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Coexistence of paramagnetic-charge-ordered and ferromagnetic-metallic
phases in La ;5Cay sMnO5 evidenced by electron spin resonance
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Throughout a complete electron spin resonaft®R) and magnetization study of hLgCa sMnO;,

we discuss about the nature of the complex phase-segregated state established in this compound
below T~210K. BetweenTy<=T=<T., the ESR spectra shows two lines characteristic of two
different magnetic phases. From the resonance fidld @erived for each line, we argue that the
incommensurate-charge-ordering ph8s§#0) which coexists with ferromagnetic—metallEMM)

clusters in this temperature interval, is mainly paramagnetic and not antiferromagnetic. The FMM/
ICO ratio can be tuned with a relatively small field, which suggests that the internal energy
associated with those phases is very similar. Belqw there is an appreciable ferromagnefd/)
contribution to the magnetization and the ESR spectra indicates the presence of FM clusters in an
antiferromagnetic matriXcanted. Our results show that ESR could be a very useful tool to
investigate the nature of the phase-separated state now believed to play a fundamental role in the
physics of mixed valent manganites. 02 American Institute of Physics.
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I. INTRODUCTION structure, which implies the presence of structural/magnetic
domain boundaries associated with the CO domain bound-
Since the possibility of an intrinsically phase-separatecaries observed by electron diffractiGhOn the other hand,
ground state in mixed-valent manganites was suggested byray synchrotrof? and electron diffractioff experiments
theoretical studie;® much experimental effort has gone showed that the first-order-AF transition-atL50 K is asso-
into determining the exact nature of this inhomogeneougiated with an incommensurate-to-commensurate-CO transi-
state?~’ As a consequence, although early work focusedion (ICO-to-CCO, and that ICO and FM do coexist be-
around the optimum doping level fdr- of x~3/8, present tween 160 KT=<210K as a finite spatial mixture of two
work is now moving towardk~ 1/2, where the competition competing phasdsnutually exclusiveé Moreover, the simul-
between these phases can be better stufdidAt the 1:1  taneous presence of multiple phagieir relative proportion
Mn®":Mn*" composition, charge orderif@0), that inhibits  varying with temperatupewith different degrees of orienta-
the electron transfer associated with double exchangeional order of the JT distorted MAOg octahedra, has been
ferromagnetism in manganités,is particularly feasible, demonstrated in this transition regidf? All these experi-
leading to a rich variety of charge/orbital ordergiO/O0 ments show the extreme complexity of the magnetic/orbital
structures? For example, previous studies showed thatstructures in LgsCasMnOz; and demonstrate that much
upon cooling, LgsCa sMnO; first becomes ferromagnetic more work is still needed for a deep understanding of the
(FM) at Tc~225K and then antiferromagnetiéF) at Ty ~ mixed-phase state in manganites.
~155K (180 K upon warming®® Its low temperature To investigate the nature of the magnetic phases in
ground state shows a complex CO/OO-AEE-type in Lay Ca sMNnO; at different temperatures, we carried out a
which only anisotropic superexchange interactions, associetailed electron spin resonan@SR study in a broad tem-
ated with Jahn—TellefJT) distorted Mii*Og octahedra, are perature interval. The ESR technique is very sensitive to
active*1° Couplings along thé001] direction are AF, while magnetic heterogeneity, even if it involves a relatively small
in the (001) plane Mr**—O-Mrf" superexchange is FM number of spins. Here, we argue that the ICO is associated
(AF) when the occupietlinoccupiedle, orbitals are directed With a paramagneti¢PM) structure, which coexists with
toward empty Mf*-e, orbitals™* Neutron powder diffrac- ferromagnetic-metalligdFMM) regions. The ratio FMM/
tion revealed two different coherence lengths for the twolCO-PMis strongly field dependent, even for relatively small
interpenetrating MA —Mn*" magnetic sublattices in the CE fields (~0.5 T).

II. EXPERIMENT

dAuthor to whom correspondence should be addressed; present address: . . .
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Austin, TX 78712; electronic mail: gffran@usc.es solid state reaction. Room temperature x-ray diffraction pat-
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FIG. 1. (8) Thermal evolution of the magnetization obtained in warming . . . . . .
(after zero-field coolingand cooling. Vertical dashed lines are guides for the lines DOW field, (LF); and hlgh field,(HF), Imes] that are

eye. (b) X-Band resonance fieldsH() for the different linesrecording the ~ Observable down te-160 K where the long-range AF devel-
ESR spectra on coolingre plotted against temperature for comparison with ops (T).
the M(T) data. Below this temperature, a singlapparently broad line
is recovered with a significant increment of the resonance
field. When the ESR spectrum is recorded increasing tem-
terns indicate that the samples are single pitaghorhom-  perature, the broad line characteristic of the low temperature
bic, Pnma. Lattice parameters derived from Rietveld AF phase is maintained up t6170 K, following the hyster-
analysis (a=5.4241(5)A, b=7.6479(1)A, and c etic behavior observed ikl (T).
=5.4353(1) A are in perfect agreement with available We have fitted the ESR spectra keeping the resonance
datd® ESR measurements were performed at 9.4 GKz field (H,), the linewidth, and the intensity of each licghen
Band with a EMX Bruker spectrometer between 100 andmore than one line is employed in the fitting proceduas
400 K. A small quantity of samplé~1 mg was used for adjustable parameters. Some of these fits are shown in Fig. 3.
ESR experiments in order to avoid overloading of the cavityAbove T, the ESR spectra can be successfully reproduced
Magnetization(versus temperature and figldlas measured with a single absorption lind.orentziarn. On the other hand,
in a superconducting quantum interference device magnet@&s mentioned, betweely and T¢ the spectra splits in two
meter. lines, (LF and HP characteristic of two magnetic compo-
nents, their relative proportions varying with temperature.
Below Ty, a single line is recovered, but only apparently, as
IIl. RESULTS AND DISCUSSION again two lines are needed to reproduce the experimental
_ ) data. When three or more lines were employed to fit the ESR
In Fig. 1(a), we show the thermal evolution of the mag- spectra, the goodness of fit does not improve, demonstrating
netization measured on warming and cooling at 3.3 KBe  the validity of our fits with two lines in this temperature
resonance field for a free electron ¥tBand, in order to range. Between 150—160 K only, the presence of three dif-

compare it with ESR dajaThe strong thermal hysteresis ferent phases can not be discarded from our data. In fact,
(~30 K) resembles the first-order character of the transitiongaqaelii et al® suggested the possibility of four different

On the other hand, a sudden increase of resistiuitgt
shown) is also observed &k, indicating the appearance of
CO associated to the AF structufe.

Above T, the ESR spectra consist of a single Lorentz- LaO.SCaO'SMnO:%
ian line centered ag=2.00 independent of temperature
[Figs. Ab) and 2. As a function ofT, both ESR linewidth 7 X
and intensity showed a behavior similar to that described for NS S0 \i% ¢ 6 8
other manganites in the paramagnetic state: the linewidth ' AT
decreases with temperature on approachiggrom above,
goes through a minimum at1.1 T and increases agatf®
The intensity follows a Curie—Weiss law in this regime, i.e.,
all the spins contribute to ESR. 5 4 5

In Fig. 2, we show some ESR lines, representative of the H (kOe)
general behavior in the different temperature intervals. WheR g, 3. integrated ESR spectra at various temperatures along with the fit to
reducing temperature below215 K, the spectra split in two multiple lines.
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FIG. 5. Magnetoresistance at different temperatures. Note the large values
FIG. 4. Field dependence of the magnetization of 4G gMnO; between  of MR obtained betweef. and Ty, where the effect of the applied field
Tc and Ty (main panel. There is a critical field around 0.5 T which pro-  over magnetization is stronger. The large hysteresis and the anomalies in the
duces a sudden increase of magnetization. Inset: well abgvethe ex- R(H) curves reproduce thiel(H) behavior.
pected lineaPM) behavior is observed, while the curves bel@y indi-
cates the presence of a net magnetic moment in the AF phase.

increases the number of free carriéra itinerant de Gennes
double exchangé! and hence produces a diminution of the
phases corresponding to JT-distorted Mn&tahedra with  resistivity. To check this hypothesis, we measured the mag-
different orientations of thelz* orbital, as mentioned in the netoresistancéMR) at different temperature@ig. 5). It is
introduction of this article. clear from the large values obtained betwd@gnand Ty that
TheH, lines derived from the fits are shown in Figbl  the metallic fraction is nicely increased by an small applied
for better comparison witiM(T) data. In polycrystalline field in this temperature interval, while only small values of
samples, resonance data can be fitted to the equation MR are reached belowWy . In fact, Royet al?? previously
w=yHr 1) found an appreciable MR fdi=~0.5T in La,_,CaMnO;

' with %Mn** ~52.8%—-53.2%. lodometric analysis in our
where the resonance field, is the sum of the appliedH,) samples gave M1 ~51.4%, which coincides satisfactorily
and effective internal fieldH;), and y=ge/2mc.?® For a  well with their results.
system of randomly oriented and noninteracting spherical Extrapolating toH=0 from the initial magnetization
crystalites of a FM material with cubic anisotropy, a first- curves before the critical field and comparing with the theo-
order approximation yieldsH,=H,—Hy, where H¢ retical FM value of 3.5ug for Mn**/Mn**=1, we have
=K, /Mg represents the anisotropy fie(l; is the anisot- obtained the fraction of the FMM phase Ht=0 and its
ropy constant anil g the saturation magnetizatipt? In the temperature dependené¢gig. 6). From the values oM (H
FM region, the internal field adds to the applied field and the=1T), it follows that the percentage of FM phase increases
resonance condition for a fixed frequency is reached at lowedramatically with applied field betweer. and T, leading
values ofH,. On the other hand, for a pure PM material, to the large values of MR at relatively small fields here pre-
H;=0 andH,=H, (3.3 kOe at 9.4 GHz Moreover, for a sented. The relative fraction of the FM phase extracted from
purely AF material the ESR should not be observed aESR experiments is also proportion@o absolute values
X-Band, as will be discussed later. All these facts make poswere obtainegto those fronM (H), at least betweefi and
sible to assign the LF/HF lines observedTR=T<Tc to  Tj.
the FM/PM phases, respectively.

This is one of the key findings of our article: the ICO
state that coexists with the FMM regions betw8enandT) . - . - - -
is mainly PM and not AF. Previous studies b{lLa nuclear
magnetic resonand®MR) and ESR in LgsCa; sMnO5 sug- A0
gested the coexistence of FM/AF phases betw&gnand A ‘ A
Tc .29 So, our results provide the first experimental evidence o,
L “ TN Q TC i

ut
O

:O)

of the PM nature of the incommensurate CO phase in
Lag sCa sMnO3. The value oH, ~ 3150 Oe for the HF line
indicates a small internal field from the FM regions acting on
the CO-PM phase. ,‘
The fraction of the FM phase can be increased by the et 1 O A
effect of applied external field. In Fig. 4 magnetization iso- 100 125 150 175 200 225
therms are shown at different temperatures. Betwieeand Temperature (K)
T, the slope of thél(H) curves increases at a critical field _ _
of ~0.5 T. The sudden increase in the magnetization markE'G' 6. Experimental percentage of the FM phase obtained M) (A).
ata from ESR experiment®©) are also plotted to shown the proportion-

the increasing \_/Olume fraction of th_e FM phase_ as theo\litywith magnetic data, although we could not get absolute values from the
ICO-PM phase is melted by the applied field. This effectESR experiments.
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It is clear that even in the low temperature AF state,perature AF state in L@aCa, sMNnO; is also inhomogeneous.
there is a FM contribution to the magnetization which isQur results are in perfect agreement with recent theoretical
about 3% of the full FM moment ati=0. To elucidate estimations. Finally, ESR is presented here as a useful tool to
whether this ferromagnetism comes from a canted AF statgvestigate the magnetic structure of the phase-separated
or from small metallic clusters embedded in the AF matrix,state in manganites.
we have studied the ESR spectralat Ty . After submission of this article, we performed resistivity,

Below Ty, the broad ESR lines can be decomposed ashermoelectric power, and thermal expansion experiments in
the sum of two independent lingsee Fig. 3 one atH,  La,.Ca MnO;. The results indicate that the FM/CO-PM
~3100 Oe and other that varies frdh) ~4150 Oe at 150 K phases betweefic and Ty are hole-poor X~0.4) conduc-
to H,~4750 Oe at 100 KFig. 1(b)]. The line at LF indicates tive clusters and a hole-rich matrix, respectively. The con-
the presence of FM clusters even at these low temperatureguctivity in the matrix (with larger Mn—O bond lengths
in a similar configuration as it was recently suggested fotakes place through thermal activation of small polarons.

Lag 35Ca 6MNO; by *Mn and **_.a NMR.” On the other  These results will be present in another artiGle.
hand, as we have indicated in the introduction of this article,
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IV. CONCLUSIONS
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