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Competition between the antiferromagnetic charge-ordered and ferromagnetic states
in doped manganites
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~Received 14 June 1999!

Structural and magnetic properties are systematically investigated for filling- and structure-controlled man-
ganites (La12zNdz)12xCaxMnO3 (0.35<x<0.50, 0.0<z<1.0). The ground state at a fixedx value was found
to change from ferromagnetic metallic~FM! to charge-ordered insulating~CO! states with increase ofz. We
have found suppressed ferromagnetic moment (;0.5mB–2.5mB at 1 T! at 10 K in the vicinity of the FM-CO
phase boundary, and have ascribed it to the phase separation~PS! into the FM and CO states. The PS region
spreads out around the FM-CO phase boundary in the ground-state phase diagram.@S0163-1829~99!04634-2#
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I. INTRODUCTION

The doped manganites,R12xCaxMnO3, where R is a
trivalent rare-earth metal, have the distorted perovskite st
ture with three-dimensional networks of the MnO6 octahe-
dra. Their generic behavior of paramagnetic-
ferromagnetic transition is understood within the framewo
of double-exchange theory,1–3 which includes only the trans
fer integral t of the eg electrons and the on-site exchan
interaction~Hund’s rule couplingJH) between the itineran
eg electrons and localizedt2g spins (S53/2). We need to
include additional effects, e.g., electron-phonon coupli
however, to understand the insulating behavior in the pa
magnetic state.4

Extensive study on the perovskite-type doped mangan
begins to reveal the unusual microscopical structu
of spin-, charge-, and orbital-ordered state.5–7 Among
them, La1/2Ca1/2MnO3 ~nominal hole concentrationx50.5),
which is a ferromagnet@TCO (;140–190 K)<T<TC
(5230 K)] but is transferred into an antiferromagne
charge-ordered~CO! insulator belowTC ,8 is most inten-
sively studied. Electron-diffraction measurement7 as well as
139La and 55Mn NMR measurements6 have revealed a coex
istence of the ferromagnetic metallic~FM! and antiferromag-
netic CO states. Such a coexistence of the FM and
phases, or the electronic phase separation~PS!, is a new as-
pect of the doped manganites.9,10 Similar PS effects are ob
served at lower-x or higher-x regions. For example, Ibarr
et al.11 have performed a neutron-diffraction experiment
(La0.5Nd0.5)12xCaxMnO3 (x50.33) and revealed the coex
istence of the antiferromagnetic CO component in the
phase. Liu et al.12 have investigated optical spectra o
Bi12xCaxMnO3 (x50.74 and 0.82! and proposed a coexis
ence of the ferromagnetic and antiferromagnetic doma
(160 K<T<210 K!. The aim of the present work is t
clarify the PS region in the ground-state phase diagram
(La12zNdz)12xCaxMnO3.

The charge-ordering transition of doped manganites u
ally accompanies an antiferromagnetic transition with the
called CE-type14 structure, while the FM state is half metall
with ;3mB–4mB moment per Mn site. Then, careful an
PRB 600163-1829/99/60~14!/10374~4!/$15.00
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systematic analysis of the magnetic properties will give
significant information on the competition between the F
and CO states. In this paper, we have derived a ground-s
phase diagram of filling- and structure-controlled mangan
(La12zNdz)12xCaxMnO3 (0.35<x<0.50, 0.0<z<1.0). It
is well established that the CO state is amenable to the
ternal pressure or chemical pressure,13 both of which en-
hances itinerancy of theeg carriers and hence the FM stat
Here, we can effectively reduce the one-electron bandw
W by increasingz ~chemical pressure!.15 In the vicinity of
the FM-CO phase boundary, a suppressed ferromagnetic
ment (;0.5mB– 2.5mB at 1 T! is observed at 10 K due to th
PS effect. The thus obtained phase diagram should be us
for global comprehension of the physical properties of dop
manganites.

II. EXPERIMENTAL

The ceramics compounds, (La12zNdz)12xCaxMnO3, were
synthesized by solid-state reaction in air atmosphere
stoichiometric mixture of commercial La2O3, Nd2O3,
CaCO3, and Mn3O4 powder was well ground and calcine
twice at 1350 °C for 24 h. Then, the resulting powder w
pressed into a disk with a size of 20 mmf34 mm and sin-
tered at 1350 °C for 24 h. Powder x-ray-diffraction measu
ments at room temperature and Rietveld analysis16 indicate
that all the investigated compounds were single phase w
out detectable impurity. The crystal symmetry is orthorho
bic (Pbnm; Z54).

The thus obtained lattice constants at room temperat
a, b, andc/A2, are plotted in Fig. 1. In every doping level,b
andc decrease by;1% from La compound (z50.0) to Nd
compound (z51.0), reflecting the reduced averaged ion
radius of the perovskiteA site. By contrast,a shows negli-
gible z dependence.

III. RESULTS AND DISCUSSION

A. Suppressed magnetization due to phase separation

We show in Fig. 2 the magnetization curves f
La1/2Ca1/2MnO3 at various temperatures. The inset sho
10 374 ©1999 The American Physical Society
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temperature variation of magnetizationM measured under a
field of m0H50.5 T after cooling down to 5 K in the zero
field ~ZFC!, using a superconducting quantum interferen
device~SQUID! magnetometer. A prominent thermal hyste
esis is observed in the temperature range of 140–220
consistently with the previous report.8,17 The M -H curve in
the FM phase (TCO<T<TC ; broken curve! steeply rises

FIG. 1. Nd concentration dependence of lattice constants~open
symbols! at room temperature for (La12zNdz)12xCaxMnO3: ~a! x
50.50,~b! x50.45,~c! x50.40, and~d! x50.35. Filled circles are
relative lattice constants ofc.

FIG. 2. Magnetization curves at various temperatures
La1/2Ca1/2MnO3. These curves are measured after annealing at
K in zero field. The inset shows temperature variation of magn
zationM. M was measured after cooling down to 5 K in zero field
~ZFC!. TC and TCO represent the Curie and charge-ordering te
peratures, respectively.
e

K,

with the applied field, making a sharp contrast with the line
increase in the paramagnetic phase (T>TC ; thin curve!.
Surprisingly, theM -H curves in the antiferromagnetic CO
phase (T<TCO; thick curve! is reminiscent of ferromag-
netism, although the absolute magnitude is fairly suppres

Such a ferromagnetic component~20– 30 % of the ideal
value! should be due to the coexisting FM domains, or t
PS effect, which has been confirmed by electr
microscope.7 With increase of temperature, size of the C
domains decreases from 50–60 nm at 95 K (<TCO) to
20–30 nm at 142 K (>TCO). The magnetization curve~bro-
ken curve in Fig. 2! in the FM phase is typical of a ferro
magnet, but the absolute magnitude ofM is rather small
(;1.8mB at 5 T and at 190 K! due to the coexistence of th
nonferromagnetic CO domains. Recently, Moritomoet al.18

have reported a similar mixed structure of the FM and C
microdomains@20–50 nm at 120 K<TC5(140 K)] in 3%
Cr-doped manganites, Nd1/2Ca1/2(Mn0.97Cr0.03)O3, as well as
the suppressed ferromagnetic magnetization curve.

Thus, the magnetization measurement is one of the se
tive probes for detecting a coexisting ferromagnetic com
nent. Figure 3~a! shows the M -H curve at 10 K for
(La12zNdz)1/2Ca1/2MnO3 (x50.5). Similar to the case ofz
50.0, the magnetization curves atz50.25 and 0.50 are fairly
suppressed: the ferromagnetic components are;0.5mB ~20–
30 % of the ideal value!. By contrast, the curve for
Nd1/2Ca1/2MnO3 (z51.0) increases linearly with the applie
magnetic field, reflecting thepurely CO state.

B. Competition between CO and FM states

Here, let us see the competition between the FM and
phases in the electronic phase diagram@Fig. 4~a!# at x
50.45. The middle panel@Fig. 4~b!# shows temperature
variation of M measured under a field ofm0H51.0 T after

r
0

i-

-

FIG. 3. Nd concentration dependence of magnetization curve
10 K for (La12zNdz)12xCaxMnO3: ~a! x50.50, ~b! x50.45, ~c! x
50.40, and~d! x50.35.
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10 376 PRB 60Y. MORITOMO
cooling down to 5 K in the field ~FC!. TC was tentatively
determined from the inflection point of theM -T curves, and
was plotted as open circles in Fig. 4~a!. The M -T curve for
z<0.4 steeply rises belowTC ~downward arrows!, while the
rise is rather suppressed atz50.6 and 0.8. In
Nd0.55Ca0.45MnO3 (z51.0), a clear cusp structure is ob
served in theM -T curve at;240 K, indicating an antiferro-
magnetic transition. To precisely determineTCO, we plotted
in Fig. 4~c! temperature variation of activation energ
Eac @[d ln(r)/d(1/T)#. TCO was defined as the temperatu
where theEac value becomes maximum, and plotted as op
squares in Fig. 4~a!. A trace of the charge-ordering transitio
~arrows! is discernible abovez50.6.

The above-mentioned crossover behavior from the
to CO state can be seen also in theM -H curves.
Figure 3~b! shows the M -H curves at 10 K for
(La12zNdz)0.55Ca0.45MnO3 (x50.45). The curves atz50.0,
0.2, and 0.4 rapidly increase with magnetic field and re
;3mB at ;1 T, reflecting thepurelyFM phase. On the othe
hand, the curve atz51.0 increases linearly with the applie
magnetic field, indicating apurely antiferromagnetic CO
state.19 In the intermediatez region, that is,z50.6 and 0.8,
an incomplete ferromagnetic behavior is observed: the fe
magnetic components are;1.6mB ~50–60 % of the ideal
value! and ;0.7mB ~20–30 %! for z50.6 and 0.8, respec

FIG. 4. ~a! Electronic phase diagram,~b! magnetizationM, and
~c! activation energy Eac for (La12zNdz)0.55Ca0.45MnO3 (x
50.45). FM, PS, and CO represent the ferromagnetic meta
phase separation and charge-ordered insulating states, respec
The arrows in~b! and~c! stand for the Curie temperatureTC and the
charge-ordering temperatureTCO, respectively.M was measured
after cooling down to 5 K in thefield of 1 T ~FC!. Eac is defined by
d ln(r)/d(1/T), wherer is resistivity.
n

h

o-

tively. Such a magnetization behavior indicates coexiste
of the antiferromagnetic CO domains in the FM state, or
PS, similarly to the case of La1/2Ca1/2MnO3. Thus, the PS
effect@hatched region in Fig. 4~a!# is enhanced in the vicinity
of the FM-CO phase boundary, where the adjacent t
phases strongly compete.

C. Phase diagram

Now, let us adopt the above-mentioned procedure tow
the lower-x region. Figures 3~c! and~d! show theM -H curve
at 10 K for thex50.40 andx50.35 systems, respectively. I
both the systems, theM -H curves atz50.0 and 0.2 rapidly
rise with field, and reach;3.5mB , reflecting thepurely FM
phase. TheM -H curve, however, is gradually suppress
with further increase ofz. The PS state is tentatively define
as the parameter region whoseM value atm0H51.0 T is
between 0.5 and 2.5mB , i.e., (x,z)5(0.40,0.6),~0.40,0.8!,
~0.35,0.6!, ~0.35,0.8!, and ~0.35,1.0!. We summarize in Fig.
5~a! the obtained FM~open circles!, PS~open triangles!, and
CO ~open squares! states.

Our phase diagram is consistent with the work by Iba
et al.:11 they have performed a neutron-diffraction expe
ment on (La0.5Nd0.5)2/3Ca1/3MnO3 @(x,z)5(0.33,0.5)#, and
have confirmed the coexistence of antiferromagnetic
component in the FM phase. In addition, Yoshizawaet al.20

have performed a neutron-scattering experiment
Pr0.65(Ca0.7Sr0.3)0.35MnO3 (x50.35; z corresponds to
;0.5) single crystal near the FM-CO phase bounda
and have observed the coexistence of the FM and
components in the FM phase. Arulrajet al.21 have observed
a reentrant transition from the CO to FM states f

c,
ely.

FIG. 5. Ground-state phase diagram f
(La12zNdz)12xCaxMnO3 against the nominal hole concentrationx
and Nd concentrationz. The circles, triangles, and squares stand
the ferromagnetic metallic~FM!, phase separation~PS!, and charge-
ordering insulating~CO! states, respectively.~b! A schematic pic-
ture of the total free energy againstx.
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(Nd0.5La0.5)0.5Ca0.5MnO3 @(x,z)5(0.5,0.5)# near the
PS-FM phase boundary. On the other hand, Zhouet al.22

have reported anomalous pressure dependence of resis
and thermopower for (x,z)5(0.3,0.75), and have ascribed
to strong electron-phonon coupling. Effect of the PS, ho
ever, should be considered, since their sample locates in
PS region.

D. Lattice effects on the CO state

Finally, let us return to the structural feature on the co
petition between the FM and CO states. In Fig. 1 are a
plotted the relative lattice constant ofc againsta andb, i.e.,
A2c/(a1b) ~filled circles!, which is a crude measure of th
tetragonalicity. We have found a close interrelation betwe
the lattice structure and the stability of the CO state, tha
the smaller the relativec value becomes, the more stable t
CO state is. For example, the relativec value atx50.35
steeply decreases abovez50.6, where the CO phases appe
@see Fig. 1~d!#. In addition, the reducedW in the large-z
region is also advantageous for the carrier-localized
state.

The former lattice effect seems to be essential in und
standing the chemical pressure effect of Sr-based man
ites. Kuwaharaet al.23 have derived an electronic phase d
gram for (Nd12ySmy)1/2Sr1/2MnO3 (x51/2), and have
found that both the FM and CO phases are suppressed
decrease of the averaged radius of the perovskiteA site ~in-
crease of Sm concentrationy). Here, we should recall tha
the enhancedA2c/(a1b) value in the large-y region ~see
v.
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Fig. 1 of Ref. 23! unstabilizes the CO state, even though t
reducedW favors the state. Thus, the chemical pressure
two effects, i.e., bandwidth control and tetragonalicity co
trol, at least on the charge-ordering transition.

IV. CONCLUSION

We have derived a ground-state phase diagram for filli
and structure-controlled manganites. We have found that
electronic phase separation~PS! is dominated in a widex-z
parameter region around the FM-CO phase boundary. P
nomenologically, the phase diagram is understood as
lows. In the small-z ~large-z) region, the total free energy o
the charge-spin-orbital coupled system has one local m
mum near the nominalx value which corresponds to the FM
~CO! state@see schema in Fig. 5~b!#. The free energy is de
formed into a double-well type in the intermediate-z region,
which causes the PS as observed.24 In order to understand
the varieties of magnetotransport properties, including
global phase diagram, of the doped manganites, compre
sion of the PS effect, a detailed structural analysis based
the synchrotron-radiation x-ray as well as neutron exp
ments should be important. We are planning such exp
ments to clarify the dynamical nature of the PS.
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