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Percolative phase separation induced by nonuniformly distributed excess oxygen
in low-doped La;_,CaMnO, 5 (x<0.2)
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Zero-field 1*%La and ®*Mn nuclear magnetic resonances were studied ingCa, ;MnO;_ 5 with different
oxygen stoichiometrie$. The signal intensity, peak frequency, and line broadening ofthe NMR spec-
trum show that excess oxygen atoms have a tendency to concentrate and establish local ferromagnetic ordering
around themselves. These local orderings connect ferromagnetic clusters embedded in the antiferromagnetic
host to form percolative ferromagnetic conduction paths. This phase separation is not a charge segregation
type, but an electroneutral type. The magnetoresistance peak at the temperature where percolative paths start to
form provides direct evidence that phase separation is one source of the colossal magnetoresistance effect.

[. INTRODUCTION not stable at a special value of chemical potential, two re-
gions with different charge densities are generated. The size
Since the discovery of the colossal magnetoresistancef the regions is expected to be very small, about the order of
(CMR) effect in La _,CaMnO; (LCMO),! much theoretical @ nanometer, due to the extended Coulomb interaction. Re-
and experimental work has been done to find the physicatently, ~ Uehara  presented ~TEM  images  of
mechanism of the CMR effect because of its interesting-8s/s-yPr,CayMnOs,° which show the mixture of the
physical properties and application potential. The explanacharge ordering phase and ferromagnetic phase at low tem-

tion of the most interesting physical property of LCMO, the Perature. The size of both regions is about @&, which is
00 large to be explained by the charge segregation type PS.

simultaneous occurrence of the paramagnetic to ferroma% -
netic and insulator to metal transitions, was the simpleo" the other hand, Nagaev analyzed the PS induced by non-

double-exchange model given by Zener in 1834owever, uniformly_distribu_ted oxygefl.He pointed out that the re- .
Millis pointed out in 1995 that the resistivity of Sr-doped gions enriched with oxygen have an enhanced hole density

manaanites cannot be fully exolained by double-exchan gnd the holes establish local ferromagnetic ordering. In this
93 . y Expl y gcase, PS is the electroneutal type because the densities of
alone? Since then, several theories have been proposed tﬁ)

: e i - holes and excess oxygen are same in a given region, and the
give a more complete description of the physical propert|e§egion size can be much larger than that of the charge seg-
of CMR materials, one of which is phase separatieg).

> . regation type PS. Several reports have supported the exis-
In th_e low doping rangex=<0.2), the magnetic phase_ of tence of PS, but it still remains unclear which scenario is
LCMO is not homogeneous. The existence of magnetic P$,qre correct in low doped LCMO. There have been many
was verified by the simultaneous observation of ferromagworks which showed that oxygen plays an important role in
netic and antiferromagnetic nuclear magnetic resonancgetermining the electromagnetic properties of LCM&!
(NMR) signals at low temperatufeSince the ferromagnetic but its effects on PS have never been studied. In this work,
metallic regions embedded in the antiferromagnetic insulatwe report that the electroneutral percolative PS is generated
ing host are not connected, LCMO is a ferromagnetic insuin low doped LCMO by excess oxygen. Our experimental
lator for low Ca concentrations. Since then, PS has beefesults provide evidence that the PS in the low doping range
suspected as one of the possible mechanisms of the CMIB one source of the CMR effect.
effect. On the other hand, PS has also been observed near the
phase-transition temperature in LCMO for €.2<0.5, Il. EXPERIMENT
which are homogeneous ferromagnetic metals well below the
transition temperature® These two kinds of PS are thought ~ Two polycrystalline samples of aCa, MnO;, 5 with
to have originated from different mechanisms, because thdifferent § values were synthesized by the conventional
PS observed in the low doping range is the ground state angblid-state reaction method. The starting materials were
stable in a wide temperature range, while the PS observed fdra,0;,MNCO;, and CaCQ. Calcining and sintering with
0.2<x<0.5 occurs only near phase transition temperatureintermediate grinding were repeated in the temperature range
In this report, we will focus our discussion on the PS in lowof 1000-1350 °C for four days. Sample 1 was obtained by
doped LCMO. annealing in air at 1100 °C for two days, and sample 2 was
Theory predicts two different types of PS in low-doped obtained by additional grinding, sintering, and annealing of a
LCMO. One is the charge segregation type and the other ipart of sample 1 in oxygen flow (200 cc/min) at the same
the electroneutral type. Yundkistudied the two-orbital temperatures as sample 1. The crystal structures were exam-
Kondo model including the classical Jahn-Teller phononsned with a x-ray powder diffractometer using ®u radia-
and found that the PS is induced by the orbital degrees aion. Both samples had pure orthorhombic structure. The lat-
freedom. Since in this case charge densitggpelectrons is  tice parameters of sample 1 and 2 were=5.489 A, b,
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FIG. 2. The zero-field*La NMR spectra obtained at 78 K. The

FIG. 1. The temperature dependence of magnetization at 1 Trequency and the spin-spin relaxation time dependences of signal
Inset: § vs T (from Ref. 10. intensity were removed. Inset: the zero-fieltMn NMR spectra
obtained at 78 K. The intensity of sample 1 is amplified about 40

=5496 A, ¢,=7.765 A, and a,=5502 A, b, lmes.

=5.507 A, ¢,=7.777 A, respectively. Resistivity was _ . .
measured using the conventional four-probe method, anfP" V is the volume of the ferromagnetic region of a sample,
ndH, is the local field at the nuclei of interest. Since the

magnetization was measured by a commercial supercon@—

ducting quantum interference device magnetometer. Zerdn@gnetization, which is proportional to V, does not change,
field NMR spectra were obtained by using the spin-echd!® change in the NMR signal intensity by extra oxygen is
technique. Since the spectra were very bréstzbut 4 MH2 due to the change of the enhancement factor at a given tem-
echo heights were measured as a function of frequency aft rature gnd frequenpy. In. ferromagnetic NMR, generally
a partial spectral excitation. A 90°~180° pulse sequence w oth the signal and rf input is enhanced due to the accompa-

used for the echo generation and the width of the 90° puIsQ.ying c_)scillat_ion of electronic magngtic .moments: The NMR
was 0.5 us. The spin-echo time was fixed at 28s. signal intensity vs rf power plotted in Fig(&® provides ex-
perimental support for our claim. The figure shows that

sample 2 gives its maximal signal at a much lower rf power
Ill. RESULTS AND DISCUSSION than sample 1, meaning that the rf field is more enhanced in

. sample 2 than in sample 1. Since the enhancement factor is
Figure 1 shows the temperature dependence of the Magisyally 10-18 in domains and 1-10" in domain walls'?

netization obtained at 1 T. The paramagnetic Curie tempergpis is interpreted as that sample 2 has domain walls while
tures (Tc) of samples 1 and 2, which were determined bysample 1 does not.

linear fits to the inverse susceptibilities in the paramagnetic Figure 3b) provides direct evidence for this argument.
region, were 194 and 196 K, respectively. Judging from therpe figure shows the normalized NMR signal intensity vs
graph in the inset of Fig. 1 which showisvs Tc, ™" sample 2 gxteral magnetic field obtained at the fixed rf power which
has more oxygen than sample 1 and the differenc@val-  makes the maximal signal in zero field. In this figure, we
ues is close to but not bigger than 0.02. The magnetizationsgtice that the signal of sample 2 decays almost to zero,
of samples 1 and 2 were almost the same at low temperaturgyile that of sample 1 decays slowly, approaching the satu-

as is shown in the figure, and the magnetic-field dependencegyion field at about 3 kOe. These are the typical responses of
of the magnetizations were also almost the same.

Although the macroscopic magnetic properties of the two 4

samples are quantitatively very similar, the local magnetic (®) ——sample 1
environments are quite different, as is seen in fida g 109 R
NMR spectra obtained at 78 K plotted in Fig. 2. In the figure, £ %8\.\

two differences are noticeable between the spectra of§ 22 \\ '\-1\.
samples 1 and 2. First, the signal intensity of sample 2 is@ % TE-a-a-m
about five times that of sample 1, and second, the resonanc® >° B O
frequency of sample 2 is higher and the linewidth is muchE 04 »\O -
broader on the high-frequency side, while the line shape of g \

sample 1 is symmetric. The NMR line shapes of stoichio- 2 ,, \

metric LCMO’s have been reported to be a single \
Gaussiaf?:'* This means that sample 1 is stoichiometric and o0 : — .

T T T T
0 50 100 150 200 0 1 2 3

consequently, theS’s of samples 1 and 2 are about 0 and f power (arb.units) Magnetic field (kOe)

0.02, respectively. We discuss the difference in signal inten-
sity first. . . _ . o FIG. 3. The rf-power dependenda), and external magnetic-

The NMR signal intensity of a ferromagnet in zero field is field dependencé), of the 33%.a NMR signal intensity obtained at
proportional toyVH_/T, where 7 is the enhancement fac- 78 K.
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o FIG. 5. The temperature dependence of fffea NMR intensity
FIG. 4. The temperature dependence of the resistivity and mags¢ sample 2. The signal dependence on the spin-spin relaxation time
netoresistance(MR). The MR value is defined agp(0)  ang frequency were carefully eliminated from the raw data. The
—p(9 kOe)l/p(0). solid line represents &~ ! curve.

single and multidomain ferromagnets, respectively. Since thélated to PS. It is worthwhile to note that the MR near the

domain walls disappear approaching the saturation field, th€emperature where the percolative PS is induced is as large
Signa| intensity of multidomain ferromagnets decays quick|y_as that near the phase'tranSition temperature. It is believed
The Signa| of Samp|e 1 decays a little because the enhancﬂ'lat the external field makes hole transportation easier by
ment factor decreases with external field, whereas the drastf!Ppressing spin fluctuation in the regions connecting metal-

signal decay of sample 2 indicates the disappearance of tHi§ clusters. _
domain walls. The NMR signal of sample 2 comes mostly We now discuss the second difference between the spec-

from domain walls because the enhancement factor is usiita of samples 1 and 2, the difference in resonance frequency
ally orders of magnitude larger in domain walls than in do-and linewidth. The local fieldd, at the position of a non-
mains. The size of ferromagnetic clusters embedded in th&lagnetic L& ion can be described as

antiferromagnetic host of sample 1 is not large enough to

form a multidomain state. The local ferromagnetic orderings H ZAE N+ H

generated by excess oxygen connect some of these ferromag- L i it d-d»

netic clusters and domain walls are formed on them.

In fact, these connected ferromagnetic clusters also makehereA is the transferred hyperfine coupling constant and
percolative conduction paths as is shown in Fig. 4 whichis the number of th¢-site Mn momentge; , surrounding the
displays the temperature dependence of the resistivity. Thiea ion. Hy_4 is the dipolar field summed over all Mn mag-
resistivity of sample 1 shows an insulating behavior, whilenetic moments. In perovskite manganites, the dipolar field is
that of sample 2 shows a broad peak in the temperature rangegligible and the main contribution td, comes from the
of 170-140 K and metallic behavior below 140 K. The me-transferred hyperfine field. The transferred hyperfine field is
tallic behavior of sample 2 at low temperature implies thatthought to be produced by the type overlapping between
electric transport paths are formed by excess oxygen. the Mn t,4 electron wave function and the oxygé¢®p )

The temperature dependence of the La NMR signal intenwave function, and ther bonding of the oxygen with the
sity of sample 2 shown in Fig. 5 proves the simultaneougsp®) hybrid states of the 134 ion.** That is, an indirect
generation of conduction paths and domain walls. The signdransferred hyperfine field of the Fermi contact type is medi-
intensity of homogeneous ferromagnets such as LCMO foated by oxygen. Therefore, the constaris a function of the
0.2<x<0.5 follow Curie’s T'* law well except in the nar- distance between oxygen and &l.don, and the number of
row region near §.° However, the signal intensity of oxygen atoms surrounding the 1‘aion. n; and u; are al-
sample 2 decreases much faster thart With increasing most the same in the two samples. The distance between
temperature, and almost disappears near 140 K where tlixygen and a L¥ ion is not an important factor in the
metallic behavior fades oWFig. 4). This means that the total difference between the NMR peak frequencies because the
volume of domain walls decreases as the temperature irpeak frequency of sample 2 is higher than that of sample 1
creases and the ferromagnetic and metallic conduction patleven though the lattice constants of sample 2 are slightly
vanish near 140 K. Approaching this temperature from belarger than those of sample*4 Therefore, the difference in
low, ferromagnetic clusters are disconnected and therefongeak frequency should be attributed to the difference in the
conduction paths are broken continuously. number of oxygen atoms surrounding aLg@on. That is to

While the magnetoresistand@dR) curve of stoichio- say, the peak frequency of sample 2 is increased due to the
metric perovskite manganite crystals show only one pealexcess interstitial oxygen. There is a report that LaMn§
nearT., that of sample 2 shows another peak near 140 K awith excess oxygen is characterized by cation vacancy in La
is seen in Fig. 4. The MR peak near 170 K is an ordinaryand Mn sites rather than by interstitial anidisn this case,
CMR peak due to the suppression of spin fluctuation by thénowever, the lattice parameters decreasé axreases con-
external field, while the peak near 140 K is undoubtedlytrary to our casé® Moreover, the NMR spectrum of
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LaMnOs,, 5 having cation vacancy is well fitted by a single corresponds ta~0.075;° while the & of sample 2 is less
Gaussian curve, while our sample 2 is not, as is discusse#an 0.02. This means that the holes are concentrated in fer-
below. romagnetic regions. The results of La and Mn NMR imply
The La NMR spectrum of sample 2 is asymmetric andthat the oxygen and holes are concentrated in ferromagnetic
broader than that of sample 1 on the high-frequency sidegiegions. This supports the idea that the PS in low doped
Sinces is small, homogeneous distribution of oxygen cannot-CMO is of the electroneutal type. Moreover, considering
enhance the signal in the high-frequency side as much as tfiee easy formation of conduction paths by the aggregation of
spectrum in Fig. 2. Therefore, oxygen atoms aggregate t&Xcess oxygen whose concentration is less than 0.7%, the
make local ferromagnetic orderings consistent with Nagaev'size of ferromagnetic clusters is not as small as predicted by
claim that oxygen has a tendency to concentrate. One of th&@e charge segregation type PS.
reasons why conduction paths are continuously disconnected In conclusion, the excess oxygen atoms have a tendency
approaching 140 K could be the distribution of excess oxy10 aggregate and change their surroundings into the ferro-
gen becoming more and more uniform as the temperatur@agnetic phase. These local ferromagnetic regions connect
increases. ferromagnetic clusters in stoichiometric samples, which are
Contrary to La nuclei, the local field at Mn nuclei is neg- suspected to also be generated by inhomogeneous distribu-
ligibly influenced by the local distribution of oxygen becausetion of oxygen. This connection produces percolative con-
the hyperfine field of the direct Fermi contact type generatedluction paths on which domain walls are formed. The ob-
by its own 3 electrons is much stronger. Therefore, theserved PS is an electroneutral type rather than a charge
Gaussian shape of the Mn NMR spectrum is not changed b§egregation type. As the temperature increases, a MR peak
the presence of excess oxygen as is shown in the inset of Fig/as observed at the temperature where the percolative PS
2. The °Mn NMR spectra are motionally narrowed by the disappears, in addition to the ordinary peak near the phase-
fast hopping ofe, electrons between Mii and Mrf* ion  transition temperature.
sites?”8 Only the Mn nuclei in ferromagnetic regions with

i ) 5
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