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In this paper we report the results of an extensive investigation of thgQagMn,_,Co O3 system.
Substitution of Mn by Co dilutes the double-exchariB&) mechanism and changes the long range ferromag-
netic order of LgCa MnO; to a cluster glass-type ferromagnetleM) order similar to that observed in
Lay [Ca sC00;. This happens even for the lowest Co substitutiorxef0.05 and persists over the entire
composition range studie®.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 magnetoresista@bdR) of the pure manganatex€0) over the entire temperature
and composition range and it becomes very smallxs10.2. 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 CM&0163-182807)00127-9

. INTRODUCTION lated solid La _,Sr,CoO; for x=0.2. The solid has a com-
position driven metal-insulator transition with critical com-
Transition metal oxides of the ABDtype display variet-  position x,~0.25. In this solid the ferromagnetism and the
ies of electronic transport and magnetic properties. Recentljesulting metallic behavior arises from mixed valency of Co
there has been renewed interest in physical properties of 0%ons (Co®*/Cd**") much like in the manganafé The mag-
ides with the general chemical formula Ln, A;MnO; (Ln  netosresistancéMR) of this solid is, however, generally
=La, Pr, Nd, etc., and\'=Ca, Sr, Ba, Pb, etfcsince these small for the metallic compositionsx&0.3), unlike the
materials show some exotic electronic transport and magmanganate$ Close to the critical composition range and be-
netic properties and colossal magnetoresistai@dR).!®  low (x< 0.25), the ferromagnetic order gives way to ferro-
In these systems, th& sites of the ABQ structure are oc- magnetic clusters. The loss of long range ferromagnetic or-
cupied by trivalent Ln or divalenA’ ions leading to mixed der leads to carrier localization and to a large negative MR
valency of the transition metal iondIn3*/Mn**) which  accompanied by memory effects and hystergsihe Co
occupy theB sites. In the particular context of the mangan-ions in this solid undergo a spin state transitibigh spin/
ates the mixed valency leads to strong ferromagn@id) low spin), and the ferromagnetic state, onset of metallic be-
interactions arising from the MiT-O-Mn*" bonds. This havior, MR, etc., depend crucially on this spin state transi-
strong FM interaction arises from double-exchange mechaion. Recent transport, magnetic, and MR studies of
nism (DE).* This is in addition to the superexchange interac-cobaltates have established that the ferromagnetic order in
tions which are usually antiferromagnetic. In the composi-this solid is of short range arising from clustér®:'3 Thus
tion range 0.2x<0.4, the ferromagnetism due to the DE cobaltates and manganates with mixed valency of the transi-
interaction wins over the other interactions and one sees th#on metal ions show a close relation between the ferromag-
occurrence of ferromagnetism, a metal-insulator transitionpetic order and the metallic state. The occurrence of the me-
and CMR occurring at and around the ferromagnetic Curigallic state is dependent on the existence of the FM
temperature T.). The strong ferromagnetic interaction due interactions. However, there are important differences be-
to double exchange arises because both*Mand Mn®* tween the two systems. These differences arise mainly from
ions have a core spin &=3/2 coming from the half-filled the electronic configurations and the spin states of the tran-
crystal field splitt,4 orbital and a strong intra-atomic Hund’s sition metal ions and these lead to ferromagnetic exchange
rule coupling which spin aligns the electron in tegorbital  interaction of different nature. These differences also show
which takes part in the electronic transport. The metallicup in the resulting ferromagnetic order which shows up be-
state in the manganates is thus caused by ferromagnetic ifow T..
teractions. In addition to DE interactions the lattice distor- In this paper we investigate an interesting question: What
tions are believed to play an important role through stronchappens to the ferromagnetic order, metallic state, and the
electron-lattice coupling which arises from the Jahn-TellelCMR when we mix a double-exchange type ferromagnet
distortior™® around the MA™ ions. A metallic state caused such as the manganate with a ferromagnet like the cobaltate.
by the onset of ferromagnetism is also seen in a closely refo study this question we have investigated the sys-
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tem LgCaMn;_,Co00;. Both the end members of
the system, namely IggCaMnO; (x=0) and
Lay Ca C00; (x=1) are ferromagnetiqdNote that in this
paper we will refer tox=0 as “pure manganate” and
x=1 as “pure cobaltate.)) While the compositionx=0 x=0.5
shows a metallic state far<<T., the compositiorx=1 lies
close to the metal-insulator transition boundary and both the
compositions have low resistivity. We show that even for a
small x (as low asx~ 0.05 the ferromagnetic order of the
pure manganate is severely modified; this leads to carrier
localization and gives rise to an insulating phase. The prop-
erties of this system are governed by the nature of the elec-
tronic state of the two TM ions. Therefore, it is worth men-
tioning a few points regarding this aspect. The Mn ions with
valency 3+ and 4+ exist in the high spin state with the
electronic configuration3,e; andt3,eJ, respectively. Both
the valence states carry spin and the conduction band arises
from theey electron which takes part in the DE interactions.
The electronic configuration of the Co ions are more compli-
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cated due to the possibility of the existence of the Co ions in Xx=0.1

the low spin and the high spin states. The spin state transition

occurs because the crystal field splitting and the exchange WW_ALJLWA
energy are comparabfd? The high spin Cé* ion has a | :
configurationt‘z‘geé and the low spin ion has a configuration 20 20 50 80

tggeg. The low spin state is energetically more favorable.

Thus trivalent Co is often found to be in a diamagnetic low 20 (deg ree)

spin state at room temperature and below and hence in our

system we consider it to be predominantly in the low spin FIG. 1. Typical x-ray diffraction pattern for the

state. But we cannot rule out the fact that the Co ion is in d-0.7Ca 3Mn;-,Co03 system.

different environment when it is in the proximity of Mn ions

and hence there is a finite probability of formation of high | a,,Ca, ;C00;, CaMnQ,, LaMnQ;, and LaCoQ to get

spin trivalent Co ions. The tetravalent Co ion, on the otheran idea of the oxidation states of Co and Mn. Thg was

hand, is found in the high spin state, since the high spin statghtained by a Faraday balance with a Lewis coil for setting

with the electronic configuratiot‘ggeé is energetically lower up the field gradient. The typical gradient used was5

compared to the low spin C9 ion with configuration Oe/cm. The data were taken at a maximum applied field of

tggeg as found by photoelectron spectroscdpfhe compet- 0.3 T. The magnetization in the ferromagnetic state was mea-

ing interactions in the system will therefore depend on thesured both in zero-field coole@FC) and field cooled FC)

electronic state of the two TM ions in the lattice. states with different measuring fields ranging from 0.006 T
to 0.3 T. The dc measurements were supplementeg by
measured at 100 Hz by a standard mutual inductance bridge.

Il. EXPERIMENTAL DETAILS The p were measured by a four-probe technique. While for
the metallic samplesx=0 andx=1) and forx=0.05 the

In this investigation we have carried out the following measurements were carried down to 4.2 K. for the other
measurements in addition to chemical and structural charac- ) !

o o . o Samples with 0.&x=<0.5, thep was measured down to 100
terization of the materials: dc magnetic susceptibilipid, K because the value @fwas large and the contact resistance
ac susceptibility g,J, resistivity (p), magnetoresistance, 9

and the Seebeck coefficiers), The materials were prepared becomes appreciable so that even the four-probe technique

by the usual solid-state reaction method. The samples Witaives rise to errors. The MR was measured in fields up to 6
y i .. o _ P using a superconducting solenoid. The Seebeck coefficient
nominal composition LgCa ;Mn;_,C0,05 with x=0.05,

01, 02 03 05 and 1 were prepared with V@S measured using an automated standard dc technique

where pure Cu forms the other arms of the thermocouple and
La,0;, CaCq, MnCOQ;, and CoGO,,2H,0 as the start- the temperature differential was measured by a calibrated
ing materials. The compositions 08%<0.3 were prepared Au:Fe/chromel thermocouple
by heating the reactants in air at 1100 °C for 32 h with’ '
intermediate grinding. The= 0.5 composition was prepared
similarly by heating for 36 h. Thex=1.0 composition Ill. RESULTS
was prepared by heating a mixture of,03, CaCq, and
CoC,0,2H,0 in oxygen at 1200 °C for 24 h. Powder x-ray
diffraction patterns were recorded with a RICH-SEIFERT Representative traces of the x-ray powder diffraction pat-
diffractometer in the 2 range 20° to 60°. Core level x-ray tern of the system LgCa ;Mn;_,Co,05 are shown in Fig.
photoelectron spectra of paCa sMngL£0y0; were re- 1. The end members of the series{0 andx=1) are cubic
corded along with those of the reference compoundsnd have lattice parameters of 7.699 and 7.628 A, respec-

A. Structure and the chemistry
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TABLE I. Structural and magnetic parameters of the systegy,Ca, ;Mn; _,C0,05. T denotes the value

at the peak of the susceptibility. $—Below the sensitivity limit. § denotes no clear region from which the
parameters can be estimated.

Composition a Te Xie e 6, Mo ar

(%) A (K) (cm®/gm) (ug) (K) atT=5 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 ¥ 8§ 8§

1.0 7.628 160 3.48 240 26

tively. The samples 0.65x<0.5 could be indexed on the y_. and magnetization measuremerfts.as well as the mag-
basis of a pseudocubic unit cell; the pseudocubic lattice panjtude of y,. are suppressed severely in the mixed systems.
rameters calculated using the least square refinement tecfiy Fig. 3 we show they,. measured in the paramagnetic
nique are given in Table I. On substitution of Mn by Co thephase for the different samples. The data are plotted as
structure does not undergo any change, but there is a system= 1 vs T, We find that the Curie-Weiss law is followed at
atic decrease in the lattice parameter as the Co content ifsast in a limited temperature range abdyeover which the
creases. The decrease in the lattice constant can be relateddga are taken, barring the sampte-0.5 which clearly

the smaller ionic radii of the Co ion. From the core level shows two regions with different values of the Curie con-
x-ray photoelectron spectra, we are able to qualitatively desants and the paramagnetic Curie temperatures. The effec-

termine the oxidation states of Co and Mn. The Mp(2  tjye momentsu.; obtained from the Curie constants are also
binding energy of LgCa3Mny £ 503 was found to be  spown in Table I, along with the paramagnetic Curie tem-

6244$V, which is between the binding energies _of%\?lrand peraturesg, . The values of the..; sShow a gradual decrease
Mn™", suggesting the presence of both the oxidation stategn Co substitution.d, also is reduced ag is increased,
The Co(2) spectrum gave a Co() binding energy of 781  showing a general weakening of the ferromagnetic DE inter-
eV and is similarly interpreted to be a mixture of both action and an increasing contribution of AFM interactions
Co®* and Cd*". There was no evidence for the presence Ofarising from superexchange. For the end memfers 6, ;
Co?". however, for other compositions there is significant differ-
ence between the two. The peak values of the ac suscepti-
B. Magnetic properties bilities (x,J are less in the mixed systersee Fig. 2and it
is the least for the compositions=0.3. (Note that they ..

In Fig. 2 we show they,. as a function ofT for all the : :
could not be measured for tive= 0.5 sample since the signal
L8 7Cap, Mo 1C0p 03 samples measured. Table | shows thewas very smal). This lowering of the peak value gf,; most

important parameters obtained from the magnetic measure-
ments. Similar values of . have been obtained from both

B0 [ T o ,
397Cap3Mn, ,Co ;
0.012 Lao-7cao.3Mn1—xcoxO3 1-x X3 :
| _ o x=0.05 J
6000 - *x=0.1 v
0.01 ~ | X0l
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QE) * x=0.5
= 0008 f 8 ‘
& E 4000}
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g 0.006 | -
E S
= 0.004 ool
0.002 |
0 u IIIIIII-M'
O L 1 ".x N :
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FIG. 2. ac susceptibility .0 measured at 100 Hz. FIG. 3. Curie-Weiss plot of the dc susceptibility£) .
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FIG. 4. Field cooled and zero-field cooled magnetization mea- FIG. 5. Resistivity as a function of temperature.

sured in a field oH,c,=0.03 T for the sample=0.3.

and p rises slightly below 100 K due to the spin state tran-
likely arises from the decrease in the magnetizatibh,§,  sition of the Co ions:'® The hole doped manganatésith
which decreases on Co substitution. The onset of the mixedo Co substitutionshow a transition to the metallic state
type ferromagnetic exchange interactions on Co substitutiohelow T, when the hole doping is in excess of 0.2 per for-
therefore, weakens the ferromagnetic order as well as lowersula unit. But for the mixed system we find an insulating
the magnetic moment. One interesting observation is the bdsehavior over the entire temperature raidewn to 100 K
havior of the temperature dependenceygf below T,. For  except for the sample withk=0.05. The resistivity of the
the pure manganatex£0), x,c iS nearly constant below x=0.05 sample is also very high but it shows a shallow peak
T..}* But for the pure cobaltatex1) the y,. decreases in p at T<T.. We thus see a charge localization and de-
sharply asT is lowered® A similar behavior is seen for the struction of the metallic behavior on Co substitution. The
mixed systems. Even a small amount of Co substitution renearriers are localized over the entire composition raftyé
ders the temperature dependenceygfbelow T, similar to ~ <x=0.5) although we have the presence of strong ferromag-
that in the pure cobaltate. The absence of a proper long rangeetic exchange and ferromagnetic order, albeit of cluster
FM order can be seen in the temperature dependences of thgpe. The shallow peak ip at low temperatures in the
FC and the ZFC magnetizations. This can be seen as af0.05 sample can be explained as follows. For this com-
example for the sample=0.3 in Fig 4. The FC and ZFC position the material can be considered as a “composite”
magnetizations are denoted Ms.c andM ze¢, respectively. containing metallic and insulating regions. The metallic re-
The drop of theM ;¢ below 100 K deserves attention. In the gions are mostly of composition close xe=0 sample. This
pure manganate which shows proper long range ordeis a result of the chemical inhomogeneity in these materials
M for T<T,. is almost independent Gf. In contrast, in a microscopic scale. A¥ is reduced the of the metallic
M e of the cobaltate decreases appreciably on cooling beregions decrease while that of the insulating regions increase.
low T.. From previous magnetic studies as well as the neuThis leads to increasing current paths through the metallic
tron studies it has been proposed that the ferromagnetic stategions of low resistivity. Ultimately the conduction from the
seen in the cobaltate is of a cluster glass typEhe drop of ~metallic regions predominates apddecreases a¥ is re-
the Mz for T<T. has been interpreted as a signature ofduced. The shallow peak im thus signifies a crossover. For
this cluster glass behavior. A similar behavior of Mercis  x= 0.05 the metallic regions make marginal contribution to
also seen in the mixed system. The magnetic behavior of theonductivity even if they are present in small volume frac-
mixed systems being similar to that of the cobaltates, on&ons.
may infer that the long range order of the pure manganates The MR as a function of temperatufeneasured with a
gives way to cluster glass. We will discuss the implicationsfield H=6 T) is shown in Fig. 6. The MR is defined as
of these observations below.

Ap_ p[H]=p[H=0]

C. Resistivity and magnetoresistance p p[H=0]

@

In Fig. 5 we show the temperature dependence.dfcan  p[H] is the value ofp in an applied field oH. The MR is

be seen that both end members have a verydo@ver the negative for all the samples. But the CMR of the manganate
entire temperature range the pure cobaltate 1) has a re- (x=0) is suppressed even with small Co substitution. The
sistivity, p<10 mQ cm and the pure mangangte=0) has  magnitude of the MRmeasured ati=6 T) shows a mono-

a resistivityp<100 mQ cm. For the mixed systems the  tonic decrease asincreases. Fox=0.1 it is 80% at 100 K
are very high and aT=100 K p>10* Q cm. The pure and this decreases to nearly 2% for0.5. For the two end
cobaltate is at the boundary of the metal-insulator transitionmembers the nature of the MR is somewhat different. For the
It has a shallow temperature dependence édr T>100 K pure manganatex& 0) the value of the MR is highest near
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the transition. For the pure cobaltate1) the MR is nega-
tive but much smaller and is appreciable also nearTthé FIG. 8. MR as a function of fielti at different temperatures for
In contrast, the MR in the mixed system monotonically de-gifferent samples. For th&=0.05 sample the MR aT=4.2 K
creases a3 increases and becomes very small clos& o  shows a strong memory effect, hysteresis, and nonclosure of the
The MR close toT,. shows a series of small features in resistivity value on field cycling.
almost all the samples. This is more perceptible in the
samples with lower Co content. To magnify these feature$The derivative curve for the MR will have an overall nega-
we plot in Fig. 7 the logarithmic derivativéinMR/dT as a tive sign because the MR decreases asTthecreases.The
function of T. In the same graph for comparison we show inmost prominent of the features occur near the 240—250 K
the inset the logarithmic derivativéiny,./dT. The deriva-  region, which is also the region where the end member
tive curves for thexqc show a number of features which (x=0) has itsT;. ThedInyy./dT curve shows the smaller
closely follow similar features in the MR curve. Interest- feature in this regiorimarked by arrow in the inset of Fig.
ingly, the features occur in all the compositions at similar7). There are 3—4 such peaklike features in the MR curve
temperatures. A plateau or a small peaklike feature in theersisting down to 150 K. This multitude of peaks can arise
MR curve will be seen as a peak in this derivative curvefrom the ferromagnetic clusters formed near fewhich
eventually freeze forT<T.. For T<T,., the derivative
curve is more or less featureless, showing that the MR de-
creases smoothly ab increases. The field dependences of
the MR (see Fig. 8 seen in the mixed systems are also dif-
ferent from those seen in the pure manganates. In the pure
manganate the field dependence has two distinct redfdns.
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-
100 150 200 250 300 hibits a slow dependence on the applied field showing an
approach to saturation. By contrast, the MR in the mixed
system does not show a clear separation of the two regions;
also there is no clear sign of the saturation in MR in the high
field. The MR seems to approach the saturatibrany) as-
ymptotically. This is similar to the behavior in the cobaltates,
where in a certain composition range close to the critical
: V range, the MR shows a lineéor almost linear dependence
100 150 200 250 300 onH for H up to 6 T2 This absence of saturation is also seen
Temperature (K) in thg magn_etization me.asuremenys, implying thgt even at
our highest fields accessible the spins have not aligned com-
pletely to the field direction®*®This suggests that we might
FIG. 7. The logarithmic temperature derivative of the magne-have clusters of spins aligned ferromagnetically interspersed
toresistancaln(MR)/dT as a function ofT for different samples. by regions where the spins do not belong to a ferromagnetic
The inset shows the derivativiiny,./dT for the samplexx=0.3  cluster and retain their random orientations which may be
andx=0.5. blocked by a local anisotropy field. The field dependence of

0.04 -

<

o]

[\
1

dIn(x)/dT

dIn(MR)/dT

-0.02 4

-0.04 -




1350 N. GAYATHRI et al. 56

2 6
Lay ;Cag3Mn,; ,Co,O;
[m]
o 5.5
L5 ~
A 5 ]
o 1] 2 it
% 54 5 « with clustering
< 5
w3 0.5 1 3.
4]
without clustering —-»
01 3.5 ]
Lay;Cag3Mn, ,Co,04
02 ' ' ' 3 ' 4 06 08 1
0003 0004 0005 0006  0.007 0 02 04 : :
1/TE? X
FIG. 9. The Seebeck coefficiers( as a function of T¥ for two FIG. 10. The effective magnetic moment ) as a function of
samplesx=0.05 andx=0.2. S has been scaled kg /e. The lines  X- The calculated curves were obtained on the assumption that all
are fit to the data as described in the text. Co** are in the low spin state and all €oare in the high spin

state. The two calculated curves are explained in the text.

MR and the magnetization behavior of the mixed systems are
very similar to those of the cobaltates even for smalh the ) . o
cobaltates, in the critical region where the magnetic behavior 't has been pointed out before that, at least in a limited
is determined by the dynamics of cluster freezing, the MRtgrpperature range available in thls_ measurement, the suscep-
shows strong hysteresisin the mixed systemsexcept tibility above T, follows Cung-Wgss Iaw(except. for the
x=0.05) despite the fact that the ferromagnetic state seenf@Mplex=0.5). Thepu are given in Table I. In Fig. 10 we
to be dominated by clusters, we do not see any hysteresfiave plotteducys as a function ok. It can be seen thaiy
behavior down to 100 K. For the=0.05 sample we see the decreases continuously asncreases and this arises because
hysteresis only af=4.2 K. Since we could not do MR ©ON CQ substi_tution we are decreasing the den_sity of moment-
measurements for the other compositions below 100 K, w&2arrying Mn ions and most of the C6 ions are inS=0 low
cannot rule out these effects at lower temperatures. spin configuration 13,eJ). As a check we have plotted in
Fig. 10 the calculated.o as a function ofx with values of
moments equal to the spin-only values and with the assump-
D. Seebeck coefficient tion that all the C3* are in the low spin state and all the

The measured Seebeck coefficiers for the mixed sys- CO'" are in the high spin state3;ef). (Note: The assump-
tem show a I dependence, as expected in solids with lo-tion that all Ca** are in the low spin state may not be en-
calized carriers. This is shown in Fig. 9 for two samplestirely correct. But, considering the fact that we do not have
x=0.05 and x=0.2. S has been scaled bykg/e any independent measure for the population of the high spin
=86 wV/K. The data are somewhat noisy due to the highand low spin states, we have to make this plausible assump-
deviation from the I¥ dependence &t<T,. Other than that deviation starts from the pure manganates-0) and the

no special features are seen n@arunlike the hole doped trend persists over the entire composition range studied. In-
manganates with no Co substitution. case of manganates, as has been discussed in Ref. 15, there is

a local clustering of MA™ ions around a MA* ion due to

strong ferromagnetic interactions. We account for this clus-
IV. DISCUSSION tering by taking theS.+ which is higher than their spin-only

values of both MA* and Mn** ions. We can make the

In this section we discuss some of the important Obser"a(:alculatedﬂeﬁ for thex=0 sample agree with the observed

tions made in the present investigation and their implica-lueff by takingSe = 2.45. We show in Fig. 10 also the curve

tions. The focus of our discussion is the question as to What, . jated with the new value of effective SpiB.f = 2.49
happens to the ferromagnetic metallic state arising from th¢,; the Mn ions(marked as “with clustering). The agree-

DE interaction when it is mixed with other type of ferromag- ment with the observed data is better, indicating that a simi-
netic interactions. All the present data have shown that the, . type of local clustering of spins of the Mn ions persist
ferromagnetic order and the metallic state arising from the, an, in the Co substituted samples.

DE interaction are “fragile.” Even a small amount of Co
ions seems to destroy the long range ferromagnetic order, the
metallic state, and most importantly, the CMR. In the follow-
ing we discuss some of the important effects of Co substitu- In the pure manganatx£0) the local clustering of the
tion. Mn3" ions around a MA* eventually leads to a ferromag-

A. Susceptibility aboveT,

B. The magnetic order
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FIG. 11. The differenceNlec—Mz:c) as a function ofT for a function ofx.
two different measuring fieldsHead -

lowered. The rapid rise afM starts at the temperature when
netic order of the long range type. The lack of proper ferrothe H, becomes larger tha ,.,s0n cooling. This rapid rise
magnetic long range order in the pure cobaltatessI)  of AM will happen at lower temperatures for highef,eas
arises due to the same reason that the diamagnetic low spifecause the crossover conditibhy,.,e~H, will happen at
Co®* ions dilute the magnetic latticé.In thex=0 sample, |owerT. The temperature dependence\dfl seen in Fig. 11
the calculated saturation moments] assuming complete thus can be explained as due to existence of a local anisot-
spin alignment is~3.7up/Mn ion and this is close to the ropy field which becomes large @ is reduced. This can
experimentally observeds. On the other hand, in pure co- give rise to the observed cluster glass type behavior. We see
baltate k=1), the observedhs~1.4ug/Co ion is less than this behavior in all the mixed samples as well as in the pure
the expected value of L& . (Theng has been obtained at 6 cobaltate k=1). To summarize, we find that the Co substi-
T and 4.2 K) Also, as mentioned earlier théd-H curve does tution breaks down the long range ferromagnetic order seen
not show full saturation of the magnetic moment even for arin the pure manganates, replacing it with cluster type of fer-
applied field of 6 T. This particular feature is even moreromagnetic order. This breakdown of ferromagnetic order

prominent in the mixed samples. For instance in the samplean arise both from the mixed exchange as well as the dilu-
x=0.3, the observeds at 6 T and 4.2 K is only 0,85 and  tion by low spin diamagnetic Co ions.

the calculated moment for full spin alignment4s3.8ug .
This indicates that we do not have complete spin ordering
below T.. A likely scenario is that the existence of mixed
exchange(i.e., presence of both ferromagnetic as well as The system under investigation, §#a& Mn;_,C0,03,
antiferromagnetic exchangeas well as dilution by the dia- has a close relationship with the system LaMpCo,O;
magnetic low spin Cd" ions, lead to disorder or canting of which has no Mi* ions arising from the Ca substitution.
spins preventing complete ferromagnetic spin alignments. IStructurally, both systems are similar. Within the composi-
is also possible that we have ferromagnetic clusters of finitéion range 0.15x<0.5, the system LaMp_,CqO; has a
dimensions which order below a certain temperature, albeipseudocubic structufé.Forx< 0.15 it has an orthorhombic
randomly, due to random anisotropy. The resulting magnetistructure. In our system, over the entire composition range
order belowT,. therefore can be looked upon as a dilutedwe find a pseudocubic structure. In addition to the structure,
ferromagnet created by the mixed exchange. The multipl¢here is a striking similarity in the room temperature resistiv-
peaklike structures in théliny,./d T curve shown in the inset ities of the two systems for an intermediate rangexadis
of Fig. 7 carries signatures of these clusters freezing over shown in Fig. 12(Data for the LaMn _,Co,0; system are
range of temperatures arouiid. taken from Ref. 16.There is a striking similarity between
The absence of a proper long range order is also seethe two systems especially for 8sk=<0.4. (Note that the
from the difference in the FC and ZFC magnetizations. Thigdata forx=0.5 from the Ref. 16 may not be reliable because
difference becomes large below a certain temperature, dehis sample was not single phask.seems that in this com-
pending on the measurement field §..J. In Fig. 11 we plot  position range the presence of the finions does not make
AM=Mgc—Mgzc as a function ofT as measured in two much difference. In the system without Ca, the resistivity
different fields(0.03 T and 0.3 T. AM measured at a certain decreases sharply on Co substitution, though it still remains
field (H a9 arises wherH,.,<(H,), whereH, is a local insulating. The decrease in the resistivity over the narrow
anisotropy field which locks the spin in certain orientationcomposition range €x<0.15 was attributed to the removal
depending on the direction of the local field. For good ferro-of Jahn-Teller distortion on Co substitutiéhin our system,
magnets thé\M should be small and essentially temperaturethe influence of Ca is apparent only very close to the end
independent. FoH,<H.as AM~0. However, ifH, in-  members, and as the Co content increases the resistivities
creases rapidly a§ is decreasedAM will also rise asT is  increase drastically. This sudden increase in resistivity even

C. Comparison with LaMn ;_,Co0,03
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for the x=0.05 sample cannot be explained by consideringequired to produce intrinsic carriers. FgT, > fiw, (w,
only dilution effect arising from the diamagnetic Co ions. It is the characteristic phonon frequency involved in polaron
is a well-known fact that substitution of the divalent ions for formation), the transport is adiabafft and the exponent
La in the pure LaMnQ@ and hence the formation of tetrava- n=1 in Eq.(3). In the other extreme, for nonadiabatic trans-
lent Mn ions, removes the lattice distortion; hence the resisport n=1.5. The Seebeck coefficien8) for this polaronic
tivity decreases! When Co is substituted for the Mn ions transport process is given Hy?

the amount of M in the system decreases and it is likely

that a certain amount of lattice distortion arises again. This S
increases the resistivity and makes theof both systems ks/e) =
comparable. There is an added effect of the low spin diamag- B
netic Co®* ion in the system, which essentially decreases the
pathways for the hopping. We discuss the issue of the effect From the data or§ we find that Eq.(4) holds good for

of the lattice distortion more quantitatively in the next sub-T>T.. For x=0.05 sample we findE=47 meV andc
section. =0.40. For thex=0.2 sample we geE=69 meV andc

=0.41. Thus on increasing the activation energy in-
creases while stays close to 0.4. The expected 0.3. This
_ ) o indicates a slight oxygen excess. The corresponding value of
In the solid under investigation, baCa M, ,CoOs,  E for the pure manganate is much lowgypically 10—20
both the end members being metallic, the most |mportan;nev)_14,21 (However, there is an element of uncertainty in
observation is the charge localization over almost the entirghe getermination of from the thermopower data for the
composition range studig®.05<x=<0.5. The charge local- yre manganates because the thermopower Tigain par-
ization leads to a temperature dependence which can be  jicylar the peak isS, is very sensitive to the exact MA
described by two distinct approaches. First is the variablgqnient! and one may obtain different values fBrdepend-
range hopping in a Coulomb gaRH) (Ref. 18 and the g on how far one is from the peak B But the values of
second is charge localization due to lattice distortipelar- ¢ tor this composition range lie in the range stated bejore.
on formation.?’ We discuss both of the mechanisms belOW'According to Eq.(4), S has the formS=A/T+B. A/T is
We find that our data can be fitted to the VRH equaffon, always positive and for~0.3-0.4B is negative. The result-

_ —_— ing sign of S at a givenT will be determined by the relative
p=poeXAVTo/T], (2) strengths of these two terms. In the Co substituted system the

to a reasonably good degreblote that the VRH equation of activation energ§ being large theé\/T term dominates over
the Mott type, i.e., with the exponent 1/4 does not give amost of the temperature range leading to a posifivelow-
good fit to the datd.The characteristic temperature repre-ever, for the unsubstituted system=(0) E being small,.S
sented byT, is large andTy~(7-10)x10* K. Since T,  can be negative fof >T, since theB term (which is nega-
«1/¢), where(¢) is the average localization length, this t|ye) will have a larger magnitude. This explains the positive
would imply that the charge is localized in a small lengthsign of S in the more localized Co substituted systems.
scale. An estimate of the localization length frary shows The resistivity data can be fitted to EG) equally well
that (¢)~ 2.5-5 A, which is of the order of the unit cell for bothn=1 or 1.5. As a result from the fit alone it is
dimension. This is a reasonable order ¢&f. The values of difficult to decide if the polaron hopping is adiabatic
the prefactopy are in the range 3-5@ Q cm. This value of (n=1) or nonadiabatic {(=1.5). For the pure manganate
po is unphysical. Typicalp, should be of the order of (x=0) the value ofkgT, is relatively large and for this
~pmott, the maximum metallic resistivit}® poq for these sample the p_olaron transport may be nearly adiabatic S0 that
oxides are seldom below 1-10 thcm® This makes the from the fit [using n=1 in Eq. (3] we obtain
VRH an unreasonable proposition even if the data fit to Eq(E+W—2A)~122 meV andT,~200 K. For the mixed
(2) quite well. samples thd, being smalltypically <100 K) the transport
We next examine the other possibility. Recently, there igS nonadiabatic. From the fit to E¢3) usingn=1.5, we
increasing evidence that the dependence of can be de- obtain E+W)~135-160 meV for all the samples. As an
scribed using the concept of small polarons which can aris€xample, for the sampbe=0.2 we find €+ W) =160 meV
from the strong lattice-electron interaction originating fromandT, = 55 K. UsingE~69 meV, obtained from th8 data,
the Jahn-Teller distortiof-?2 The small polaron size is typi- We find W~91 meV. For nonadiabatic transpdif, A, and
cally of the order of one unit cell. FOF> /2 (6p is the W are related b§ kgT,=(7\*/4W)" 3. From this relation
Debye temperatujethe carrier transport is by thermal acti- We obtain the value of the transfer integka+ 11 meV. This
vation; the resistivity is given by the equatiéh?? value of \ is of the correct order. We thus find that the
resistivity and the Seebeck coefficient can be reasonably ex-
E+W—A3"2" plained from the view of polaronic transport. The Co substi-
exp( kT ) (3 tution increases the activation energy Therefore it seems
that the strong carrier localization in the mixed system most
wherea is the hopping distance which we take as approxi-ikely has its origin in the lattice distortion and the resulting
mately the Mn-O-Mn distance~f 3.8 A). c is the polaron polaron formation, and the increase in the resistivity on sub-
concentration, ® is the polaron formation energkgT,isa  stitution of even a small amount of Co may most likely be
characteristic polaron energy scale which gives the polarodue to the onset of lattice distortion, since the Mris being
tunneling raté° \ is the transfer integral, arflis the energy ~ decreased when Co is substituted.
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V. CONCLUSION due to polaronic lattice distortion. Since the long range fer-

We have made a systematic investigation of the effect Otomagnetic order is weakened by the Co, the magnetoresis-
o Y . 9 . ance is also affected and the MR decreases as the Co content
dilution of Mn by Co on the electrical and magnetic proper-

! . increases in the system. Thus we can conclude that the
ties of the GMR system L@Ca3MnO;. The magnetic 0 exchange and the resulting metallic state as seen in
measurements point towards the breakdown of the lon

range ferromagnetisitas seen in the parent Mn compodind e CMR oxides is very “fragile” and even a small amount
on gubstitutiongof even a small amoFl)mt of Cas smaFI)I as of Co alters the magnetism, the metallic state, and also the
« magnetoresistance properties of the CMR oxide.

~0.05. The type of magnetism formed in the substituted
compound can be related to the cluster glass fggeseen in
the system closely related to the other end member of the One of us(A.K.R.) wants to thank the Department of
series, L@ S 4C00;). The influence on the resistivity is Science and Technology, Government of India for a spon-
even more drastic as the resistivity increases by orders afored scheme. N.G. wants to thank Council of Scientific and
magnitude(nearly 3—4 ordepscompared to the end mem- Industrial Research for support. The help of Ayan Guha dur-
bers. The highly insulating behavior could be explained asng the preparation of the manuscript is acknowledged.
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