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Competition between the antiferromagnetic charge-ordered and ferromagnetic states
in doped manganites
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Structural and magnetic properties are systematically investigated for filling- and structure-controlled man-
ganites (La_,Nd,); ,CaMnO; (0.35<x=<0.50, 0.6=z=<1.0). The ground state at a fixad/alue was found
to change from ferromagnetic metal(EM) to charge-ordered insulating€O) states with increase af We
have found suppressed ferromagnetic momen®.6ug—2.5ug at 1 T) at 10 K in the vicinity of the FM-CO
phase boundary, and have ascribed it to the phase sepaiafpimto the FM and CO states. The PS region
spreads out around the FM-CO phase boundary in the ground-state phase diSgrE63-18209)04634-3

[. INTRODUCTION systematic analysis of the magnetic properties will give us
significant information on the competition between the FM
The doped manganite®};_,CaMnO;, where R is a  and CO states. In this paper, we have derived a ground-state
trivalent rare-earth metal, have the distorted perovskite strug?hase diagram of filling- and structure-controlled manganites
ture with three-dimensional networks of the Mp@Octahe-  (La;-,Nd,);_,CaMnO; (0.35<x=<0.50, 0.6sz<1.0). It
dra. Their generic behavior of paramagnetic-to-iS Well established that the CO state is amenable to the ex-
ferromagnetic transition is understood within the frameworkt€rnal pressure or chemical presstitdgoth of which en-

of double-exchange theoly3which includes only the trans- hances itinerancy of the, carriers and hence the FM state.
fer integralt of the e, electrons and the on-site exchange Here, we can effectively reduce the one-electron bandwidth

W by increasingz (chemical pressupe® In the vicinity of

the FM-CO phase boundary, a suppressed ferromagnetic mo-
ment (~0.5ug—2.5ug at 1 T) is observed at 10 K due to the
PS effect. The thus obtained phase diagram should be useful

howeve.r, to understand the insulating behavior in the parag, global comprehension of the physical properties of doped
magnetic staté. manganites.

Extensive study on the perovskite-type doped manganites
begins to reveal the unusual microscopical structures
of spin-, charge-, and orbital-ordered staté. Among Il. EXPERIMENTAL
them, La,»,Ca;,MnO; (nominal hole concentratiorn=0.5),
which is a ferromagnet{Tcg (~140-190 K=T=<Tc
(=230 K)] but is transferred into an antiferromagnetic
charge-orderedCO) insulator belowT,® is most inten-
sively studied. Electron-diffraction measurenfeas well as
139 a and **Mn NMR measurementshave revealed a coex-
istence of the ferromagnetic metalliEM) and antiferromag-
netic CO states. Such a coexistence of the FM and C
phases, or the electronic phase separai®f, is a new as-
pect of the doped manganite¥’ Similar PS effects are ob-
served at lowex or higherx regions. For example, Ibarra bic (Pbnn Z=4).
etal."" have performed a neutron-diffraction experiment on The thus obtained lattice constants at room temperature
(Lag sNdg 5)1 - xCaMnO; (x=0.33) and revealed the coex- '

istence of the antiferromagnetic CO component in the nghzicagggr/e\/ais’eat;e pllg/t:i(riolrr:] Ilz_lglctnlwn gl:/r?:i);(ioopl(;])gtéemjl'
phase. Liuetal™ have investigated optical spectra. on compound ¢= 1.3;, reflecting the repduced avéraged ionic
Bi;_CaMnO; (x=0.74 a}nd 0.8)2an(_:i proposed a coeX|st-. radius of the perovskité site. By contrasta shows negli-
ence of the ferromagnetic and antiferromagnetic domam%iblezdependence
(160 K=T=<210 K). The aim of the present work is to '
clarify the PS region in the ground-state phase diagram of
(La; _,Nd,); ,CaMnO;. lll. RESULTS AND DISCUSSION

The charge-ordering transition of doped manganites usu-
ally accompanies an antiferromagnetic transition with the so-
called CE-typé&” structure, while the FM state is half metallic  We show in Fig. 2 the magnetization curves for
with ~3ug—4ug moment per Mn site. Then, careful and La;;,Ca,,MnO; at various temperatures. The inset shows

interaction(Hund’s rule couplingly) between the itinerant
ey electrons and localizethy spins S=3/2). We need to
include additional effects, e.g., electron-phonon coupling

The ceramics compounds, (LgNd,);_,CaMnO;, were
synthesized by solid-state reaction in air atmosphere. A
stoichiometric mixture of commercial L®;, Nd,Os,
CaCQ,, and MO, powder was well ground and calcined
twice at 1350°C for 24 h. Then, the resulting powder was
pressed into a disk with a size of 20 M4 mm and sin-
ered at 1350 °C for 24 h. Powder x-ray-diffraction measure-

ents at room temperature and Rietveld analjsidicate
that all the investigated compounds were single phase with-
out detectable impurity. The crystal symmetry is orthorhom-

A. Suppressed magnetization due to phase separation
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FIG. 3. Nd concentration dependence of magnetization curves at
10 K for (La _,Nd,);_,CaMnOjs: (a) x=0.50, (b) x=0.45,(c) x
=0.40, and(d) x=0.35.

FIG. 1. Nd concentration dependence of lattice constaisn
symbolg at room temperature for (La,Nd,); ,CaMnOs: (a) x
=0.50,(b) x=0.45,(c) x=0.40, and(d) x=0.35. Filled circles are
relative lattice constants af ) ) i . ) .

with the applied field, making a sharp contrast with the linear
temperature variation of magnetizatidh measured under a Increase in the paramagnetic phaélé;(_rc; thin cur_ve).
field of ugH=0.5 T after cooling downa 5 K in the zero Surprisingly, theM_—H curves in the_a_nUferromagnetlc Cco
field (ZFC), using a superconducting quantum interference[)h"’.‘se T<Tco; thick cunve is reminiscent O.f ferromag-
device(SQUID) magnetometer. A prominent thermal hyster- netism, although the absolute magnitude is fairly suppressed.

. . i — 0, i
esis is observed in the temperature range of 140-220 K, Such a ferromagnetic compong(tz_lo 30 % of the ideal
consistently with the previous repdrt’ The M-H curve in value should be due to the coexisting FM domains, or the

) : PS effect, which has been confirmed by electron
<T< . d ;
the FM phase Tco<T<Tc; broken curve steeply rises microscop€. With increase of temperature, size of the CO

domains decreases from 50-60 nm at 95 KT to
20—-30 nm at 142 K£Tp). The magnetization curv@ro-
ken curve in Fig. 2in the FM phase is typical of a ferro-
magnet, but the absolute magnitude Mfis rather small
(~1.8ug at 5 T and at 190 Kdue to the coexistence of the
nonferromagnetic CO domains. Recently, Moritoetcal 18
have reported a similar mixed structure of the FM and CO

L. Lal,zCal/zMnO3 l H()H:O.ST(HC)
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microdomaing 20—-50 nm at 120 KT;=(140 K)] in 3%

~ T®) Cr-doped manganites, NgCay,(Mng g/Crg 09 O3, as well as
2 ‘_‘_,M the suppressed ferromagnetic magnetization curve.
= 190K 257" "] Thus, the magnetization measurement is one of the sensi-

tive probes for detecting a coexisting ferromagnetic compo-
nent. Figure 8) shows theM-H curve at 10 K for
(La; _,Nd,)1,Ca,,MnO5 (x=0.5). Similar to the case of
=0.0, the magnetization curveszt 0.25 and 0.50 are fairly
suppressed: the ferromagnetic components-adesu g (20—
30% of the ideal value By contrast, the curve for
Nd;,Ca,,MnO3 (z=1.0) increases linearly with the applied
magnetic field, reflecting thpurely CO state.

Magnetic Field (T)

FIG. 2. Magnetization curves at various temperatures for
La;,Ca,MnO;. These curves are measured after annealing at 300 .
K in zero field. The inset shows temperature variation of magneti- Here, let us see the competition between the FM and CO
zationM. M was measured after cooling dowm 5 K in zero field ~ phases in the electronic phase diagréfig. 4(@] at x
(ZFC). Tc and T represent the Curie and charge-ordering tem-=0.45. The middle pane|Fig. 4(b)] shows temperature
peratures, respectively. variation of M measured under a field @gigH=1.0 T after

B. Competition between CO and FM states
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FIG. 4. (a) Electronic phase diagranh) magnetizatiorM, and
(c) activation energy E,. for (La;_,Nd,)q5:Ca4gMnO; (X

and Nd concentration The circles, triangles, and squares stand for
the ferromagnetic metallid®M), phase separatidi®9, and charge-
ordering insulating CO) states, respectivelyb) A schematic pic-
ture of the total free energy against

=0.45). FM, PS, and CO represent the ferromagnetic metallictively. Such a magnetization behavior indicates coexistence
phase separation and charge-ordered insulating states, respectively.the antiferromagnetic CO domains in the FM state, or the

The arrows inb) and(c) stand for the Curie temperatufe and the
charge-ordering temperatuiie-o, respectively.M was measured
after cooling downa 5 K in thefield of 1 T (FC). E,is defined by
d In(p)/d(1/T), wherep is resistivity.

cooling down b 5 K in thefield (FC). T¢ was tentatively
determined from the inflection point of thé-T curves, and
was plotted as open circles in Figia The M-T curve for
z=<0.4 steeply rises beloW (downward arrows while the
rise is rather suppressed ar=0.6 and 0.8. In

PS, similarly to the case of LaCa,MnO;. Thus, the PS
effect[hatched region in Fig.(4)] is enhanced in the vicinity

of the FM-CO phase boundary, where the adjacent two
phases strongly compete.

C. Phase diagram

Now, let us adopt the above-mentioned procedure toward
the lowerx region. Figures &) and(d) show theM-H curve
at 10 K for thex=0.40 andx=0.35 systems, respectively. In

Ndy 5:Ca 4MnO; (z=1.0), a clear cusp structure is ob- poth the systems, thel-H curves atz=0.0 and 0.2 rapidly

served in theM-T curve at~ 240 K, indicating an antiferro-
magnetic transition. To precisely determifgg, we plotted

rise with field, and reach-3.5ug, reflecting thepurely FM
phase. TheM-H curve, however, is gradually suppressed

in Fig. 4(c) temperature variation of activation energy with further increase of. The PS state is tentatively defined
Eac [=dIn(p)/d(1/T)]. Tco was defined as the temperature as the parameter region whobk value atuH=1.0 T is
where theE,. value becomes maximum, and plotted as operbetween 0.5 and 2u5;, i.e., (x,z)=(0.40,0.6),(0.40,0.8,
squares in Fig. @). A trace of the charge-ordering transition (0.35,0.6, (0.35,0.8, and(0.35,1.0. We summarize in Fig.

(arrows is discernible above=0.6.

5(a) the obtained FMopen circley PS(open trianglels and

The above-mentioned crossover behavior from the FMCO (open squargsstates.

to CO state can be seen also in thé-H curves.
Figure 3b) shows the M-H curves at 10 K for
(La; _,Nd,)5:Ca 4gMNO; (x=0.45). The curves a=0.0,

Our phase diagram is consistent with the work by Ibarra
et al.'! they have performed a neutron-diffraction experi-
ment on (L@ sNdg 5)23Ca,sMNO; [(x,2z)=(0.33,0.5), and

0.2, and 0.4 rapidly increase with magnetic field and reacthave confirmed the coexistence of antiferromagnetic CO
~3ugat~1 T, reflecting thepurelyFM phase. On the other component in the FM phase. In addition, Yoshizastal?°
hand, the curve at=1.0 increases linearly with the applied have performed a neutron-scattering experiment on

magnetic field, indicating gurely antiferromagnetic CO
state'® In the intermediate region, that isz=0.6 and 0.8,

Pry 6s(Cay 7SIy 3) 0.39MNO5 (x=0.35; z corresponds to
~0.5) single crystal near the FM-CO phase boundary,

an incomplete ferromagnetic behavior is observed: the ferrcand have observed the coexistence of the FM and CO

magnetic components are 1.6ug (50—60 % of the ideal

components in the FM phase. Arulref al?! have observed

valug and ~0.7ug (20—30% for z=0.6 and 0.8, respec- a reentrant transition from the CO to FM states for
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(Ndp sLay £)0:Ca sMnO; [(x,2)=(0.5,0.5) near the Fig. 1 of Ref. 23 unstabilizes the CO state, even though the
PS-FM phase boundary. On the other hand, Zkbal?>  reducedW favors the state. Thus, the chemical pressure has
have reported anomalous pressure dependence of resistivityo effects, i.e., bandwidth control and tetragonalicity con-
and thermopower forx,z) = (0.3,0.75), and have ascribed it trol, at least on the charge-ordering transition.

to strong electron-phonon coupling. Effect of the PS, how-
ever, should be considered, since their sample locates in the

PS region. We have derived a ground-state phase diagram for filling-
and structure-controlled manganites. We have found that the
D. Lattice effects on the CO state electronic phase separatioRS is dominated in a wid-z
Finally, let us return to the structural feature on the com-Parameter region around the FM-CO phase boundary. Phe-

petition between the FM and CO states. In Fig. 1 are alsfomenologically, the phase diagram is understood as fol-
plotted the relative lattice constant ofagainsta andb, i.e., OWs. In the smalk (largez) region, the total free energy of
\/Ec/(a+b) (filled circles, which is a crude measure of the the charge—spm—orpnal coupled _system has one local mini-
tetragonalicity. We have found a close interrelation betweeUm néar the nominal value which corresponds to the FM
the lattice structure and the stability of the CO state, that is CO) state[see schema in Fig.(6)]. The free energy is de-

the smaller the relative value becomes, the more stable theformed into a double-well type in the intermediateegion,
CO state is. For example, the relaticevalue atx=0.35 which causes the PS as obser¢&dh order to understand

steeply decreases aboxe 0.6, where the CO phases appearthe varieties of magnetotransport properties, including the
[see Fig. 1d)]. In addition, the reducedV in the largez ~ 910D phase diagram, of the doped manganites, comprehen-
region is also advantageous for the carrier-localized CG'°" of the PS effect, a detailed structural analysis based on
state. the synchrotron-radlatlon x-ray as well as neutron experi-
The former lattice effect seems to be essential in underMeNts should be important. We are planning such experi-

standing the chemical pressure effect of Sr-based mangaments to clarify the dynamical nature of the PS.

ites. Kuwaharat al?® have derived an electronic phase dia-  The authors are grateful to S. Mori and N. Yamamoto for
gram for (Nd_,Sm),,Sr,MnO; (x=1/2), and have fruitful discussions. This work was supported by a Grant-In-
found that both the FM and CO phases are suppressed Wwitkid for Scientific Research from the Ministry of Education,
decrease of the averaged radius of the perovgkisite (in-  Science, Sports and Culture and from Precursory Research
crease of Sm concentratioy). Here, we should recall that for Embryonic Science and Technolog?RESTQ, Japan

the enhanced/2c/(a+b) value in the larger region (see  Science and Technology CorporatiQisT).
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