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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 investiga@al IMnO; 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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[. INTRODUCTION change, antiferromagnetic superexchange interaction, and
charge and orbital ordering. The low-hole-doping regian (
Much effort has been expanded during recent years te<0.125) of the La_,CaMnO; series'®!! as well as the
understand the great variety of phenomena found in mangaxygen-deficient LaMn@_; (Ref. 12 compounds showed
nites (see as review examples Refs. }—Bhe existence of the existence of superexchange ferromagnetic-insulating
mixed valences in these compounds either by cation subststates and the existence of metallic short-range ferromagnetic
tution or oxygen nonstoichiometry in the strongly correlatedclusters(10—-40 A). A pioneering neutron-diffraction experi-
(high spin configurationand Jahn-Teller insulating LaMRO  ment already pointed to the existence of ferro-
gives rise to the existence of Mfl ions. As a consequence, antiferromagnetic coexisting regiofisRecent small-angle
itinerant holes ofe; symmetry are present and can hop byneutron scatteringSANS 12 inelastic neutron scattering,
lowering their kinetic energy and broadening tagbands as well as  nuclear-magnetic-resonance(NMR)
when coret, effective spins are parallel. This is the basis of experiment 1% provided insight based on the existence of
the double-exchange interaction that is responsible for thenetallic clusters with short-range ferromagnetic order and
coexistence of the long-range ferromagnetic order and mehe existence of two magnon dispersion branches associated
tallic state. In fact, the field effect on the transition from with double-exchange and superexchange ferromagnetic in-
paramagnetic-insulator to ferromagnetic-metallic state proteractions, respectively. It is difficult to provide a unified
duces colossal magnetoresistatt€R) discovered by Jin picture in this concentration region given the subtle energy
et al? in the compound LggY o oCa 3MnO;. This finding  balance arising from the interplay between the above-
triggered interest in these fascinating compounds. Early evimentioned competing interactions. In this paper we will con-
dence for nanoscopic phase segregation was found above tbentrate on the LaCaMnO; compound, in which a
Curie temperature in the above-mentioned compatfnd. ferromagnetic-insulating state was found. The lack of micro-
Phase segregation tuned by the Mn-O-Mn bond afigte,  scopic characterization of this compound under high mag-
the electron bandwidih was proposed in the netic field leads to some misunderstanding on the ground
(La;_Th,),sCa,sMnO; seried and by 32 isotopic ex- state in this prototype compound. We give an extensive char-
change in the compound (4.gNd, 5),3Ca,sMn05.8 The as-  acterization by using magnetic and magnetotransport macro-
sumption of the coexistence of metallic low-volume and in-scopic probes as well as NMR under high magnetic field,
sulating large-volume regions was definitively proved byneutron diffraction, and SANS under high magnetic field.
dark image electron microscopyll the observed phenom- This has allowed us to give a comprehensive description of
ena were explained on the basis of ferromagnetic double esxthe low-temperature ground state in which, even at satura-
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FIG. 1. Thermal dependence of the resistivity at zero field and 0 50 100 150 200 250
under the maximum available field2 T) of Lag fCa ;MnO;. The Temperature (K)

inset shows the magnetization isotherm at 10 K. . . .
9 FIG. 2. Thermal dependence of the integrated intensity of the

tion, insulating superexchange ferromagnetic regions coexi#igioa(?liragg peak of Lg«C MnO; obtained on a D18 instru-

with nonpercolating metallic double-exchange ferromagnetic

regions.
g dered Tc=160K). This situation persists at the largest

available steady magnetic field of 12 T. In the inset of Fig. 1
we show the magnetization isotherm at low temperatdre (
The sample was prepared by a standard ceramic proce=10 K) in which magnetic saturation is achieved at applied
dure. Stoichiometric proportions of L@;, CaCQ, and magnetic fields larger than 2 T, quite a large field if we
MnCO; with nominal purities not less than 99.99% were consider the low magnetic anisotropy of the ferromagnetic
mixed and heated in air at 950 °C for 12 h. After grinding, manganites. The existence of noninteracting ferromagnetic
the powder was pressed into bars and sintered in air alusters embedded in an insulating ferromagnetic matrix, as
1250°C for 48 h and 1400 °C for 12 h with intermediate we explain later, could explain the shape of these magneti-
grinding. The oxygen content was analyzed using standargation results. Due to the small size of the ferromagnetic
redox titration with KMnQ and Mohr’s salt. A step-scanned clusters, typically 3 nm, one can expect a very low blocking
powder-diffraction pattern using a D-Max Rigaku systemtemperature. In fact we did not observe any anomaly in the
with rotating anodes confirmed the quality of the samplelow-field dc magnetic-susceptibility measurements down to
used in our experiments. Magnetic measurements were pef-K associated with this effect. Then, one can expect a su-
formed using a superconducting quantum interference devigeerparamagnetic behavior of the magnetic clusters. We ex-
magnetometer. The resistivity measurements were performgglain the large magnetic susceptibility at low figld1 T) as
by using the four-points technique and the high-field meaoriginating from the domain-wall movement under field in
surement using a 12-T superconducting coil. Neutronthe matrix, and the high-field susceptibility-1 T) as due to
diffraction experiments were performed on two different in-the orientation of the clusters along the magnetic field
struments at the high-flux reactor in the Institute Laue-against the thermal energy. This picture, as we argue in the
Langevin.(ILL) D1B (A=2.52 A) and high-resolution D2B next sections, would be consistent with a spontaneous mag-
(A=1.594 A) instruments were used to refine the crystal panetization of 3.2.g due to the ferromagnetic-insulating ma-
rameters and the magnetic structure at several temperaturdégx and a field-induced magnetization originating in the ro-
The SANS experiments were performed with the instrumentation of the magnetic clusters, reaching the saturation value
D16 using a wavelength of 4.5 A and a resolution in theof 3.9ug at 3 T. The hypothesis of a percolation of the
transfer momentum vectd® of 5x 10 2 A~1, within the  double-exchange clusters at the larger fields is ruled out be-
range 0.0%Q<0.65 A~. For NMR measurements, an au- cause of the absence of metallic behavior even at 12 T.
tomated frequency swept spin-echo spectrometer was used
within a broad range of temperatures and fields up to 6 T. IV. NEUTRON DIFFRACTION AND SANS
Spin-echo spectra were obtained by measuring the integrated o , .
echo intensity vs frequency, In addition, a two-pulse se- Spontaneous magnetization was unambiguously obtained

quence with the amplitude/length of the pulses adjusted to from the refinement of the neutron-diffraction experiments
maximum echo signal for a given spectrum was used. on D1B and D2B. The thermal dependence of the integrated

intensity of the[110/003 nuclear Bragg peak is shown in
Fig. 2. This is a clear signature of the existence of long-range
ferromagnetic order beloW.=160 K. In Fig. 3 we present
The resistivity measurements shown in Fig. 1 indicate thehe refined pattern obtained on D2B at1.5K for our
insulating nature of this system even in the low-temperaturéay Ca {MnO3; sample. Although a mixture of ferromag-
range where the system is ferromagnetically long-range ometic andA-type antiferromagnetic regions have been pro-

Il. EXPERIMENT

IIl. MACROSCOPIC BEHAVIOR
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¢ For the sake of clarity a comparison with the results on

FIG. 3. Neutron-diffraction intensity and refined pattern of Lag 6Y 0.01Ca 3MNO; is shown(Ref. 16. Lines are visual guides.

Lay Ca sMnO; obtained aff=1.5 K on a D2B instrument at ILL. L ) . .
SANS contribution using squared-Lorentzian functidis

_ _ _ _ =1o/[g?+(1/¢)?]%}, we have obtained the magnetic corre-
posed in low-hole-doped manganitéswe find no evidence |44ion length.£, which is associated with the size of the mag-
of antiferromagnetic domains in our sample. However, inpeic clusters. The squared-Lorentzian behavior in the SANS
another sample with a nominally close composition,yiensity is expected for static cluster scatterthdgn Fig. 5
Lag g76C8.14VIN0;, around 10% of thé-type antiferromag- e show the thermal dependencefoénd we can observe
netic phase has been _dete&éd. ) _the appearance of the clusters below 170 K, which is close to
Using the hypothesis of a monophasic system, the refine,e setting temperature for long-range ferromagnetic order.
ferromagnetic moment of our sample amounts to Onlyrhe cjusters increase in size as the temperature decreases,
3.3ug . If on the contrary the possibility of a phase segregayeaching the value of 3—3.5 nm at low temperatures. We
tion is admitted, and assuming a Ehe'\c;iret_|cal moment ofyqyd like to emphasize that this behavior is completely dif-
3-%“5 per Mn (with the presence of 10% M ions), around  terent from that found in the optimized CMR concentration
30% of the Mn spins must not be long-range ordered.  region k=0.33). In the latter case there exists 1—3-nm fer-
In this context the existence of a significant Cont”bU“O”romagnetic clusters in the paramagnetic phase and, as the
to the SANS intensity below ¢ =160 K constitutes a clear |5ng-range-order temperatufiesulator-metal transition tem-
hgllmark of the existence lof short-range ferromagnetic r®herature is approached from abové,sharply increases and
gions. In Fig. 4, a comparison between the thermal depenye SANS contribution disappears aroufid. For the sake
dence of the SANS intensity in b3aC&,MnOs and  of clarity and comparison we have included our previous
LageY 0.0C8.sMNO; is  shown. In the case of yagyitson LagY, o/ CaysMnOs in Fig. 5. Clearly, from these
Lao.6Y 0.07C%.33MINO;, the magnetic SANS intensity appears resyits we can see the very different nature of the ferromag-
in the paramagnetic state, which was associated with nangeatic phase in both compounds. In the caseef0.33 the
metric short-range double-exchange clusté®n the other ferromagnetic phase is homogeneous and metallic due to the
hand, for Lg Ca MNnO; the magnetic SANS intensity ap- double-exchange interaction, unlike the reportee 0.1

pears in the ferromagnetic state. _ _ compound in which the ferromagnetic clusters still persist at
From the fit of theq dependence of the intensity of the |5, temperature in a fraction of about 30%.
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V. NMR UNDER HIGH FIELD

We can get insight into the nature of the low-temperature
phase by performing NMR experiments under high magnetic
field. The very relevant information that we can obtain from
these experiments is, first, whether the short-range correla-
tion within the clusters is of a double-exchange origgfec-
tron hopping Mri3-Mn*4, and consequently metalli@and
second, whether these metallic clusters persist even under an
applied magnetic field.

A zero-field >°*Mn NMR study of the compound has re-
cently been presented in Ref. 10. The resonant lines have
been identified and attributed to charge localized*Mand

FIG. 4. Thermal dependence of the SANS intensity. For the sakdn®" states that are present in the ferromagnetic-insulating

of clarity, a comparison with the results onggY g ¢/C& 3MNn0O; is

shown(Ref. 16. Lines are visual guides.

(FI) matrix as well as to the delocalized double-exchange
(DE) states corresponding to the ferromagnetic clusters. The
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line assignment was based on the resonant frequency char-
acteristics of these states and on their temperature dependen-
cies. Namely, the DE line showed the same temperature de-
pendence as the resonant line of the double-exchange
ferromagnetic compound kaCa :MNnO;, whereas the
resonant frequency of the charge localized state revealed a
much faster decrease with increasing temperagee Fig. 3
of Ref. 10. This provided an unambiguous identification for
the DE line and was proof of the presence of DE clusters in
the Lg Ca MNO; compound. In order to determine the
relative amount of the FI phase and for a comparison to the
SANS results, the study of tHf8Mn NMR spin-echo spectra _ FIG. 6. **L.a spin-echo spectrum at 4.2 K of 4 €& ;MnO;.
in the applied magnetic field, at various temperatures andhe line is a visual guide.
excitation conditions, has been carried out. Also, tfa
spectrum has been measured. metallic Lg) & 3dMINO5, which indicates that the DE re-
The **Mn and '*La signals at zero field exhibit an NMR gions differ from those in LggCay 3gMnO; and can imply
enhancement factor an order-of-magnitude smaller thathat the DE interaction is less effective here than in
those in Lg ¢.Cay 3MNnO3, where a typical domain-wall en- La, 5/Ca, 3MnO5. A single resonance line of%La has re-
hancement is observed. The enhancement decreases by a faently been reported in Ref. 21. In fact, at low pulse power a
tor less than 2 upon application of 1-T external field, whereasingle line is observed corresponding to a large enhancement
in Lag gCa 3aMN0O; it decreases by an order of magnitude. factor.
Since such a field usually removes domain walls, the NMR The analysis of the temperature dependence of the spectra
signal of the compound can be attributed mostly to magnetishows that with increasing temperature the*Ndines de-
domains. The spectrum at 4.2 K and zero field has beeorease in intensity faster than do the DE and*Miines (see
decomposed into a set of Gaussian lines centered at 3J&g. 7). This is due to a faster increase of the spin-spin re-
(Mn**), 380 (DE), and four peaks at 407-525 MHz laxation rate with temperature for the Mhlines. The MA*
(Mn3*). The NMR enhancement of the DE and Mnpeaks  line exhibits approximately two times long&s at the whole
is similar to and for MA* slightly larger than the other temperature range, disappearing at about 77 K. This can be
peaks. attributed to a melting of charge localized states possibly due
In order to eliminate the remanent domain-wall signal andto the excitation of small Jahn-Teller polarons as postulated
obtain better-resolved resonance lines, the spectra at 4.2 tecently in Ref. 14.
and zero field have also been measured at larger pulse sepa-In order to study the evolution of charge localized phase
rations, so that the signals originating from domain wallsand DE clusters in the magnetic fieRPMn spin-echo spec-
could relax out due to a faster spin-spin relaxation. The DEra have been measured under several selected applied mag-
peak does not show a noticeable minimum of the spin-spimetic fields(see Fig. 8 The pulse power/length has been
relaxation time at its center, which indicates that the DEadjusted for the individual spectra to the maximum signal. A
clusters are of nanometer siZeln metallic ferromagnetic  shift of the resonance lines towards lower frequencies with
compounds such as jgCa:MNnO; it shows a much increasing applied field is observed. This is due to a partial
shorter spin-spin relaxation timeT4) at the line center cancellation of the hyperfine field which is mostly of a core
caused by the Suhl-Nakamura relaxation due to coupling oglectron polarization origin and is antiparallel to the Mn spin
nuclear spins by virtual magnof$This interaction has a moments aligning with the field. The M# line shows a
range of 3.5 nm in these compounds at low temperatres, shift consistent with a fulP®n gyromagnetic ratio, which
and is not effective in nanometer-size clusters where only @ndicates a parallel alignment of the Mfhmoments with the
few Mn ions inside clusters, which contribute to the center offield. The DE peak shows a smaller shift up to 3 T that can
the NMR line, have the same magnetic environment. The DEpossibly be related to a noncolinear alignment of the mo-
line also shows a linewidth about two times larger than thainents of DE clusters in such a field. However, between 3 and
in the La ¢Ca 3qMNO3; compound, which may be related to 6 T, the shift also corresponds to a full gyromagnetic ratio,
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Frequency [MHZz]

Normalized signal{arb. units]

a much lower DE hopping rate than in . @Ca 3gMinO5 i.e., to a parallel alignment of the moments of DE clusters
Another proof of a two-phase character of the groundwith the field at such fields.
state of the compound comes from th€La spectrum(see In order to determine an approximate amount of the DE

Fig. 6). It consists of two resonance lines located at 15 andtlusters, the spectra at the applied field have been fitted with
32 MHz of the same NMR enhancement. A similar two-line sets of Gaussian lines and the areas have been corrected for
pattern has been observed in thE%a spectra of the NMR enhancement. The values obtained can be regarded
Lag g75Sk 1,MnO; and Lg ¢St 1:9Mn0O;.%° Since the more as measures of the amount of the corresponding Mn states
insulating Lg g7551p.1,9MINO5; compound exhibits a larger in- and, consequently, the amount of FI and the DE controlled
tensity of the upper line, this line can be attributed to Flphases. Since the DE pe&80 MHz at zero fielgwas not
regions also in LgsCa, ;MnO;. Thus, the lower line is as- clearly resolved from an order-of-magnitude smaller¥n
signed to the DE clusters. However, its resonant frequencyine (407 MHz at zero fielg at the applied field, they were

15 MHz, is nearly 30% lower than that of the 21 MHz in fitted together with one Gaussian line. In order to determine
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FIG. 8. %Mn spin-echo spectra of LgCa, ;MnO; at 3 K and
various applied magnetic fields. Solid lines represent fits with sets
es A
Of Gaussian linegsee text

FIG. 7. ®Mn spin-echo spectra of LaCa,;MnO; at various
temperatures. Solid lines represent fits with sets of Gaussian lin
(see text

the amount of the DE clusters at various fields the correctedal Mn** to Mn®" ratios should be observed. Such a wipe-
area of the DE line has been compared to the corrected areast of the*_.a NMR signal was reported for several hole-
of all lines within individual spectra. The corresponding doped insulating compounds in Refs. 14 and 21 and
amount of the DE phase with respect to the insulating ferroattributed to the lattice excitations identified as small Jahn-
magnetic phase was estimated to be £43% at O T. It  Teller polarons. Thus, the NMR signal observed originates
grows to (66-10)% at 6 T, which is possibly related to a from the DE clusters and FI states at their boundaries, so that
growth of the DE clusters with the applied field. it reflects the amount of DE phase with respect to the FI
It is worth noting that a very similar pattern ofldDE and  states within the cluster plus boundary regions, not in the
3+ lines to that in Lg (Ca, ;MnQO; is obtained in other com- whole sample. As a consequence, the amount of the DE
pounds, €.9., Lgg7Cay 1,dMN0O; or LaMnO;, 5.202%%?Rela-  phase with respect to the Fl phase determined from the NMR
tive intensities of the lines are similar and do not follow the spectra is possibly overestimated.
ratio of Mr** to Mn®*, which can be deduced from the
doping level. A possible explanation for the effect is that the
interior of the superexchange controlled FI phase exhibits a
very fast nuclear relaxation preventing observation of the The wide macro- and microscopic characterization of the
NMR spin-echo signal from these regions, where the nomicompound LgsCa ;MnO; has allowed us to definitively es-

VI. CONCLUSIONS
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tablish the nonhomogeneous nature of the ferromagnetic invell, which successfully traps the hole as proposed by
sulating state in the low-doping hole region of La-Ca mixed-Alonso et al?® The first contribution to this potential well
valence manganites. Neutron diffraction shows the fractiorzould be of electrostatic origin: since we have'€aenters

of disordered manganese spins to be close to 30%. On th&irrounded by L& the hole would tend to live close to the
other hand SANS results reveal the existence of nanometrica™2. Also the intensity of the Jahn-Teller effect will play a
ferromagnetic clusteré3—4 nm). The major ferromagnetic role as has been suggested by Van Aletral?* Alonso
phase is insulating and consequently, the ferromagnetic skt al?2 demonstrated that the insulating or metallic state does
perexchange mechanism should prevail, with the short-ranggot depend only on the hole concentration but also on the
DE interaction responsible for the formation of the ferromag-presence of C& Centers(ho|es can be produced by oxygen
netic clusters. Then, one can determine a ground state Kacancies Under this scheme the magnetic field is not very
which disordered ferromagnetic clusters are embedded in affective in propagating the electronic itinerancy to the
insulating ferromagnetic background. This situation is comyyhole sample. For that we must increase theé £eoncen-
patible with the existence of two different branches found intration up to the percolation limit to reach the concentration
the magnon dispersion curv€sNMR results pointed to the  range of the CMR compounds. We consider that our experi-
coexistence of DE and superexchange regions clearly assgrental result can only be explained within this frame and the

ciated with the presence of well-defined resonance lines gheoretical model should address the ferromagnetic-
characteristic frequencies. The metallic nature of the clustergsulating state within such a frame.

was inferred from the analysis of the NMR spectra. NMR
under field reveals the presence of DE and superexchange
lines even at saturation. The applied magnetic field increases
the size of the DE clusters but percolation is not achieved.

This is an exciting result in the phenomenology of man- We thank Professor A. Hernando for fruitful discussions.
ganites: from the magnetic point of view, the system is fer-The Spanish authors acknowledge financial support through
romagnetically homogeneous, but teghole can only hop research Project Nos. MAT2000-1756, MAT2002-04657,
among Mn ions within certain regions. In this situation mag-and MAT2002-01221. Cz.K. and P.C.R. wish to acknowl-
netic disorder cannot be responsible for the constraint of thedge the support of the Engineering and Physical Sciences
charge. We can only consider the existence of a potentidResearch Council, United Kingdom.
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