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Peculiar ferromagnetic insulator state in the low-hole-doped manganites
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In this work we show the very different nature of the ferromagnetic state of the low-hole-doped manganites
with respect to other manganites showing colossal magnetoresistance. High-field measurements definitively
prove the coexistence of ferromagnetic-metallic and ferromagnetic-insulating regions even when the sample is
magnetically saturated, with the ground state being inhomogeneous. We have investigated La0.9Ca0.1MnO3 as
a prototype compound. A wide characterization by means of magnetic and magnetotransport measurements,
neutron diffraction, small-angle neutron scattering, and nuclear magnetic resonance has allowed us to establish
that the ground state is based on the existence of disordered nanometric double-exchange metallic clusters that
coexist with long-range superexchange-based ferromagnetic insulating regions. Under high magnetic field the
system reaches magnetization saturation by aligning the magnetic clusters and the insulating matrix, but even
if they grow in size, they do not reach the percolation limit.
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I. INTRODUCTION

Much effort has been expanded during recent years
understand the great variety of phenomena found in man
nites ~see as review examples Refs. 1–3!. The existence of
mixed valences in these compounds either by cation su
tution or oxygen nonstoichiometry in the strongly correlat
~high spin configuration! and Jahn-Teller insulating LaMnO3
gives rise to the existence of Mn14 ions. As a consequence
itinerant holes ofeg symmetry are present and can hop
lowering their kinetic energy and broadening theeg bands
when coret2g effective spins are parallel. This is the basis
the double-exchange interaction that is responsible for
coexistence of the long-range ferromagnetic order and
tallic state. In fact, the field effect on the transition fro
paramagnetic-insulator to ferromagnetic-metallic state p
duces colossal magnetoresistance~CMR! discovered by Jin
et al.4 in the compound La0.6Y0.07Ca0.33MnO3. This finding
triggered interest in these fascinating compounds. Early
dence for nanoscopic phase segregation was found abov
Curie temperature in the above-mentioned compoun5,6

Phase segregation tuned by the Mn-O-Mn bond angle~i.e.,
the electron bandwidth! was proposed in the
(La12xTbx)2/3Ca1/3MnO3 series7 and by O18 isotopic ex-
change in the compound (La0.5Nd0.5)2/3Ca1/3MnO3.8 The as-
sumption of the coexistence of metallic low-volume and
sulating large-volume regions was definitively proved
dark image electron microscopy.9 All the observed phenom
ena were explained on the basis of ferromagnetic double
0163-1829/2003/67~13!/134402~6!/$20.00 67 1344
to
a-

ti-

f
e

e-

-

i-
the

-

x-

change, antiferromagnetic superexchange interaction,
charge and orbital ordering. The low-hole-doping regionx
,0.125) of the La12xCaxMnO3 series10,11 as well as the
oxygen-deficient LaMnO32d ~Ref. 12! compounds showed
the existence of superexchange ferromagnetic-insula
states and the existence of metallic short-range ferromagn
clusters~10–40 Å!. A pioneering neutron-diffraction experi
ment already pointed to the existence of ferr
antiferromagnetic coexisting regions.13 Recent small-angle
neutron scattering~SANS!,12 inelastic neutron scattering,11

as well as nuclear-magnetic-resonance~NMR!
experiments10,14 provided insight based on the existence
metallic clusters with short-range ferromagnetic order a
the existence of two magnon dispersion branches assoc
with double-exchange and superexchange ferromagnetic
teractions, respectively. It is difficult to provide a unifie
picture in this concentration region given the subtle ene
balance arising from the interplay between the abo
mentioned competing interactions. In this paper we will co
centrate on the La0.9Ca0.1MnO3 compound, in which a
ferromagnetic-insulating state was found. The lack of mic
scopic characterization of this compound under high m
netic field leads to some misunderstanding on the gro
state in this prototype compound. We give an extensive c
acterization by using magnetic and magnetotransport ma
scopic probes as well as NMR under high magnetic fie
neutron diffraction, and SANS under high magnetic fie
This has allowed us to give a comprehensive description
the low-temperature ground state in which, even at satu
©2003 The American Physical Society02-1
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tion, insulating superexchange ferromagnetic regions coe
with nonpercolating metallic double-exchange ferromagn
regions.

II. EXPERIMENT

The sample was prepared by a standard ceramic pr
dure. Stoichiometric proportions of La2O3, CaCO3, and
MnCO3 with nominal purities not less than 99.99% we
mixed and heated in air at 950 °C for 12 h. After grindin
the powder was pressed into bars and sintered in ai
1250 °C for 48 h and 1400 °C for 12 h with intermedia
grinding. The oxygen content was analyzed using stand
redox titration with KMnO4 and Mohr’s salt. A step-scanne
powder-diffraction pattern using a D-Max Rigaku syste
with rotating anodes confirmed the quality of the sam
used in our experiments. Magnetic measurements were
formed using a superconducting quantum interference de
magnetometer. The resistivity measurements were perfor
by using the four-points technique and the high-field m
surement using a 12-T superconducting coil. Neutr
diffraction experiments were performed on two different
struments at the high-flux reactor in the Institute Lau
Langevin.~ILL ! D1B (l52.52 Å) and high-resolution D2B
(l51.594 Å) instruments were used to refine the crystal
rameters and the magnetic structure at several temperat
The SANS experiments were performed with the instrum
D16 using a wavelength of 4.5 Å and a resolution in t
transfer momentum vectorQ of 531023 Å 21, within the
range 0.03,Q,0.65 Å21. For NMR measurements, an a
tomated frequency swept spin-echo spectrometer was
within a broad range of temperatures and fields up to 6
Spin-echo spectra were obtained by measuring the integr
echo intensity vs frequency,n. In addition, a two-pulse se
quence with the amplitude/length of the pulses adjusted
maximum echo signal for a given spectrum was used.

III. MACROSCOPIC BEHAVIOR

The resistivity measurements shown in Fig. 1 indicate
insulating nature of this system even in the low-temperat
range where the system is ferromagnetically long-range

FIG. 1. Thermal dependence of the resistivity at zero field a
under the maximum available field~12 T! of La0.9Ca0.1MnO3 . The
inset shows the magnetization isotherm at 10 K.
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dered (TC5160 K). This situation persists at the large
available steady magnetic field of 12 T. In the inset of Fig
we show the magnetization isotherm at low temperatureT
510 K) in which magnetic saturation is achieved at appl
magnetic fields larger than 2 T, quite a large field if w
consider the low magnetic anisotropy of the ferromagne
manganites. The existence of noninteracting ferromagn
clusters embedded in an insulating ferromagnetic matrix
we explain later, could explain the shape of these magn
zation results. Due to the small size of the ferromagne
clusters, typically 3 nm, one can expect a very low blocki
temperature. In fact we did not observe any anomaly in
low-field dc magnetic-susceptibility measurements down
4 K associated with this effect. Then, one can expect a
perparamagnetic behavior of the magnetic clusters. We
plain the large magnetic susceptibility at low field~,1 T! as
originating from the domain-wall movement under field
the matrix, and the high-field susceptibility~.1 T! as due to
the orientation of the clusters along the magnetic fi
against the thermal energy. This picture, as we argue in
next sections, would be consistent with a spontaneous m
netization of 3.2mB due to the ferromagnetic-insulating ma
trix and a field-induced magnetization originating in the r
tation of the magnetic clusters, reaching the saturation va
of 3.9mB at 3 T. The hypothesis of a percolation of th
double-exchange clusters at the larger fields is ruled out
cause of the absence of metallic behavior even at 12 T.

IV. NEUTRON DIFFRACTION AND SANS

Spontaneous magnetization was unambiguously obta
from the refinement of the neutron-diffraction experimen
on D1B and D2B. The thermal dependence of the integra
intensity of the@110/002# nuclear Bragg peak is shown i
Fig. 2. This is a clear signature of the existence of long-ra
ferromagnetic order belowTC5160 K. In Fig. 3 we presen
the refined pattern obtained on D2B atT51.5 K for our
La0.9Ca0.1MnO3 sample. Although a mixture of ferromag
netic andA-type antiferromagnetic regions have been p

d

FIG. 2. Thermal dependence of the integrated intensity of
~110/002! Bragg peak of La0.9Ca0.1MnO3 obtained on a D1B instru-
ment at ILL.
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PECULIAR FERROMAGNETIC INSULATOR STATE IN . . . PHYSICAL REVIEW B67, 134402 ~2003!
posed in low-hole-doped manganites,13 we find no evidence
of antiferromagnetic domains in our sample. However,
another sample with a nominally close compositio
La0.875Ca0.125MnO3, around 10% of theA-type antiferromag-
netic phase has been detected.15

Using the hypothesis of a monophasic system, the refi
ferromagnetic moment of our sample amounts to o
3.3mB . If on the contrary the possibility of a phase segreg
tion is admitted, and assuming a theoretical moment
3.9mB per Mn~with the presence of 10% Mn41 ions!, around
30% of the Mn spins must not be long-range ordered.

In this context the existence of a significant contributi
to the SANS intensity belowTC5160 K constitutes a clea
hallmark of the existence of short-range ferromagnetic
gions. In Fig. 4, a comparison between the thermal dep
dence of the SANS intensity in La0.9Ca0.1MnO3 and
La0.6Y0.07Ca0.33MnO3 is shown. In the case o
La0.6Y0.07Ca0.33MnO3, the magnetic SANS intensity appea
in the paramagnetic state, which was associated with na
metric short-range double-exchange clusters.16 On the other
hand, for La0.9Ca0.1MnO3 the magnetic SANS intensity ap
pears in the ferromagnetic state.

From the fit of theq dependence of the intensity of th

FIG. 3. Neutron-diffraction intensity and refined pattern
La0.9Ca0.1MnO3 obtained atT51.5 K on a D2B instrument at ILL.

FIG. 4. Thermal dependence of the SANS intensity. For the s
of clarity, a comparison with the results on La0.6Y0.07Ca0.33MnO3 is
shown~Ref. 16!. Lines are visual guides.
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SANS contribution using squared-Lorentzian functions$I
5I 0 /@q21(1/j)2#2%, we have obtained the magnetic corr
lation length,j, which is associated with the size of the ma
netic clusters. The squared-Lorentzian behavior in the SA
intensity is expected for static cluster scattering.17 In Fig. 5
we show the thermal dependence ofj and we can observe
the appearance of the clusters below 170 K, which is clos
the setting temperature for long-range ferromagnetic or
The clusters increase in size as the temperature decre
reaching the value of 3–3.5 nm at low temperatures.
would like to emphasize that this behavior is completely d
ferent from that found in the optimized CMR concentrati
region (x50.33). In the latter case there exists 1–3-nm f
romagnetic clusters in the paramagnetic phase and, as
long-range-order temperature~insulator-metal transition tem
perature! is approached from above,j sharply increases an
the SANS contribution disappears aroundTC . For the sake
of clarity and comparison we have included our previo
results on La0.6Y0.07Ca0.33MnO3 in Fig. 5. Clearly, from these
results we can see the very different nature of the ferrom
netic phase in both compounds. In the case ofx50.33 the
ferromagnetic phase is homogeneous and metallic due to
double-exchange interaction, unlike the reportedx50.1
compound in which the ferromagnetic clusters still persis
low temperature in a fraction of about 30%.

V. NMR UNDER HIGH FIELD

We can get insight into the nature of the low-temperat
phase by performing NMR experiments under high magn
field. The very relevant information that we can obtain fro
these experiments is, first, whether the short-range corr
tion within the clusters is of a double-exchange origin~elec-
tron hopping Mn13-Mn14, and consequently metallic! and
second, whether these metallic clusters persist even unde
applied magnetic field.

A zero-field 55Mn NMR study of the compound has re
cently been presented in Ref. 10. The resonant lines h
been identified and attributed to charge localized Mn41 and
Mn31 states that are present in the ferromagnetic-insula
~FI! matrix as well as to the delocalized double-exchan
~DE! states corresponding to the ferromagnetic clusters.

e

FIG. 5. Thermal dependence of the magnetic correlation len
j. For the sake of clarity a comparison with the results
La0.6Y0.07Ca0.33MnO3 is shown~Ref. 16!. Lines are visual guides.
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line assignment was based on the resonant frequency c
acteristics of these states and on their temperature depen
cies. Namely, the DE line showed the same temperature
pendence as the resonant line of the double-excha
ferromagnetic compound La0.67Ca0.33MnO3, whereas the
resonant frequency of the charge localized state reveal
much faster decrease with increasing temperature~see Fig. 3
of Ref. 10!. This provided an unambiguous identification f
the DE line and was proof of the presence of DE clusters
the La0.9Ca0.1MnO3 compound. In order to determine th
relative amount of the FI phase and for a comparison to
SANS results, the study of the55Mn NMR spin-echo spectra
in the applied magnetic field, at various temperatures
excitation conditions, has been carried out. Also, the139La
spectrum has been measured.

The 55Mn and 139La signals at zero field exhibit an NMR
enhancement factor an order-of-magnitude smaller t
those in La0.67Ca0.33MnO3, where a typical domain-wall en
hancement is observed. The enhancement decreases by
tor less than 2 upon application of 1-T external field, wher
in La0.67Ca0.33MnO3 it decreases by an order of magnitud
Since such a field usually removes domain walls, the NM
signal of the compound can be attributed mostly to magn
domains. The spectrum at 4.2 K and zero field has b
decomposed into a set of Gaussian lines centered at
(Mn41), 380 ~DE!, and four peaks at 407–525 MH
(Mn31). The NMR enhancement of the DE and Mn31 peaks
is similar to and for Mn41 slightly larger than the othe
peaks.

In order to eliminate the remanent domain-wall signal a
obtain better-resolved resonance lines, the spectra at 4
and zero field have also been measured at larger pulse s
rations, so that the signals originating from domain wa
could relax out due to a faster spin-spin relaxation. The
peak does not show a noticeable minimum of the spin-s
relaxation time at its center, which indicates that the D
clusters are of nanometer size.18 In metallic ferromagnetic
compounds such as La0.67Ca0.33MnO3 it shows a much
shorter spin-spin relaxation time (T2) at the line center
caused by the Suhl-Nakamura relaxation due to coupling
nuclear spins by virtual magnons.19 This interaction has a
range of 3.5 nm in these compounds at low temperature18

and is not effective in nanometer-size clusters where on
few Mn ions inside clusters, which contribute to the center
the NMR line, have the same magnetic environment. The
line also shows a linewidth about two times larger than t
in the La0.67Ca0.33MnO3 compound, which may be related t
a much lower DE hopping rate than in La0.67Ca0.33MnO3

Another proof of a two-phase character of the grou
state of the compound comes from the139La spectrum~see
Fig. 6!. It consists of two resonance lines located at 15 a
32 MHz of the same NMR enhancement. A similar two-li
pattern has been observed in the139La spectra of
La0.875Sr0.125MnO3 and La0.85Sr0.15MnO3.20 Since the more
insulating La0.875Sr0.125MnO3 compound exhibits a larger in
tensity of the upper line, this line can be attributed to
regions also in La0.9Ca0.1MnO3. Thus, the lower line is as
signed to the DE clusters. However, its resonant freque
15 MHz, is nearly 30% lower than that of the 21 MHz
13440
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metallic La0.67Ca0.33MnO3, which indicates that the DE re
gions differ from those in La0.67Ca0.33MnO3 and can imply
that the DE interaction is less effective here than
La0.67Ca0.33MnO3. A single resonance line of139La has re-
cently been reported in Ref. 21. In fact, at low pulse powe
single line is observed corresponding to a large enhancem
factor.

The analysis of the temperature dependence of the spe
shows that with increasing temperature the Mn31 lines de-
crease in intensity faster than do the DE and Mn41 lines ~see
Fig. 7!. This is due to a faster increase of the spin-spin
laxation rate with temperature for the Mn31 lines. The Mn41

line exhibits approximately two times longerT2 at the whole
temperature range, disappearing at about 77 K. This can
attributed to a melting of charge localized states possibly
to the excitation of small Jahn-Teller polarons as postula
recently in Ref. 14.

In order to study the evolution of charge localized pha
and DE clusters in the magnetic field,55Mn spin-echo spec-
tra have been measured under several selected applied
netic fields ~see Fig. 8!. The pulse power/length has bee
adjusted for the individual spectra to the maximum signal
shift of the resonance lines towards lower frequencies w
increasing applied field is observed. This is due to a par
cancellation of the hyperfine field which is mostly of a co
electron polarization origin and is antiparallel to the Mn sp
moments aligning with the field. The Mn41 line shows a
shift consistent with a full55Mn gyromagnetic ratio, which
indicates a parallel alignment of the Mn41 moments with the
field. The DE peak shows a smaller shift up to 3 T that c
possibly be related to a noncolinear alignment of the m
ments of DE clusters in such a field. However, between 3
6 T, the shift also corresponds to a full gyromagnetic ra
i.e., to a parallel alignment of the moments of DE cluste
with the field at such fields.

In order to determine an approximate amount of the
clusters, the spectra at the applied field have been fitted
sets of Gaussian lines and the areas have been correcte
the NMR enhancement. The values obtained can be rega
as measures of the amount of the corresponding Mn st
and, consequently, the amount of FI and the DE contro
phases. Since the DE peak~380 MHz at zero field! was not
clearly resolved from an order-of-magnitude smaller Mn31

line ~407 MHz at zero field! at the applied field, they were
fitted together with one Gaussian line. In order to determ

FIG. 6. 139La spin-echo spectrum at 4.2 K of La0.9Ca0.1MnO3 .
The line is a visual guide.
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the amount of the DE clusters at various fields the correc
area of the DE line has been compared to the corrected a
of all lines within individual spectra. The correspondin
amount of the DE phase with respect to the insulating fe
magnetic phase was estimated to be (4265)% at 0 T. It
grows to (66610)% at 6 T, which is possibly related to
growth of the DE clusters with the applied field.

It is worth noting that a very similar pattern of 41 DE and
31 lines to that in La0.9Ca0.1MnO3 is obtained in other com
pounds, e.g., La0.875Ca0.125MnO3 or LaMnO31d .10,20,22Rela-
tive intensities of the lines are similar and do not follow t
ratio of Mn41 to Mn31, which can be deduced from th
doping level. A possible explanation for the effect is that t
interior of the superexchange controlled FI phase exhibi
very fast nuclear relaxation preventing observation of
NMR spin-echo signal from these regions, where the no

FIG. 7. 55Mn spin-echo spectra of La0.9Ca0.1MnO3 at various
temperatures. Solid lines represent fits with sets of Gaussian
~see text!.
13440
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nal Mn41 to Mn31 ratios should be observed. Such a wip
out of the 139La NMR signal was reported for several hol
doped insulating compounds in Refs. 14 and 21 a
attributed to the lattice excitations identified as small Ja
Teller polarons. Thus, the NMR signal observed origina
from the DE clusters and FI states at their boundaries, so
it reflects the amount of DE phase with respect to the
states within the cluster plus boundary regions, not in
whole sample. As a consequence, the amount of the
phase with respect to the FI phase determined from the N
spectra is possibly overestimated.

VI. CONCLUSIONS

The wide macro- and microscopic characterization of
compound La0.9Ca0.1MnO3 has allowed us to definitively es

es

FIG. 8. 55Mn spin-echo spectra of La0.9Ca0.1MnO3 at 3 K and
various applied magnetic fields. Solid lines represent fits with s
of Gaussian lines~see text!.
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tablish the nonhomogeneous nature of the ferromagnetic
sulating state in the low-doping hole region of La-Ca mixe
valence manganites. Neutron diffraction shows the fract
of disordered manganese spins to be close to 30%. On
other hand SANS results reveal the existence of nanom
ferromagnetic clusters~3–4 nm!. The major ferromagnetic
phase is insulating and consequently, the ferromagnetic
perexchange mechanism should prevail, with the short-ra
DE interaction responsible for the formation of the ferroma
netic clusters. Then, one can determine a ground stat
which disordered ferromagnetic clusters are embedded i
insulating ferromagnetic background. This situation is co
patible with the existence of two different branches found
the magnon dispersion curves.11 NMR results pointed to the
coexistence of DE and superexchange regions clearly a
ciated with the presence of well-defined resonance line
characteristic frequencies. The metallic nature of the clus
was inferred from the analysis of the NMR spectra. NM
under field reveals the presence of DE and superexcha
lines even at saturation. The applied magnetic field increa
the size of the DE clusters but percolation is not achieve

This is an exciting result in the phenomenology of ma
ganites: from the magnetic point of view, the system is f
romagnetically homogeneous, but theeg hole can only hop
among Mn ions within certain regions. In this situation ma
netic disorder cannot be responsible for the constraint of
charge. We can only consider the existence of a poten

*Corresponding author. FAX: 34 976 761229. Email addre
algarabel@posta.unizar.es
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