thex50.5 composition was prepare
similarly by heating for 36 h. Thex51.0 composition
was prepared by heating a mixture of La2O3, CaCo3, and
CoC2O42H2O in oxygen at 1200 °C for 24 h. Powder x-ra
diffraction patterns were recorded with a RICH-SEIFER
diffractometer in the 2u range 20° to 60°. Core level x-ra
photoelectron spectra of La0.7Ca0.3Mn0.7Co0.3O3 were re-
corded along with those of the reference compou
e
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La0.7Ca0.3CoO3, CaMnO3, LaMnO3, and LaCoO3 to get
an idea of the oxidation states of Co and Mn. Thexdc was
obtained by a Faraday balance with a Lewis coil for sett
up the field gradient. The typical gradient used was'55
Oe/cm. The data were taken at a maximum applied field
0.3 T. The magnetization in the ferromagnetic state was m
sured both in zero-field cooled~ZFC! and field cooled~FC!
states with different measuring fields ranging from 0.006
to 0.3 T. The dc measurements were supplemented byxac
measured at 100 Hz by a standard mutual inductance bri
The r were measured by a four-probe technique. While
the metallic samples (x50 andx51) and forx50.05 the
measurements were carried down to 4.2 K, for the ot
samples with 0.1<x<0.5, ther was measured down to 10
K because the value ofr was large and the contact resistan
becomes appreciable so that even the four-probe techn
gives rise to errors. The MR was measured in fields up t
T using a superconducting solenoid. The Seebeck coeffic
was measured using an automated standard dc techn
where pure Cu forms the other arms of the thermocouple
the temperature differential was measured by a calibra
Au:Fe/chromel thermocouple.

III. RESULTS

A. Structure and the chemistry

Representative traces of the x-ray powder diffraction p
tern of the system La0.7Ca0.3Mn12xCoxO3 are shown in Fig.
1. The end members of the series (x50 andx51) are cubic
and have lattice parameters of 7.699 and 7.628 Å, resp

FIG. 1. Typical x-ray diffraction pattern for the
La0.7Ca0.3Mn12xCoxO3 system.
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TABLE I. Structural and magnetic parameters of the system La0.7Ca0.3Mn12xCoxO3. † denotes the value
at the peak of the susceptibility. ‡—Below the sensitivity limit. § denotes no clear region from whic
parameters can be estimated.

Composition a Tc xac
† meff uc M0.3T

(x) Å ~K! ~cm3/gm! (mB) ~K! at T55 K ~emu/gm!

0 7.699 260 0.060 5.80 260 84
0.05 7.733 190 0.012 5.63 225
0.1 7.726 170 0.0105 5.45 215
0.2 7.718 165 0.009 5.25 215
0.3 7.695 165 0.0007 4.97 180 15
0.5 7.664 165 ‡ § §
1.0 7.628 160 3.48 240 26
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tively. The samples 0.05<x<0.5 could be indexed on th
basis of a pseudocubic unit cell; the pseudocubic lattice
rameters calculated using the least square refinement
nique are given in Table I. On substitution of Mn by Co t
structure does not undergo any change, but there is a sys
atic decrease in the lattice parameter as the Co conten
creases. The decrease in the lattice constant can be rela
the smaller ionic radii of the Co ion. From the core lev
x-ray photoelectron spectra, we are able to qualitatively
termine the oxidation states of Co and Mn. The Mn(2p)
binding energy of La0.7Ca0.3Mn0.7Co0.3O3 was found to be
624 eV, which is between the binding energies of Mn31 and
Mn41, suggesting the presence of both the oxidation sta
The Co(2p) spectrum gave a Co(2p) binding energy of 781
eV and is similarly interpreted to be a mixture of bo
Co31 and Co41. There was no evidence for the presence
Co21.

B. Magnetic properties

In Fig. 2 we show thexac as a function ofT for all the
La0.7Ca0.3Mn0.7Co0.3O3 samples measured. Table I shows t
important parameters obtained from the magnetic meas
ments. Similar values ofTc have been obtained from bot

FIG. 2. ac susceptibility (xac) measured at 100 Hz.
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xac and magnetization measurements.Tc as well as the mag-
nitude ofxac are suppressed severely in the mixed syste
In Fig. 3 we show thexdc measured in the paramagnet
phase for the different samples. The data are plotted
xdc

21 vs T. We find that the Curie-Weiss law is followed a
least in a limited temperature range aboveTc over which the
data are taken, barring the samplex50.5 which clearly
shows two regions with different values of the Curie co
stants and the paramagnetic Curie temperatures. The e
tive momentsmeff obtained from the Curie constants are al
shown in Table I, along with the paramagnetic Curie te
peratures,uc . The values of themeff show a gradual decreas
on Co substitution.uc also is reduced asx is increased,
showing a general weakening of the ferromagnetic DE in
action and an increasing contribution of AFM interactio
arising from superexchange. For the end membersTc'uc ;
however, for other compositions there is significant diffe
ence between the two. The peak values of the ac susc
bilities (xac) are less in the mixed systems~see Fig. 2! and it
is the least for the compositionsx50.3. ~Note that thexac
could not be measured for thex50.5 sample since the signa
was very small.! This lowering of the peak value ofxacmost

FIG. 3. Curie-Weiss plot of the dc susceptibility (xdc).
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1348 56N. GAYATHRI et al.
likely arises from the decrease in the magnetization (Mdc),
which decreases on Co substitution. The onset of the m
type ferromagnetic exchange interactions on Co substitut
therefore, weakens the ferromagnetic order as well as low
the magnetic moment. One interesting observation is the
havior of the temperature dependence ofxac belowTc . For
the pure manganate (x50), xac is nearly constant below
Tc .

14 But for the pure cobaltate (x51) the xac decreases
sharply asT is lowered.9 A similar behavior is seen for the
mixed systems. Even a small amount of Co substitution r
ders the temperature dependence ofxac belowTc similar to
that in the pure cobaltate. The absence of a proper long ra
FM order can be seen in the temperature dependences o
FC and the ZFC magnetizations. This can be seen as
example for the samplex50.3 in Fig 4. The FC and ZFC
magnetizations are denoted asMFC andMZFC, respectively.
The drop of theMZFC below 100 K deserves attention. In th
pure manganate which shows proper long range or
MZFC for T,Tc is almost independent ofT. In contrast,
MZFC of the cobaltate decreases appreciably on cooling
low Tc . From previous magnetic studies as well as the n
tron studies it has been proposed that the ferromagnetic
seen in the cobaltate is of a cluster glass type.13 The drop of
the MZFC for T,Tc has been interpreted as a signature
this cluster glass behavior. A similar behavior of theMZFC is
also seen in the mixed system. The magnetic behavior of
mixed systems being similar to that of the cobaltates,
may infer that the long range order of the pure mangan
gives way to cluster glass. We will discuss the implicatio
of these observations below.

C. Resistivity and magnetoresistance

In Fig. 5 we show the temperature dependence ofr. It can
be seen that both end members have a very lowr. Over the
entire temperature range the pure cobaltate (x51) has a re-
sistivity, r,10 mV cm and the pure manganate~x50! has
a resistivityr,100 mV cm. For the mixed systems ther
are very high and atT5100 K r.104 V cm. The pure
cobaltate is at the boundary of the metal-insulator transit
It has a shallow temperature dependence ofr for T.100 K

FIG. 4. Field cooled and zero-field cooled magnetization m
sured in a field ofHmeas50.03 T for the samplex50.3.
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andr rises slightly below 100 K due to the spin state tra
sition of the Co ions.9,10 The hole doped manganates~with
no Co substitution! show a transition to the metallic stat
below Tc when the hole doping is in excess of 0.2 per fo
mula unit. But for the mixed system we find an insulatin
behavior over the entire temperature range~down to 100 K!
except for the sample withx50.05. The resistivity of the
x50.05 sample is also very high but it shows a shallow pe
in r at T!Tc . We thus see a charge localization and d
struction of the metallic behavior on Co substitution. T
carriers are localized over the entire composition range~0.1
<x<0.5! although we have the presence of strong ferrom
netic exchange and ferromagnetic order, albeit of clus
type. The shallow peak inr at low temperatures in the
x50.05 sample can be explained as follows. For this co
position the material can be considered as a ‘‘composi
containing metallic and insulating regions. The metallic
gions are mostly of composition close tox50 sample. This
is a result of the chemical inhomogeneity in these mater
in a microscopic scale. AsT is reduced ther of the metallic
regions decrease while that of the insulating regions incre
This leads to increasing current paths through the meta
regions of low resistivity. Ultimately the conduction from th
metallic regions predominates andr decreases asT is re-
duced. The shallow peak inr thus signifies a crossover. Fo
x> 0.05 the metallic regions make marginal contribution
conductivity even if they are present in small volume fra
tions.

The MR as a function of temperature~measured with a
field H56 T! is shown in Fig. 6. The MR is defined as

Dr

r
5

r@H#2r@H50#

r@H50#
. ~1!

r@H# is the value ofr in an applied field ofH. The MR is
negative for all the samples. But the CMR of the mangan
(x50) is suppressed even with small Co substitution. T
magnitude of the MR~measured atH56 T! shows a mono-
tonic decrease asx increases. Forx50.1 it is 80% at 100 K
and this decreases to nearly 2% forx50.5. For the two end
members the nature of the MR is somewhat different. For
pure manganate (x50) the value of the MR is highest nea

- FIG. 5. Resistivity as a function of temperature.
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56 1349ELECTRICAL TRANSPORT, MAGNETISM, AND . . .
the transition. For the pure cobaltate (x51) the MR is nega-
tive but much smaller and is appreciable also near theTc .

9

In contrast, the MR in the mixed system monotonically d
creases asT increases and becomes very small close toTc .
The MR close toTc shows a series of small features
almost all the samples. This is more perceptible in
samples with lower Co content. To magnify these featu
we plot in Fig. 7 the logarithmic derivativedlnMR/dT as a
function ofT. In the same graph for comparison we show
the inset the logarithmic derivativedlnxdc/dT. The deriva-
tive curves for thexdc show a number of features whic
closely follow similar features in the MR curve. Interes
ingly, the features occur in all the compositions at simi
temperatures. A plateau or a small peaklike feature in
MR curve will be seen as a peak in this derivative cur

FIG. 6. MR as a function of temperature measured at a fi
H56 T.

FIG. 7. The logarithmic temperature derivative of the mag
toresistancedln(MR)/dT as a function ofT for different samples.
The inset shows the derivativedlnxdc/dT for the samplesx50.3
andx50.5.
-

e
s

r
e
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~The derivative curve for the MR will have an overall nega-
tive sign because the MR decreases as theT increases.! The
most prominent of the features occur near the 240–250
region, which is also the region where the end membe
(x50) has itsTc . Thedlnxdc/dT curve shows the smaller
feature in this region~marked by arrow in the inset of Fig.
7!. There are 3–4 such peaklike features in the MR curv
persisting down to 150 K. This multitude of peaks can aris
from the ferromagnetic clusters formed near theTc which
eventually freeze forT,Tc . For T!Tc , the derivative
curve is more or less featureless, showing that the MR d
creases smoothly asT increases. The field dependences o
the MR ~see Fig. 8! seen in the mixed systems are also dif-
ferent from those seen in the pure manganates. In the pu
manganate the field dependence has two distinct regions.14 In
the low field region (H,1 T! the MR rises almost linearly in
H. This is followed by a second region where the MR ex
hibits a slow dependence on the applied field showing a
approach to saturation. By contrast, the MR in the mixe
system does not show a clear separation of the two region
also there is no clear sign of the saturation in MR in the hig
field. The MR seems to approach the saturation~if any! as-
ymptotically. This is similar to the behavior in the cobaltates
where in a certain composition range close to the critica
range, the MR shows a linear~or almost linear! dependence
onH for H up to 6 T.9 This absence of saturation is also seen
in the magnetization measurements, implying that even
our highest fields accessible the spins have not aligned com
pletely to the field direction.10,13This suggests that we might
have clusters of spins aligned ferromagnetically intersperse
by regions where the spins do not belong to a ferromagnet
cluster and retain their random orientations which may b
blocked by a local anisotropy field. The field dependence o

d

-

FIG. 8. MR as a function of fieldH at different temperatures for
different samples. For thex50.05 sample the MR atT54.2 K
shows a strong memory effect, hysteresis, and nonclosure of t
resistivity value on field cycling.



a

vi
R

em
e
e

w

lo
les

gh
ly

rv
ca
h
th
g-
th
th
o
, t
w-
itu

ted
cep-

se
ent-

mp-
e

n-
ve
pin
mp-
the
the

. In
ere is

us-

d
e

mi-
ist

-

t all

1350 56N. GAYATHRI et al.
MR and the magnetization behavior of the mixed systems
very similar to those of the cobaltates even for smallx. In the
cobaltates, in the critical region where the magnetic beha
is determined by the dynamics of cluster freezing, the M
shows strong hysteresis.9 In the mixed systems~except
x50.05) despite the fact that the ferromagnetic state se
to be dominated by clusters, we do not see any hyster
behavior down to 100 K. For thex50.05 sample we see th
hysteresis only atT54.2 K. Since we could not do MR
measurements for the other compositions below 100 K,
cannot rule out these effects at lower temperatures.

D. Seebeck coefficient

The measured Seebeck coefficients (S) for the mixed sys-
tem show a 1/T dependence, as expected in solids with
calized carriers. This is shown in Fig. 9 for two samp
x50.05 and x50.2. S has been scaled bykB /e
586 mV/K. The data are somewhat noisy due to the hi
sample resistances. TheS of the mixed systems are clear
different from those of the two end members.10,11We see a
deviation from the 1/T dependence atT,Tc . Other than that
no special features are seen nearTc unlike the hole doped
manganates with no Co substitution.

IV. DISCUSSION

In this section we discuss some of the important obse
tions made in the present investigation and their impli
tions. The focus of our discussion is the question as to w
happens to the ferromagnetic metallic state arising from
DE interaction when it is mixed with other type of ferroma
netic interactions. All the present data have shown that
ferromagnetic order and the metallic state arising from
DE interaction are ‘‘fragile.’’ Even a small amount of C
ions seems to destroy the long range ferromagnetic order
metallic state, and most importantly, the CMR. In the follo
ing we discuss some of the important effects of Co subst
tion.

FIG. 9. The Seebeck coefficient (S) as a function of 1/T for two
samplesx50.05 andx50.2.S has been scaled bykB /e. The lines
are fit to the data as described in the text.
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A. Susceptibility aboveTc

It has been pointed out before that, at least in a limi
temperature range available in this measurement, the sus
tibility above Tc follows Curie-Weiss law~except for the
samplex50.5). Themeff are given in Table I. In Fig. 10 we
have plottedmeff as a function ofx. It can be seen thatmeff
decreases continuously asx increases and this arises becau
on Co substitution we are decreasing the density of mom
carrying Mn ions and most of the Co31 ions are inS50 low
spin configuration (t2g

6 eg
0). As a check we have plotted in

Fig. 10 the calculatedmeff as a function ofx with values of
moments equal to the spin-only values and with the assu
tion that all the Co31 are in the low spin state and all th
Co41 are in the high spin state (t2g

3 eg
2). ~Note: The assump-

tion that all Co31 are in the low spin state may not be e
tirely correct. But, considering the fact that we do not ha
any independent measure for the population of the high s
and low spin states, we have to make this plausible assu
tion.! The calculated curve shows the correct trend of
data but lies systematically below the data points. In fact,
deviation starts from the pure manganates (x50) and the
trend persists over the entire composition range studied
case of manganates, as has been discussed in Ref. 15, th
a local clustering of Mn31 ions around a Mn41 ion due to
strong ferromagnetic interactions. We account for this cl
tering by taking theSeff which is higher than their spin-only
values of both Mn31 and Mn41 ions. We can make the
calculatedmeff for the x50 sample agree with the observe
meff by takingSeff 5 2.45. We show in Fig. 10 also the curv
calculated with the new value of effective spin (Seff 5 2.45!
for the Mn ions~marked as ‘‘with clustering’’!. The agree-
ment with the observed data is better, indicating that a si
lar type of local clustering of spins of the Mn ions pers
even in the Co substituted samples.

B. The magnetic order

In the pure manganate (x50) the local clustering of the
Mn31 ions around a Mn41 eventually leads to a ferromag

FIG. 10. The effective magnetic moment (meff) as a function of
x. The calculated curves were obtained on the assumption tha
Co31 are in the low spin state and all Co41 are in the high spin
state. The two calculated curves are explained in the text.
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56 1351ELECTRICAL TRANSPORT, MAGNETISM, AND . . .
netic order of the long range type. The lack of proper fer
magnetic long range order in the pure cobaltates (x51)
arises due to the same reason that the diamagnetic low
Co31 ions dilute the magnetic lattice.10 In thex50 sample,
the calculated saturation moment (ns) assuming complete
spin alignment is'3.7mB/Mn ion and this is close to the
experimentally observedns . On the other hand, in pure co
baltate (x51), the observedns'1.4mB/Co ion is less than
the expected value of 1.8mB . ~Thens has been obtained at
T and 4.2 K.! Also, as mentioned earlier theM -H curve does
not show full saturation of the magnetic moment even for
applied field of 6 T. This particular feature is even mo
prominent in the mixed samples. For instance in the sam
x50.3, the observedns at 6 T and 4.2 K is only 0.8mB and
the calculated moment for full spin alignment is'3.8mB .
This indicates that we do not have complete spin order
below Tc . A likely scenario is that the existence of mixe
exchange~i.e., presence of both ferromagnetic as well
antiferromagnetic exchange!, as well as dilution by the dia
magnetic low spin Co31 ions, lead to disorder or canting o
spins preventing complete ferromagnetic spin alignments
is also possible that we have ferromagnetic clusters of fi
dimensions which order below a certain temperature, al
randomly, due to random anisotropy. The resulting magn
order belowTc therefore can be looked upon as a dilut
ferromagnet created by the mixed exchange. The mult
peaklike structures in thedlnxdc/dT curve shown in the inse
of Fig. 7 carries signatures of these clusters freezing ov
range of temperatures aroundTc .

The absence of a proper long range order is also s
from the difference in the FC and ZFC magnetizations. T
difference becomes large below a certain temperature,
pending on the measurement field (Hmeas). In Fig. 11 we plot
DM5MFC2MZFC as a function ofT as measured in two
different fields~0.03 T and 0.3 T!. DM measured at a certai
field (Hmeas) arises whenHmeas,(Ha), whereHa is a local
anisotropy field which locks the spin in certain orientati
depending on the direction of the local field. For good fer
magnets theDM should be small and essentially temperatu
independent. ForHa,Hmeas, DM'0. However, ifHa in-
creases rapidly asT is decreased,DM will also rise asT is

FIG. 11. The difference (MFC2MZFC) as a function ofT for
two different measuring fields (Hmeas).
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lowered. The rapid rise ofDM starts at the temperature whe
theHa becomes larger thanHmeason cooling. This rapid rise
of DM will happen at lower temperatures for higherHmeas
because the crossover conditionHmeas'Ha will happen at
lowerT. The temperature dependence ofDM seen in Fig. 11
thus can be explained as due to existence of a local an
ropy field which becomes large asT is reduced. This can
give rise to the observed cluster glass type behavior. We
this behavior in all the mixed samples as well as in the p
cobaltate (x51). To summarize, we find that the Co subs
tution breaks down the long range ferromagnetic order s
in the pure manganates, replacing it with cluster type of f
romagnetic order. This breakdown of ferromagnetic ord
can arise both from the mixed exchange as well as the d
tion by low spin diamagnetic Co31 ions.

C. Comparison with LaMn 12xCoxO3

The system under investigation, La0.7Ca0.3Mn12xCoxO3,
has a close relationship with the system LaMn12xCoxO3
which has no Mn41 ions arising from the Ca substitution
Structurally, both systems are similar. Within the compo
tion range 0.15,x,0.5, the system LaMn12xCoxO3 has a
pseudocubic structure.16 For x, 0.15 it has an orthorhombic
structure. In our system, over the entire composition ra
we find a pseudocubic structure. In addition to the structu
there is a striking similarity in the room temperature resist
ities of the two systems for an intermediate range ofx as
shown in Fig. 12.~Data for the LaMn12xCoxO3 system are
taken from Ref. 16.! There is a striking similarity between
the two systems especially for 0.1<x<0.4. ~Note that the
data forx50.5 from the Ref. 16 may not be reliable becau
this sample was not single phase.! It seems that in this com
position range the presence of the Mn41 ions does not make
much difference. In the system without Ca, the resistiv
decreases sharply on Co substitution, though it still rema
insulating. The decrease in the resistivity over the narr
composition range 0,x,0.15 was attributed to the remova
of Jahn-Teller distortion on Co substitution.16 In our system,
the influence of Ca is apparent only very close to the e
members, and as the Co content increases the resistiv
increase drastically. This sudden increase in resistivity e

FIG. 12. The room temperature resistivities of the two syste
La0.7Ca0.3Mn12xCoxO3 and LaMn12xCoxO3 ~data from Ref. 16! as
a function ofx.
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for the x50.05 sample cannot be explained by consider
only dilution effect arising from the diamagnetic Co ions.
is a well-known fact that substitution of the divalent ions f
La in the pure LaMnO3 and hence the formation of tetrava
lent Mn ions, removes the lattice distortion; hence the re
tivity decreases.17 When Co is substituted for the Mn ion
the amount of Mn41 in the system decreases and it is like
that a certain amount of lattice distortion arises again. T
increases the resistivity and makes ther of both systems
comparable. There is an added effect of the low spin diam
netic Co31 ion in the system, which essentially decreases
pathways for the hopping. We discuss the issue of the ef
of the lattice distortion more quantitatively in the next su
section.

D. Charge localization

In the solid under investigation, La0.7Ca0.3Mn12xCoxO3,
both the end members being metallic, the most import
observation is the charge localization over almost the en
composition range studied~0.05<x<0.5!. The charge local-
ization leads to a temperature dependence ofr which can be
described by two distinct approaches. First is the varia
range hopping in a Coulomb gap~VRH! ~Ref. 18! and the
second is charge localization due to lattice distortion~polar-
on formation!.20 We discuss both of the mechanisms belo
We find that our data can be fitted to the VRH equation,18

r5r0exp@AT0 /T#, ~2!

to a reasonably good degree.~Note that the VRH equation o
the Mott type, i.e., with the exponent 1/4 does not give
good fit to the data.! The characteristic temperature repr
sented byT0 is large andT0'(7–10)3104 K. Since T0
}1/̂ j&, where ^j& is the average localization length, th
would imply that the charge is localized in a small leng
scale. An estimate of the localization length fromT0 shows
that ^j&' 2.5–5 Å, which is of the order of the unit ce
dimension. This is a reasonable order for^j&. The values of
the prefactorr0 are in the range 3–50m V cm. This value of
r0 is unphysical. Typicalr0 should be of the order o
'rmott, the maximum metallic resistivity.19 rmott for these
oxides are seldom below 1–10 mV cm.8 This makes the
VRH an unreasonable proposition even if the data fit to
~2! quite well.

We next examine the other possibility. Recently, there
increasing evidence that theT dependence ofr can be de-
scribed using the concept of small polarons which can a
from the strong lattice-electron interaction originating fro
the Jahn-Teller distortion.21,22The small polaron size is typi
cally of the order of one unit cell. ForT.uD/2 (uD is the
Debye temperature! the carrier transport is by thermal act
vation; the resistivity is given by the equation:21,22

r5F\ae2 GF TTpG
nF 1

c~12c!GexpSE1W2l322n

kBT
D , ~3!

wherea is the hopping distance which we take as appro
mately the Mn-O-Mn distance (' 3.8 Å!. c is the polaron
concentration, 2W is the polaron formation energy,kBTp is a
characteristic polaron energy scale which gives the pola
tunneling rate,20 l is the transfer integral, andE is the energy
g
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required to produce intrinsic carriers. ForkBTp @ \vp (vp
is the characteristic phonon frequency involved in polar
formation!, the transport is adiabatic20 and the exponen
n51 in Eq.~3!. In the other extreme, for nonadiabatic tran
port n51.5. The Seebeck coefficient (S) for this polaronic
transport process is given by21,22

S

~kB /e!
5F E

kBT
2 lnS 54D2 ln

c~12c!

~122c!2G . ~4!

From the data onS we find that Eq.~4! holds good for
T.Tc . For x50.05 sample we findE547 meV andc
50.40. For thex50.2 sample we getE569 meV andc
50.41. Thus on increasingx the activation energyE in-
creases whilec stays close to 0.4. The expectedc' 0.3. This
indicates a slight oxygen excess. The corresponding valu
E for the pure manganate is much lower~typically 10–20
meV!.14,21 ~However, there is an element of uncertainty
the determination ofE from the thermopower data for th
pure manganates because the thermopower nearTc , in par-
ticular the peak isS, is very sensitive to the exact Mn41

content11 and one may obtain different values forE depend-
ing on how far one is from the peak inS. But the values of
E for this composition range lie in the range stated befor!
According to Eq.~4!, S has the formS5A/T1B. A/T is
always positive and forc'0.3–0.4B is negative. The result-
ing sign ofS at a givenT will be determined by the relative
strengths of these two terms. In the Co substituted system
activation energyE being large theA/T term dominates over
most of the temperature range leading to a positiveS. How-
ever, for the unsubstituted system (x50) E being small,S
can be negative forT.Tc since theB term ~which is nega-
tive! will have a larger magnitude. This explains the positi
sign ofS in the more localized Co substituted systems.

The resistivity data can be fitted to Eq.~3! equally well
for both n51 or 1.5. As a result from the fit alone it i
difficult to decide if the polaron hopping is adiabat
(n51) or nonadiabatic (n51.5). For the pure manganat
(x50) the value ofkBTp is relatively large and for this
sample the polaron transport may be nearly adiabatic so
from the fit @using n51 in Eq. ~3!# we obtain
(E1W2l)'122 meV andTp'200 K. For the mixed
samples theTp being small~typically <100 K! the transport
is nonadiabatic. From the fit to Eq.~3! using n51.5, we
obtain (E1W)'135–160 meV for all the samples. As a
example, for the samplex50.2 we find (E1W)5160 meV
andTp 5 55 K. UsingE'69 meV, obtained from theSdata,
we findW'91 meV. For nonadiabatic transportTp , l, and
W are related by21 kBTp5(pl4/4W)1/3. From this relation
we obtain the value of the transfer integrall' 11 meV. This
value of l is of the correct order. We thus find that th
resistivity and the Seebeck coefficient can be reasonably
plained from the view of polaronic transport. The Co subs
tution increases the activation energyE. Therefore it seems
that the strong carrier localization in the mixed system m
likely has its origin in the lattice distortion and the resultin
polaron formation, and the increase in the resistivity on s
stitution of even a small amount of Co may most likely
due to the onset of lattice distortion, since the Mn41 is being
decreased when Co is substituted.
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56 1353ELECTRICAL TRANSPORT, MAGNETISM, AND . . .
V. CONCLUSION

We have made a systematic investigation of the effec
dilution of Mn by Co on the electrical and magnetic prope
ties of the GMR system La0.7Ca0.3MnO3. The magnetic
measurements point towards the breakdown of the l
range ferromagnetism~as seen in the parent Mn compoun!
on substitution of even a small amount of Co~as small as
x
'0.05!. The type of magnetism formed in the substitut
compound can be related to the cluster glass type~as seen in
the system closely related to the other end member of
series, La0.7Sr0.3CoO3). The influence on the resistivity i
even more drastic as the resistivity increases by order
magnitude~nearly 3–4 orders! compared to the end mem
bers. The highly insulating behavior could be explained
.
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due to polaronic lattice distortion. Since the long range f
romagnetic order is weakened by the Co, the magnetore
tance is also affected and the MR decreases as the Co co
increases in the system. Thus we can conclude that
double exchange and the resulting metallic state as see
the CMR oxides is very ‘‘fragile’’ and even a small amou
of Co alters the magnetism, the metallic state, and also
magnetoresistance properties of the CMR oxide.
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