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Mn** cation localization in La-rich La 1-xXCayMnO, manganites
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Magnetization and electrical resistivity have been measured n,GaMnO, manganites in the ranges
0.00=x=0.25 and 2.96 y=3. The magnetization is found to depend primarily on the concentration &f Mn
A small concentration of substitutional Ca ions~0.50—0.10) is found to suppress the onset of metallic
behavior even for Mfi” concentrations of 0.25. A model is proposed that assumes localization‘df dations
around Ca substitutional atoms resulting in ferromagnetic clusters that are locally conducting. Percolation of
these clusters, attained after increasing the Ca concentration @25, leads to long-range metallic behavior.
We propose that Mt localization is due to differences in local Jahn-Teller splitting that is higher near the La
sites than near the Ca ones.

The magnetic phase diagram and the transport propertiesarefully controlling the concentration of anionic and cat-
of Ln,_,D,Mn0O; (Ln: lanthanide,D: divalent ion perovs- ionic vacancies. Our results are at variance with the above
kites, particularly in the region where ferromagnetfeM) assumption and, in fact, show that whereas the partial frac-
and antiferromagnetiAFM) ordering coexist, is still a mat- tion of Mn** holes indeed governs the degree of FM order,
ter of controversy: ™ Much of the current research effort has this is not the case in regard to the appearance of a metallic
been triggered by the urge to understand the peculiar beha¥iate. An interesting phenomenon is disclosed at low Ca con-
ior of the electrical conductivity of these materials, particu-Centrationgdown tox=0.09: the presence of a low concen-
larly the origin of the so-called colossal magnetoresistancd@tion of Ca lons actually hinders the onset of a metallic
and the characteristics of a metal-insulator transition in thState even for Mfi” concentrations higher thaa=0.25. We
close neighborhood of the Curie temperatdie. This T¢ propose that in the presence of Ca, the metallic state cannot

characterizes the transition from a low-temperature FM to ge attained because percolation is thwarted as a result of the

high-temperature paramagnefieM) state. Experiments us- generation around the Ca ions of clusters consisting of cation
nigh-temp b 9 - EXDS vacancies and M sites. To explain this behavior, a simple
ing different technigues, from neutron scattering and nucle

. o odel is proposed in terms of a different Jahn-Teller split-
magnetic resonance (NMR) to magnetization brop P

6 : . . ting depending on the Mn localization in the neighborhood

measurement¥® describe the FM state in terms of either a of either La or Ca ions.
canted AF_M structure or a two-phase s_tate formed b_y segre- ajr synthesized powder Lia,CaMnO, materials (A,
gated regions of FM and AFM ordering. Concerning thesamples were prepared by solid-state reaction of stoichio-
mechanisms underlying the FM ordering and the onset ofyetric amounts of L#D,, CaCQ, and MnG with repeated
metallic conduction, it has been realized that the double €Xgrindings and firings at temperatures up to 1400 °C for 110 h
change mechanism, proposed by Zérerd extended by de and finally quenched down to room temperature. Oxidized
Genne$ requires to be complemented by the inclusion ofcompounds(O, sampley were obtained by annealing,
lattice distortion effectg:l° leading to a rather complex the- samples at 1300 °C for 24 h under an oxygen flow. These
oretical phase diagram as a function of the doping concemnmaterials were cooled (rate2 Kmin™!) to room tempera-
trationx and temperatur@. Nevertheless, some predictions, ture inside the furnace under oxygen flow. The chemical
such as the existence of FM polaronic clusteérsolving  composition of all the samples is shown in Table | following
three Mn, seem to be confirmed by recent experiméfitte  a complete control of cationic composition, oxygen content,
latter also propose that following an increasighese FM  and oxidation state of Mn atoms. Note that the cationic and
clusters first grow and finally attain the metallic state byanionic vacancy contents of every batch of samples are indi-
percolation. cated by the corresponding subindex. We believe this va-

In the La_,CaMnO, perovskite structure, Mii holes  cancy control to be mandatory as discrepancies among phase
can be generated either bubstitutionof divalent Ca for La  diagrams from different authors are likely to arise from in-
ions in the center of the cubes or byidationof the initially ~ adequate control of the sample compositions. Cationic ratios
vacancy-rich LaMn@ but in previous investigations it was were determined by inductive coupling plasma. Oxygen con-
currently assumed that only thetal concentration of MA™  tent and therefore the Mi/Mn3* ratio was determined by
was of relevance. As a consequence of this assumption, thRermogravimetric analysis in a CAHN-D200 electrobalance.
role of substitutional ions (G4) was restricted to that of Magnetic susceptibilities were measured with a supercon-
supplying Mif* to the system. In this paper, we report ex- ducting quantum interference devi®QUID) magnetometer
periments starting at as low as 0.05, in which the magnetic and electrical resistance measurements carried out by the
and resistive properties of La,CaMnO, samples with four contacts method using a physical properties measuring
similar concentration of MH™ but very different concentra- system(PPMS, Quantum DesignAll samples exhibited the
tion of substitutional ions are compared. This is done byperovskite-type structure with orthorhombic symmetry
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TABLE I. Chemical composition and unit cell parameters of Lg&aMnO, perovskites.

Unit-cell
Sample Composition parameters
a (nm) b (nm) ¢ (nm)

Ag ol Lag.odMNg 1MN3 520 0602 071) 0.55722) 0.55722) 1.3393)
Aoos (L8 9=Cab,.050.9¢MNG 6MNG 62)0.9602.901) 0.56042) 0.55192) 0.77133)
Ao.10 (L8 odCa.100.64MNG 1. MNG 30.9702.031) 0.55772) 0.55151) 0.77483)
Ap.20 (Lag gdCa 2000.0dM n£0124Mng.$6)0.9902.9911) 0.54871) 0.54881) 0.77663)
Ao2s (L8 76Cap, 29 (MNG 5MNG 7905 991, 0.54721) 0.54731) 0.77663)
Oood Lag.odMNG 5MNG 79)0.9605.001) 0.55363) 0.55363) 1.3372)
Oo.0¢ (L8 0:Ca,090.9¢MNG 5MNG 79)0.9603.001) 0.55122) 0.55122) 1.3363)
Oo.10 (Lag 9¢C8.100.6AMNG 2gMNG 70 6703 0a1) 0.55013) 0.54953) 0.77453)
Oo.20 (Lag 88 200.0dMNG 5MNG 590 0603 0a1) 0.54832) 0.54762) 0.77383)
Oo.25 (Lag 76Ca) 29 (MNG 5 Mg 7903 o) 0.54582) 0.54542) 0.77343)

‘Rhombohedral symmetry. Parameters correspond to the hexagonal cell.

(space group Pnmaxcept theD, o5 material which showed fully oxidized sampleD, o5 and O ,5. We remark on the
3¢ following characteristics(i) Magnetic properties: The results

rhombohedral symmetryspace grougR3c). Unit-cell pa-

rameters are gathered in Table I. Electron-diffraction pattern8f Figs. X and 2a) indicate that, at 1000 Oe applied field,
did not show superstructure spots suggesting that anioni®€ low-temperature magnetization is practically the same for
vacancies are randomly distributed. Were there some ord&@mMplesAg s and Og s and similar (within ~10%) for
present, it would be nonperiodic and would contribute onlyOo.0s. in all cases being close to 50 emu‘gNotice that the

to the incoherent background between Bragg reflections igaturation magnetization requires an external field about five
times higher as shown in the inset of Figajl The percent-

the diffraction pattern.

Figure 1 shows the thermal dependence of magnetizatioges of M, relative to the total Mn content, are also simi-
and electrical resistance for the rich-in-oxygen-vacanciedar for the three samples—respectively, 25, 27 and 27%—but
samplesAq o5 and A, s, whereas Fig. 2 does the same for the Ca cations concentration is different, 25% for samples
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FIG. 1. (&) Thermal dependence of magnetization, measured FIG. 2. (@) Thermal dependence of magnetization, measured

under 1000 Oe applied field, for samplég o5 and Ag 5. Inset:
Saturation curve for thé o5 and Ay ,5 samples(b) Electrical re-
sistance dependence drfor the same samples.

under 1000 Oe applied field, for sampl€g s and Og 5. Inset:
Saturation curve for th©, o5 and O ,5 samples(b) Electrical re-
sistance dependence @rfor the same samples.
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Ap.os and Og o5 but only 5% for samplé, g5. On the other o
hand, the samplé, s, with a low content(9%) of Mn**,
has a magnetization of only 9 emu'g Notice than upon
oxidation of the latter £y 05— Og.09, the low-field magneti-
zation increases from 9 emutup to 48 emug*. Further- 3 ]
more, Figs. 18 and Za) show that the Curie temperature, E H
being equal forAg ,5 and O ,5 decreases about 50 K for 2
Og.05- In the weakly ferromagnetic samplg o5 the effective =
Curie temperature resembles also thaDgf;s. (ii) Electrical 104, Ay.10
conduction: As shown in Figs.()) and Zb), sampleAg g5 is a) 4,\
an insulator in all the temperature range, as expected on the 0
basis of its low MA™ concentration. Sample%, 55 andOg o5
are metallic conductors, also in good agreement with other T(K)
authors’ measurements and with expectations based on the 5
concentration of Mfi*, which in both samples attains the (o) 012\ P00t
25% percolation theoretical threshold. Note in both samples 4-
the large resistance peak near the Curie temperature, which is
related to the metallic-insulator transition. However, com- 3
parison of their common electrical properties with those of
sampleOg o5 reveals an unexpected behavior. Although all
three samples exhibit similar magnetic characteristics, and
have also similar Mfi" contents, their behavior visads the
onset of a metallic state is quite different, the samlg)s
being an insulator in all the range of temperatures. Moreover, |
the absence of metal-insulator transition is common to 0 s 100 150 200 250 300 350
samplesAq g5 and Og o5 Which contain the same percentage T (K)
of Ca cations,~5%, despite the threefold increase in the
|\/|r']47L fraction introduced by Oxidation’ which grows from FIG. 3. (a) Thermal dependence of magnetization, under 1000
9% in sampleAg s t0 29% in sampleD, 0s. The samples Oe appllied.fiel(.j, for sampleﬁso:loalndoollo. Notice the increa§e of
with 10% Ca(A, 1,andOg ;9 behave in much the same way magnetlzatlon induced by oxidation of samplg,,. (b) Electrical
as those with 5% as shown in Fig. 3. On the other hand/esistance dependence drfor the same samples.
when the concentration of Ca is increased into the 20—25%
range, the metal-insulator transition appears. In facif)@, raised to the range 20—25% to achieve a metal-insulator tran-
and Og 5o samples have a similar behavior to thg,s and  sition. Indeed, our experiments show that, at low concentra-
Oy .0s. (iii) Structural changes: The fivefold increase in mag-tions, Ca substitutional ions do seem to play a role more
netization undergone by th&, o5 sample during oxidation to complex than described hitherto.
Oy.05 takes place alongside with a structural change from Additional insight is gained from further comparison of
orthorhombic to rhombohedral. In order to have insight intothe magnetic and conductive behavior of sampgss and
the possible role of the latter, Fig. 3 compares the abov®,,s. Low-field magnetization of samplé .5 (25% of
process with the effect of oxidation on sam@g, which ~ Mn*") is about 11% larger than that of tk, o5 sample with
evolves toward®, , withoutany structural change. The rela- practically the same concentration of #129%). This sug-
tive fraction of Mrf" increases now by oxidation from 14 to gests an upper limit of about 11% for the volume fraction of
28%. As shown in Fig. @), the low-temperature magnetiza- sample Og s which is not ferromagnetic. Surprisingly
tion, measured under 1000 Oe applied field, increases from &nough, this 11% of nonferromagnetic volume results in an
emu/g for sampléd, ; up to 50 emu/g for sampl@, ; indi- increase of resistivity of several orders of magnitude with
cating a huge effect, in fact, practically the same that the oneespect to the resistivity of samphg, -5, which according to
produced by oxidation of sampl&q 5. Furthermore, Fig. Fig. 1 is ferromagnetic and metallic. This striking difference
3(b) shows that the thermal dependence of the electrical res directly related to a different Ca content and might be
sistance measured for samplég ,; and Oy, is not so understood by assuming that the introduction of Ca destroys
strongly affected by oxidation. Both as-prepared and oxithe random character of the Kin holes distribution. One
dized samples are insulators at all temperatures with only enight argue that the impossibility of attaining a conductor
small feature in the resistive curve aroufgd. state is due to a mechanism involving only the cationic va-
These results show that magnetization values, as well asancies. This possibility can be dismissed by the results of
their thermal dependence, are determined primarily by théransport measurements, Fig. 4, performed in two undoped
fraction number of MA™ holes, independently of the Ca con- La; wMn; _, O, materials:Aq oo and Oq o Synthesized under
centration. On the other hand, the resistance data suggest tlihe same conditions than the rest of hhandO series. Their
transport is determined not only by the concentration ofchemical composition and x-ray-diffraction data are also
Mn** but by the Ca cations concentration; when this fractionlisted in Table 1. It is worth recalling that bo#, ooandOy oo
is in the range 5-10% the sample is an insulator indepenshow a similar cationic-vacancy concentratifwigher than
dently of a high concentration of doped holesVrat least, that of sampleD, 5. This higher concentration of cationic
up to the limit of 27%. The Ca concentration needs to be vacancies does not prevent the onset of the metallic state as
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10 10 magnetic cluster located around Ca cations can be estimated
0 o ____los from the percolation threshold concentration. If we assume
g A lo.s the Mrf* cations are located at the corners of cubes centered
101 Lo.7 in Ca cations, percolation should occur when similar cubes
T 10°+ 108 o are distributed alon@111] directions shearing only one cor-
S 10 Oyu (08 9 ner where a Mfi" cation is placed. This corresponds to a
' 04 3 25% of Ca cations content in fair agreement with experimen-
1071 ':'Z tal observations.
10" o1 Why are Mrf* holes localized around Ca cations? It is
10° . . ’ ' . . 0.0 known that in the stoichiometric LaMnQhe doubly degen-
0 50 100 150 200 250 300 350 eratedey level at Mrt* sites is splitted by the Jahn-Teller
T(K) (JT) effect resulting in a full lower band. We tentatively

suggest that the JT splitting of a Mhlocated at the neigh-
borhood of Ca ions is smaller than that of #nlocated
around La ions and therefore the energy of creation of a hole
(Mn®* —Mn*") is lower in the neighborhood of a Ca ion.
shown by the remarkable decrease of the resistance upofhisg proposal is founded in the well-knowhdecrease of
applying a field of 9 T in both samples, is in agreement withiattice distortion of the La 4D,MnO; perovskite asx in-
results in Ca-free samples of other auttdts:**Comparing  creases from 0 up to 0.33, the latter being the content for
these results with the behavior of our samflgos (With  \yhich the distortion disappears. Recent work by Louca
smaller percentage of Mn vacandies is difficult to escape gt g118 suggests that for this type of perovskites, doped holes
from the conclusion that the lack of a metallic-insullator yould be repelled by the Mn sites with high JT distortion. It
transition inOg s is due to the presence of the 5% of Ca s also worth reminding that CaMnQs a very stable com-
cations. It is important to remark that, following oxidation, pound in which each Ca ion is surrounded by all¥ions.
the orthorhombic LaMn© evolves into a rhombohedral | the clusters that we are regarding, cation vacancesn
_structuré“ and that this change of structure is also observegnq L3 in neighboring cubes might play the alternative role
in our sampleOgps. ) of neighbor Ca ions in the stoichiometric CaMnénd help
We propose that M holes are localized around Ca cat- thys to stabilize a high concentration of fnaround the Ca
ions forming ferromagnetic clusters. This ferromagnetismjgns.
would then account for the high value of the magnetization | conclusion, we have shown that for<0.2 substitution
of Fig. 2@). Carrier confinement into locally conducting of ca for La ions in La_,CaMnO; perovskites does not
clusters with local ferromagnetic ordering has been observegy|y |ead to an increase of M holes(as usually assumed
above the ferromagnetic transition temperatufg in  pyt to actually hindering the onset of the metaliic conduction
Lag 6/C8.3MnOs. ™" In that compound the onset of a low- eyen when the number of Mh holes reaches 25%. This is
resistive state is reached when cooling down throligand 1305t probably due to the formation of Kiirich, nonperco-
interpreted in terms of magnetic polaron breaking. It is thenating FM clusters around the Ca ions, the tendency of Mn

Iik(_ely that the undistorted clusters around the Ca_ions, WhoSggles to concentrate around Ca ions being accounted for by a
existence we propose, are also locally conducting althougBmajier Jahn-Teller splitting of the levels of the Mn ions

the spatial localization imposed by the Ca dopants results igjt,ated in the less-distorted neighborhood of Ca ions.
clusters that are electrically isolated from each other. For low

x, independently of the M relative fraction, these clusters Financial support through Research Projects MAT98-
only percolate when the Ca cation fraction reaches a conce®648 and MAT98-1633E is acknowledged. We are indebted
tration near to 25%. The size of the conducting and ferroto Dr. R. Ibarra for helpful discussions.

FIG. 4. Electrical resistance dependence Totfior the Ag oo,
o0.00- and 00.05 samples.
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