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Effect of Mn-site doping on the magnetotransport properties of the colossal magnetoresistance
compound Lay;CaysMn,_,A,O3 (A=Co,Cr; x<0.1
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In this paper we show the effect of Mn site substitutier1(0%) by Co and Cr on the magnetotransport
properties of ceramic samples of J4£a,;MnO;. Resistivity, magnetization, and magnetoresistance were
systematically investigated as a function of doping. An increase in resistivity and a diminution of metal-
insulator transition and Curie temperatures was observed as a consequence of both Co and Cr doping. The
evolution of the number of neighbors ferromagnetically coupled to Mn was studied in each sample, and the
results suggest some degree of ferromagnetic coupling betwegh abid Mn ions. Implications of both
ferromagnetic CP"-O-Mn®* superexchange and double exchange interactions are discussed. We also found
the existence of an optimum doping level that enhances colossal magnetoresistance. This has been explained
considering electron localization due to magnetic disorder induced by doping in the Mn site.

|l INTRODUCTION and Ga", respectively. J. R. Sust al!! reported marked
differences for F&" and Gé&* doping in Lg CaysMnO;

The discovery of colossal magnetoresistatCMR) in  reflecting different effects due to electron or hole trapping.
mixed valence manganites promoted an extensive number @hoshet all? doped LggCa 3MnO; with a 5% of the
works about these compounds in the last yédrBrobably  entire first transition element series and found a correlation
one of the most studied is the archetypab@a;,sMnO;.2>  between the maximum MR, the lattice parameter, and the
Schiffer et al* obtained the phase diagram of the whole se-onic radii of these elements. Gayattei al'® studied the
ries La _,CaMnOz(0<x<1) showing a remarkable corre- Lay/Ca Mn;_,Co,0; series and found that Co substitution
lation of magnetic order and electric transport withThe  suppresses the CMR characteristic of the undoped manganite
simultaneous occurrence of metallicity and ferromagnetisn®ver the entire temperature and composition range. They ar-
(FM) for intermediate doping levels (0sx<0.45) has been gue a transition from a long-range ferromagnetic order to a
explained by Zener in the framework of a ferromagneticcluster glass-type ferromagnetism due to Co doping, even for

double exchangéDE) interaction® the unpairec, electron the lowest degree of substitution. Moreover, o 0.05 they
in the high spin configuration of M moves to a neigbor- observed semiconducting behavior in the whole temperature

: oy o114
ing Mn**, such a transfer being favored if the fnwhich g;mge.th(.)twte.zver,LRucl:Jlnslt/elEtoaI: foﬂnﬂ.thstlur) tt% 22% of
is to receive the electron has its own spir8=(3/2, t3,) O SUDSHIUTLON, -g3-2,3ViN%J; 1S MEtAfiic below the terro-

lianed llel with t to MA spins. In thi . paramagnetic transition temperature. On the other hand, it
atigned parailel with respect to SPINS. In S SCenario, a5 peen recently reported that Cr doping inyg0&, sMnO;

i X . gI:iestroys the low-temperature antiferromagnetic-charge or-
of energy, and will favor a ferromagnetic ordering of thg dered state to induce a FM-metallic component in this
magnetic moments. Several works have shown how DE ing,54e1ia15 This has been used as a proof of the ability of Cr

teraction, and hence FM coupling and CMR, can be tuned bYo be DE coupled with Mn ions. The aim of this paper is to

changing the mean ionic radius at the rare-earth®siBut study the effect of a low degree of substitution by two dif-

although this is one of the most studied topics of solid-stat(?erent magnetic ions under controver&yo and Cf on the
physics, not too much is known about the effect of SubStitu'magnetotransport properties of the CMR compound
tion in the Mn site, even though it acts at the heart of DE

. X La,:Ca,sMnO;. As we have checked by x-ray diffraction,
Interaction. 8 . no appreciable changes in the lattice structure are produced
Ahn et al”® reported the effect of Fe doping on the mag-

. . _ at these low doping levels, and the effects due to electronic
netic and CMR properties of Ie@ﬁa‘)-WMnQ} In this case, pwistmach betwepengMn and Co/Cr become the only relevant.
electron hopping between Fe and Mn is impeded by the lac
of available states in the Fe/ band. Consequently, Fe
causes a depletion of the available hopping sites and DE is
suppressed. Similar results were found by Blastal?® and Two series of polycrystalline LaCa;;sMn;_,Co,05
by Y. Sunet al'® when doping Lgg/Ca 3MnO; with AI**  (LCMCo) and La:CaysMn;_,Cr,03 (LCMCr) (x=0,

Il. EXPERIMENTAL DETAILS
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tained by x-ray fluorescence spectrometry.
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TABLE I. Theoretical and experimental stoichiometry, referred to Ca content, of ceramic samples ob-

Theoretical Experimental % Co, Cr in Mn site
Lag 6C2.3MN Lag ss0d°@0.3dMN1 017
Lag 67Ca.3dMNg.975C0p 025 Lay 67£°8.33MN1 08C0p 0259 2.45
Lap 67Ca.3dMNg.05C %05 Lag 654Cap.3dMN0.986C 00 053 5.09
Lap 67Ca.3dMNg 026C 00,075 Lap 65:Ca.3dMNp 05C 0,078 7.59
Lag 67/Ca 3dMNp odC0p 1 Lap s64Ca.3dMNp 0L 0%.105 10.24
Lay 67C8.3dMNg.97:Cro 025 Lay 65C8.3dMN1 0Cro.024 2.34
Lag 67Ca.39MNg 95Clo.05 Lay 686C0.3dMN1.0Cr0 0735 6.79
Lay 67C2.3dMNg.92:Cro 075 Lag 67C.3dMNg.97Clo 074 7.09
Lag 67Ca.3dMNg Cro 1 Lag s84C8 3dMNg.95Cr0 10 9.52

0.025, 0.05, 0.075, 0.1@vere prepared by standard ceramic also synthesized under an, @urrent in order to prevent for
procedures. Stoichiometric mixtures of J@&, CaCQ, possible oxygen vacancies, but the results were practically
Mn,0;, MnO,, and Co(NQ), or Cr(NG;); (at least identical to the sample made under air atmosphere. In any
99.99% in purity were grounded, pressed, and heated in aicase, the volume variation with respect to #70 sample is

at 1000°C for 10 h. After this step, the Co/Cr nitrates hadower than 0.5%.

been confirmed to transform into their oxides by x-ray dif-
fraction. After grinding, they were pressed into pellets and
sintered in air at 1100 °C for 70 h, 1200°C for 30 h, and
1300 °C for 100 h with intermediate grindings. Cationic con-  Figure 2 shows the temperature dependence of resistivity
tent of these samples was measured by x-ray fluorescenéteft pane) and magnetizatiokright pane} of LCMCo (top)

with a Siemens SRS 3000 spectrometer. Samples we@d LCMCr (bottom. Higher doping level results in lower
melted with BQLi, CO3Na,, NO;NH,, and LiBr in a Pt metal-insulator transition temperatureg,() and higher re-
crucible at 1100°C. More than 20 reference patterns wittsidual and peak resistivities. On the other hand, abbyge
different concentrations of La, Ca, Mn, Cr, and Co wereall the samples follow a universal curve characteristic of a
prepared in order to obtain the exact stoichiometry of cethermally assisted conduction mechanism. The Curie tem-
ramic samples. perature(Fig. 3) also reduces with doping, followingjy,, .

Structural information was derived using the program

B. Magnetotransport properties

LS1, based on the Rietveld method, and fitting profiles to 5485 = T T T y
pseudo-Voigt function&® Zero-field-cooling(ZFC) (Mzgc) 5.480} OY LCMCo 13310
and field-cooling(FC) (Mgc) magnetization curves were 5475 12308
measured with a vibrating-sample magnetometer between — _ 12306
100 and 300 K at 10 Oe. Under such small applied field, the < 3470 ’
Curie temperatureT(:) can be obtained very accurately from o 5465 12304 ?:c:
the peak idMg:/dT . The dc magnetic susceptibiliy(T) %ﬁ 5.460 12302 >
was measured abovE: up to 1000 K with a Faraday bal- S s4ss
ance at 5 kOe. ® 4-1230.0
5450 12208
5.445 .
Ill. EXPERIMENTAL RESULTS 5.485 1231.8
A. Structure and chemistry 5.480 12316
. 12314
In Table | we show the comparison between expected and  ~ 5475 12312
experimentally determined stoichiometry in ceramic < 5.470 T
samples. Most of them present only slight deviations from q 1810 L
the desired compositon. In the rest of the paper we will refer 3 3465 12308 >
to the samples using the experimental compostion. 'gn 5.460 12306
Structural parameters deduced from the Rietveld refine- 5.455 42304
ment of the x-ray-diffraction patterns of ceramic samples are 12302
summarized in Fig. 1. All the compounds are orthorhombic 350 50 0035 0.050 0,075 0100
(Pbnm with the O structure €/y2<a<b). Substitution
with Co or Cr does not substantially change the structure of X

the undoped compound, although slight variations in the [ 1. Evolution of volume and lattice parameters with Co
unit-cell volume (£0.5%) are evident due to differences in (top) and Cr(bottom) concentration extracted from Rietveld refine-
the ionic radi of Co/Cr and Mn. Sample ment of x-ray powder data of ceramic samples. For the adjustment
Lag ggd8 3dVINg 9£Crp 13 + 5 does not follow the gradual re- we have used site occupancies obtained from x-ray fluorescence
duction of volume observed in the series. This sample waanalysis.
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However, the linear reduction af- produced by Co is not (bottom) we observed a systematic increase of the % CMR
observed in Cr series, where a tendency to stabilization aip to ~5% of doping. For higher doping % CMR decreases
about 210 K is clearly observed. Anywa¥c is always again[Fig. 4b)]. This reflects the existence of an optimum
smaller thanT,,,, except in Lgggla 33N oCro 103+ s- doping level that favors CMR, whatever the nature of the
This could be the signature of the presence of a high degregopant. It should be noted that we have doubled the value of
of oxygen vacancies in this sample. the intrinsic magnetoresistance ofJ€a,,;MnO; associated
BetweenTc and Ty, samples are in a mixed state of to the FM-PM transition with only~5% of Co doping. In
paramagnetidPM) and ferromagnetic phas&sThe pres- Fig. 5Mgc.zrc Curves, representative of the general behav-
ence of a short-range FM order betweBa and Ty Pro- - jor of the two series of samples are presented X=00.05, a

duces a charge localization and an abrupt rise of resistivityStrong dependence M, curves belowT¢ becomes evi
ZF -

but the sample remains metalliclikeg/dT>0) if transport 4.+ "in co samples. This effect is not observed in Cr

time Is _comparable to the lifetime of the_se _short range l:Msamples, where a temperature-independent behavior of the
correlations and some degree of delocalization persist.

In Fig. 4@ we show the magnetoresistance isothermd" zFc: similar to thex=0 sample, is obseryed " aI_I the
eries. The drop of th®l ;¢ curve forx=0.05 is an indica-

(T=Ty,) measured up to 7.5 kOe for some samples as 3

function of doping. In both series, LCMQéop) and LCMCr tion of the absence of long-range FM order and is a signature
' of cluster-glass-like behavior in highly doped Co samples.

On the other hand, the almost temperature-independent
Mz curves of Cr samples beloW is a signature of a well
established long-range FM order.

275

250 High-temperature magnetic susceptiblity(T)] follows
a Curie-Weiss law. Below-1.40 (where® is the paramag-

225} netic Curie-Weiss temperatyre¢”1(T) shows a positive
Z curvature andT-<®. From the linear part of the plot
0200l x_ XT) we have derived the Curie consta@) and® for
= each samplésee Table ).

175¢

IV. DATA ANALYSIS AND DISCUSSION
150

0000 0025 0050 0075 0.100
X

The observed reduction dfy,, and T (Figs. 2 and 3
cannot be described by a variation in the MAVn** rela-

FIG. 3. Dependence df. with % Co (A) and % Cr @). Lines  tionship, as the phase diagram forlggCa, 33MnO; does not
are guides to the eye. justify the large temperature shifts observed for the low dop-
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FIG. 5. FC-ZFC curves representative of the general behavior in
both series. Doping levels=0.05 produces the observed tempera-

20k ) L .
%0 25 5.0 75 ture dependendence of the ZFC curve beldw in Co samples
(top). This is not observed in Cr seri¢kottom).
(a) H (kOe)
32— r . : : effect of ionic radii mistmach at the Mn site for all the ele-

ments of the first transition series at a fixed dopant concen-
tration (5%) in Lay Ca, sMnO5. They attribute a central role
to lattice strains in controlling the magnetotransport of the
system. However, a variation ef20 K for x~0.025 cannot
be justified in the basis of their results. Moreover, the en-
hancement of % CMRmeasured aT ;) with doping (Fig.
4) is in contradiction with the strain-CMR correlation pro-
posed in Ref. 12 since slightly lower % CMR should be
expected for 5% of Co and Cr substitution.
Since the MA"/Mn*" ratio is approximately constant for
oL . . . . all the samples, the variations é reflect the changes in the
0.000 0.025 0.050 0.075 0.100 isotropic exchange interactions, and the degree of magnetic
©) x frustration induced with doping can be measured through the
ratio Tc/0@. Forx=0, Tc/0=0.71, close to the value of
FIG. 4. (3) % CMR vsH measured at the metal-insulator tran- 0-78 predicted by the constant coupling approximation
sition temperature of each sample) CMR at 7.5 kOe for LCMCo (CCA).? This ratio tends to decrease with dopifsge Table
(A) and LCMCr (@). II) but is more dramatic for Co than for Cr samples. This
result suggests than the magnetic frustration induced by Co
ing levels discussed hefeOn the other hand, doping does
not substantially affect to the paramagnetic resistivity. At +ag|E II. Values for the Curie constant, Curie-Weiss, and Cu-

high temperatures, multiphonon-assisted hopping of smalfe temperatures obtained from susceptibility measurements.
polarons occurs between sites through a thermally activated

process. Transport measurements by Jaénal® demon-
strated that the conductivity in the PM regime of mixed va

A
2| \ -
A
24} ;

16-‘/’/\ |
1

%CMR

Compound C(emuK/mo) 6 (K) Te (K) Tc/0

lence manganites is dominated by the thermally activated-ao.sc06Ca 3dMN1.01/03+ 5 2.811) 368 260 0.706
hopping of small polarons in the adiabatic limit. We have LCMCo 2.45% 2.713) 343 240 07

obtained values for the polaron hopping eneigy~175 5.09% 2.%1) 392 209 053
+15 meV, irrespective of dopant and doping level. De Ter- 7.59% 2.12) 353 184 0.52
esaet al!® found that small variations in the MA content 10.24% 2.61) 371 170 0.43
of CMR manganites have extraordinary effects in the po- LCMCr 2.34% 2.11) 383 240 0.627
laron hopping energy, evidencing the Jahn-Tdllan nature 6.79% 2.62) 342 220 0.643
of these polarons. The almost constant valueEgfis an 7.09% 2.61) 332 217 0.654
indication of the practical invariance in the RIfMn** ra- 9.529% 2.63) 339 208 0614

|12

tio in our samples. Very recently, Gogh al."“ reported the
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6.0F rable to that observed when M is replaced by Mfi* and
FM DE interaction is established.
55t Very recently, a number of experimental works built up
the idea of the participation of €F in DE. In example,
sol paramagnetic-insulating to ferromagnetic-metallic transitions
were induced in SgxCa MnO; by Cr doping (0.05x
N <0.09) I® Raveauet al. ?° find that Cr, Co, and Ni kills the
43T charge ordering state in £2%Ca MnO; restoring a metal-
insulator transition high values of magnetization. However,
4.0t the maximum value of the magnetic moment is larger for Cr
doped samples, and the doping effect is extended for a larg-
35— . . . . est range of Cr substitutiofB—10%. As a result of this
0.000 0.025 0.050 0.075 0.100

doping effect, participation of Cr in de DE mechanism has
X been proposed. However, Dametyal ?® reported an induced
antiferromagnetic-insulating to ferromagnetic-metallic tran-
sition in the charge orderddO) compound RyCa, ,MnO;
by doping with Fé"(3d®), AI**(3d%, G&*(3d°, and
Mg?*(3s%). A strong FM component (24 for x
o . _ =0.035) is induced by iron doping. Since these ions cannot
doping in the Mn sublattice is larger than induced by Cr.ggiaplish an effective DE interaction with Mn due to their
Within the CCA, the effective number of neighbors FM g|ectronic configuration, it easily follows that the weakening
coupled to Mn can be_derlved from the valuesTf/0. _ of the CO-AF ground state by Mn site doping in CO man-
Results are plotted in Fig. 6. While Co produces a reductionyapites is developed by the introduction of some degree of
approximately linear of the number of neighbors with dop-gisorder in the Mn sublattice. On the other hand, the increas-
ing, Cr only reduces the neighbors in a small quantity an_qng magnetic moment induced by Cr doping can be success-
tends to a stable value of about 5.25. From this result ity explained considering FM superexchange interaction
foIIowg that Co does not participate in DE interaction, butomy_ The presence of this interaction also justify why this
there is some degree of FM coupling between Cr and Mryqning induced FM component is restricted to a small per-
ions. The electronic configuration of Co is very compllcatedCentage of substitution. For higher percentages 8f Cfor-
due to the existence of several possible spin states. Apalisiion of CF*-O-CP* and CP+-O-Mn** pairs become

from low and high spin, Bahaduet al*' reported ferromag- e favorable, leading to growing AF superexchange inter-
netic resonance data supporting the existence of intermedialg.ios.

spin configurations for Co (t34ep) and C* (tggeé) in So, we believe that participation of Cr in the DE interac-
mixed-valence cobaltites. Moreover, the possibility of tem-tjon cannot be deduced from these results, and the behavior
perature induced transitions from low to localized- ohserved in CO manganites cannot be extrapolated to other
intermediate and to Qelocal|zed—|ntermed|ate spin states hagembers of the series, like }&Cays MnO;. Although in
been demonstrated in the parent compound LaC8@n  this work we clearly show the existence of FM coupling
the other hand, €f (t5,eq) is the only ion replacing man- petween MA* and C?* in La,{Cay4MnOs, we cannot en-
ganese in the LCMCr series. In the view of these eleCtroni%ure that C?fr participates in the DE, as we believe that the
configurations, it seems reasonable to think if"Cas the  possiblity of FM superexchange interaction must been taken
Only possible candidate to establish a FM interaction Withinto account in order to exp|ain these results.

Mn ions. CF+ is isoelectronic with Mf‘\+ and DE interac- We showed how Co makes the Mn sublattice more disor-
tion should be possible between ¥nand CF*, although  dered that Cr, from a magnetic point of view. This magnetic
the different effect of the crystal field over Mh and CF*  disorder leads to a localization of conduction electrons, in a
must cause energetic differences betwe&tevels of Mr** similar way as it was pointed out by AnderséAnderson

and CP* strong enough to make electronic exchange belocalization.?’ In the Anderson model a mobility edds,
tween them not so effective as betweenMrand Mrf*. can be defined to separate localized states of the tail band
Moreover, C?* ions take their positions presumably at ran-from extended states of the middle of the band. Metal-
dom at the time of sample preparation, whereas only electroimsulator transition occurs when the Fermi levek] moves,
transfer is necessary to produce ordering ofMand Mrf* through the mobility edge, from a extended state to a local-
ions. On the other hand, €r-O-Mn" superexchange inter- ized state. The increasing residual resistivity and decreasing
action is ferromagnetic, and should be taken into account ifTy,, observed with doping in our samples is a consequence
order to explain our resulfS. This interaction leads to FM of increasing disorder. Moreover, replacement of Mn by Co
allignement of Ct* and Mr#* keeping the number of neigh- or Cr leads to some degree of magnetic disorder superim-
bors FM coupled to Mn near to 6. In a neutron-diffraction posed to the nonmagnetic ofeee Fig. 6. Doping produces
study of the magnetic structure of La(Mn,CpOBent$*  an effect very similar to the effect of temperature, i,
showed that a low percentage of°Crdestroys theA-type  grows and becomes larger tHat , which now is a localized

AF structure of LaMn@, and produces the spin reversal of state. As CMR isotherms of Fig.(@ are measured at the
some of its nearest M neighbors via superexchange cou- correspondindy, , the effective temperature is the same for
pling leading to a FM moment. The rate of destruction of theeach sample. The effect of the applied field is to alter the
AF phase by Gf"-O-Mn®* FM superexchange is compa- localization length, reducingy, beingEg in the middle of

FIG. 6. Evolution of the effective nhumber of neighbors ferro-
magnetically coupled to Mn as a function of doping in LCMQ@b)(
and LCMCr (@). Lines are guides to the eye.
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the extended states. For doping levels larger tha®%, V. CONCLUSIONS
Ebi E,: and the effect of 7.5 kOe is not so strong as to make We have tested the effect of Co and Cr doping on the
b<EF.

128 magnetotransport behavior of the CMR compound

Shenget al“® argued that the presence of a certain quan .
tity of randomness, along with the effective hopping dissor--823CsMnOs. We have found that Cr doping only pro-
der of the DE model, produces an Anderson metal-toduces a slight reduction in the _number of ne_|ghbors ferro-
insulator transition associated to the FM-PM transition.magnetically coupled to Mn, while Co dramatically reduces
These authors proposed the existence of an optimum value &f From these results it follows that € is able to be FM
nonmagnetic dissorder strength that favors the CMR effecgoupled with Mn®* but success was achieved in accounting
Our data fully support their theoretical predictions, althoughfor these data on the basis of a FM*CrO-Mn** superex-
the type of disorder here introduced is not exactly the samehange. It is then concluded that participation of Cin DE
referred by Sheng. mechanism cannot be deduced from these experimental re-

As we have mentioned, nonintrinsic effects appearxfor sults. Moreover, our results show that both structural and
=0.05 in Co samples. The number of DE-inactive speciesnagnetic disorder induced in the periodic lattice potential at
introduced by Co doping at the Mn site, is high enough tolow doping levels can be exploited to enhance the intrinsic
break the long-range magnetic coherence wte9.05. Rit-  CMR of the system, in perfect accordance with theoretical
ter et al?® proposed that-5% of Mn site vacancies are re- predictions. Mn-site doping of CMR compounds willx
sponsible for the appearance of a cluster-glass state iGver room temperature could be used to achieve higher mag-

Lag(s+ Mng/3+ 503 (% Mn*"=28x100). The assump- netoresistance values at room temperature.
tion of the presence of high magnetic disorder abave

~0.05 in Co samples is supported by the behavior of the
Mec.zec curves as a function of dopingrig. 5. M, for
x<0.05 are almost independentbbelow T as in the pure
manganite X=0). This is a signature of a well established We want to express our gratitude to Dr. M. T. Causa from
long-range FM order. However, for=0.05 a strong depen- the Centro Ataico de BarilochgArgenting for her helpful
dence ofM . curves belowT. becomes evident in Co discussion of the results and critical reading of the manu-
series. The drop of th&l, ¢ curve for % Ce=5.09 is an  script, Jorge Millos from the University of VigéSpain for
indication of the absence of long-range FM order and is a&ompositional analysis of ceramic samples, and to M.
signature of cluster-glass-like behavior. From these result¥asquez-Mansilla, from the Centro Atico de Bariloche
we conclude that the most likely state in our highly doped Cdior measurements with the Faraday balance. Two ¢FR.
samples is formed by FM clusters in a background withand L.E.H) want to acknowledge support from USC and
ferro-antiferromagnetic competing interactions, which prob-MEC of Spain. We also thank MEC from Spain for financial
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