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Phase separation and insulator-metal behavior of doped manganites
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Structural and magnetic properties of the phase separated state in Nd0.55(Sr0.17Ca0.83)0.45MnO3 have been
investigated by means of synchrotron radiation x-ray as well as neutron powder diffraction experiments. We
have observed a phase transformation into the phase separated~two-phase! state belowTCO;200 K, and have
observed that the lattice constants change discontinuously at the transformation. On the basis of the structural
and magnetic data, origin of the insulator-metal behavior is discussed.
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I. INTRODUCTION

Phenomenon of the phase separation in perovskite-
doped manganites has stimulated interest of material sc
tists since it is a powerful candidate for the origin of t
insulator-metal~IM ! behavior as well as the colossal magn
toresistance~CMR!.1 Especially, the CMR effect is enhance
near the phase boundary between the ferromagnetic me
~FM! and the charge-ordered insulating~COI! phases, where
the phase separation effect is also enhanced.2 So far, many
experimental2–9 and theoretical10–14 studies have been ca
ried out on the phase separation problem. Among th
La1/2Ca1/2MnO3, which is ferromagnetic@TCO (;190 K)
<T<TC (;230 K!# but is transferred into an antiferromag
netic COI phase belowTCO,4 is most intensively studied on
this point. Mori et al.5 have performed an electron
diffraction measurement on La1/2Ca1/2MnO3, and have re-
vealed coexistence of the FM and COI microdomains of
der of;10 nm. The coexistence of the two phases has b
confirmed also by the NMR measurements.6,7

It is well known that the charge-/orbital-ordering trans
tion observed at around the half-filling (x;0.5) is strongly
coupled with lattice distortion:8,15,16 for example, in
Nd1/2Sr1/2MnO3, lattice constantc shrinks from;7.63 Å to
;7.54 Å at the FM-COI transition atTCO;150 K.15 There-
fore, the structural analysis is one of the most powerful to
to elucidate the phase separated~PS! state of doped manga
nites. Radaelliet al.8 have investigated the structural featu
of La1/2Ca1/2MnO3 with use of synchrotron radiation~SR!
x-ray diffraction measurements. They have observed coe
ence of the several perovskite phases betweenTN (;150 K!
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and TC (;225 K!. The charge-ordering transition furthe
accompanies an antiferromagnetic spin-ordering with
CE-type structure,17,18 reflecting a strong coupling betwee
the orbital and spin degrees of freedom.

In this paper, we have investigated structural and m
netic features of the PS state of Nd0.55(Sr0.17Ca0.83)0.45MnO3,
which locates on the verge of the FM-COI phase bound
and shows a significant IM transition as well as the CM
behavior, by means of SR x-ray and neutron powder diffr
tion measurements. We have performed a multiphase
etveld analysis on the powder profiles, and have foun
transformation into the phase separated~two-phase! state be-
low TCO ~5202 K!, where the activation energ
@[d(ln r)/d(1/T); r is resistivity# shows a broad maximum
Judging from the superlattice spots@~1/2,0,0! in Pbnm set-
ting# observed in the electron diffraction pattern, we ha
ascribed the short-c phase to the COI state. With furthe
decrease of temperature belowTC ~5170 K!, the long-c
phase becomes ferromagnetic and metallic, which cause
observed IM behavior.

II. EXPERIMENT

A. Sample preparation

In order to choose an appropriate chemical composit
for the present study, we first have synthesized a serie
ceramics samples, Nd0.55(Sr12yCay)0.45MnO3 (0.0<y<1.0),
with finely controlling the one-electron bandwidth by chem
cal pressure. Stoichiometric mixture of commercial Nd2O3,
SrCO3, CaCO3 and Mn3O4 powder was well ground and
calcined two times at 1250 °C for 24 h in an air atmosphe
Then, the resulting powder was pressed into a disk wit
size of 20 mmf34 mm and sintered at 1300 °C for 30 h
3883 ©2000 The American Physical Society
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Powder x-ray diffraction measurements at room tempera
and Rietveld analysis indicate that the samples were si
phase without detectable impurities.

B. Critical temperatures

To determine critical temperatures, i.e., Curie tempera
TC and the charge-ordering temperatureTCO, we have mea-
sured temperature variation of resistivityr and magnetiza-
tion M. TCO was defined as the temperature where the a
vation energy@[d(ln r)/d(1/T)# shows a maximum. Fo
four-probe resistivity measurements, the sample was cut
a rectangular shape, typically of 33231 mm3, and electri-
cal contacts were made with a heat-treatment-type si
paint. TC was determined from the inflection point of th
M2T curves, which was measured under a field ofm0H
51 T after cooling down to 5 K in the zero field ~ZFC!,
using a superconducting quantum interference device m
netometer.

C. Electronic phase diagram

Thus obtainedTC ~closed circles! and TCO ~closed
squares! are plotted in Fig. 1 against Ca concentration (y).
With increase ofy, TC gradually decreases fromTC'290 K
for Nd0.55Sr0.45MnO3 (y50.0), and eventually the transitio
disappears aty50.9. Accordingly, TCO appears abovey
50.8, and then gradually increases up toTCO'220 K for
Nd0.55Ca0.45MnO3 (y51.0). The phase separation effect

FIG. 1. Electronic phase diagram of Nd0.55(Sr12yCay)0.45MnO3.
Closed circles and squares are Curie temperaturesTC and charge-
ordering temperaturesTCO, respectively.TCO was defined by the
temperature where the activation energy@[d(ln r)/d(1/T)# shows a
maximum. TC was determined from the inflection point of th
M2T curves. COI, FM, and PS stand for the charge-orde
insulating, ferromagnetic metallic and phase separated st
respectively. Inset shows magnetization curves at 10 K
Nd0.55(Sr12yCay)0.45MnO3.
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expected to enhance near the FM-COI phase boundary,2 that
is, 0.8<y<0.9 ~hatched region of Fig. 1!.

Inset of Fig. 1 shows the magnetization curved measu
at 10 K. TheM2H curves aty50.2 and 0.7 rapidly increas
with application of the magnetic fieldH, and reaches;3mB
near the ideal value (53.55mB) at ;1 T. On the other hand
the curve aty51.0 increases linearly withH, reflecting the
antiferromagnetic COI state. The magnetization curves ay
50.83 and 0.87 are apparently similar to that ofy50.2, but
absolute magnitude ofM is fairly suppressed. Such a sup
pressed magnetization has been ascribed to coexistenc
the FM and antiferromagnetic COI phases.19

Thus, we have chosen Nd0.55(Sr0.17Ca0.83)0.45MnO3 for
the present investigation on the PS state of doped man
ites. Actually, ther2T curve aty50.83 shows a significan
IM behavior at aroundTC5170 K @see Fig. 3~a!#. In addi-
tion, the sample shows a considerable magnetoresistanc
fect near TC: magnitude of the magnetoresistance@[1
2r(7T)/r(0T)# is ;0.96 at 157 K.

III. RESULTS AND DISCUSSION

A. Structural features of phase separated state

SR x-ray powder-diffraction experiments with an imagin
plate were carried out on Nd0.55(Sr0.17Ca0.83)0.45MnO3 at
SPring-8 BL02B2. The sample was crushed into a fine po
der, and was sealed in a 0.2 mmf quartz capillary. A pre-
cipitation method20 was adopted in order to get a fine pow
der, typically of ;10 mm, which gives a homogeneou
intensity distribution in the Debye-Scherrer powder ring.
wavelength of the incident x-ray was 0.5051 Å, and the
posure time was 10 min. We have analyzed and thus
tained x-ray patterns withRIETAN-97b program.21 The crys-
tal symmetry at room temperature is orthorhombic (Pbnm;
Z54) without detectable impurities. In Fig. 2~a!, we show a
prototypical example of the Reitveld refinement at 265
(.TCO;200 K!. The final refinements are satisfactory,
which Rwp and RI ~reliable factor based on the integrate
intensities! are fairly typical of published structures (Rwp
52.53%,RI54.88%).

With a decrease of temperature belowTCO (;200 K!, we
observed remarkable splitting of the Bragg reflections in
cating the phase separation@see, for example, the inset o
Fig. 2~b!#. We have analyzed the powder patterns bel
;200 K by a two-phase model with two orthorhombical
distorted perovskites (Pbnm; Z54).22 Figure 2~b! shows a
prototypical example of two-phase Rietveld refinement
110 K (,TCO). The final refinement is satisfactory. The
two perovskite phases can be characterized by the lengt
c. Hereafter, we will call the respective phases as ‘‘short-c’’
(c;7.54 –7.58 Å! and ‘‘long-c’’ ( c;7.60 – 7.62 Å!
phases.

We show in Fig. 3 temperature variation of~a! resistivity,
~b! lattice constants of the short- and long-c phases of
Nd0.55(Sr0.17Ca0.83)0.45MnO3. The most important message o
Fig. 3 is that the lattice constants, i.e.,a, b, andc, show a
discontinuous change atTCO. In other words, the system i
transformed into a two-phase state,23 both of which are not
identical to the room temperature phase. Such a PS state is
perhaps ascribed to the random nucleation of a lo
temperature phase and subsequent stress-induced grow
the secondary phase~stress-induced phase separation!. At
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this phase transformation,a andb for the short-c phase~open
symbols! elongate while those for the long-c phase~filled
symbols! contract. With further decrease of temperature,
IM transition takes place atTIM;157 K. One may observe
slight jump in the lattice constants of both the phases, wh
causes the hysteresis behavior of ther2T curve@Fig. 3~a!#.
In the bottom panel@Fig. 3~c!#, we plotted the mass fractio
estimated by the Rietveld analysis. The fraction show
gradual change with decrease of temperature.

We have performed low-temperautre electron diffract
measurements, and have observed (1/22e,0,0) superlattice
reflections belowTCO. This directly indicates that one of th
PS regions is the COI state. We have ascribed the shoc
component to the COI state, because the charge-/orb
ordering transition in doped manganites usually accompa
reduction ofc, as exemplified in Nd1/2Sr1/2MnO3.15 Such a
reduction is ascribed to the strong coupling between the
bital and lattice degrees of freedom via the Jahn-Teller in
bility. Then, formation of the charge-/orbital-ordered regi
induces a significant stress within the crystal, and causes
stress-induced phase separationas observed. With furthe
decrease of temperature below the magnetic transition t
perature (;150 K!, an incommensurate-commensurate tra
sition (e→0) of the charge-ordered stripe is observed. T
behavior is similar to the case of the purely COI mangani
e.g., Pr1/2Ca1/2MnO3.

FIG. 2. X-ray powder pattern ~cross! for
Nd0.55(Sr0.17Ca0.83)0.45MnO3 ~a! at 265 K and~b! 110 K. Solid
curve is the result of the Rietveld analysis with~a! single orthor-
hombically distorted perovskite (Pbnm; Z54) phase and with~b!
two perovskite phases, respectively.
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B. Magnetic features of phase separated state

Here, let us discuss the spin structure of the PS st
Neutron powder diffraction measurements were perform
with the Kinken powder diffractometer for high efficienc
and high resolution measurements24 ~HERMES! installed at
the JRR-3M reactor at the Japan Atomic Energy Resea
Institute, Tokai, Japan. Neutrons with wavelength 1.8196
were obtained by the 331 reflection of the Ge mon
chromator, and 128-`-Sample-228 collimation. The lower
panel of Fig. 4 shows temperature variation of integra
intensities of the magnetic Bragg reflections
Nd0.55(Sr0.17Ca0.83)0.45MnO3: Filled circle, filled triangle, and
open triangle represent the intensity characteristic to
F-type @ferromagnetic (0,2,0)1(2,0,0)1(1,1,2)], A-type
@layered-type antiferromagnetic~0,0,1!#, and CE-type
@~1/2,1/2,1!# components, respectively. The three magne
reflections seem to appear at the same temperature ('160
K!, which is very close toTC. Here, we have estimate
lattice constantc for the respective magnetic componen
c;7.60 Å for the F-type,c;7.61 Å for the A-type andc
;7.47 Å for the CE-type components. Thus, we have
cribed the F- and A-type components to the long-c phase,
and CE-type structure to the short-c phase. This assignmen
is consistent with the argument that the short-c component
corresponds to the COI state. Coexisting of the F- a
A-type components could be ascribed to a canting spin st
ture, similar to the case of the bilayer manganit
La222xSr112xMn2O7@0.42,x,0.48 ~Ref. 25!#.

FIG. 3. ~a! Temperature dependence of resistivity
Nd0.55(Sr0.17Ca0.83)0.45MnO3 in the cooling~solid curve! and warm-
ing ~broken curve! runs. ~b! Temperature variation of lattice con
stants.~c! Temperature variation of mass fractions. Open and clo
symbols stand for the short-c and long-c phases, respectively.
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C. Origin of insulator-metal behavior

On the basis of the temperature variation of the structu
and magnetic data, a possible scenario for the IM behavio
as follows. With decrease of temperature belowTCO, the
system is transformed from a single phase@Fig. 5~a!# to the
two-phase state@5~b!#, perhaps due to the stress-induc
phase separation. The respective phases, that is, the shc
and long-c phases, can be ascribed to the COI and param
netic insulating~PI! phases, respectively. With further d
crease of temperature belowTC, which nearly coincides
with TIM ('170 K; in the heating run!, the long-c phase
shows a PI to FM phase transition@~c!#. If the metallic re-
gions are connected in a percolative manner, the appa
insulator-metal transition is observed. In this sense, the ph
separation is not the intrinsic origin for the observed
behavior, even though the phase separation pattern for
near belowTCO determines the magnitude of the residu
resistivity.

IV. SUMMARY

In summary, we have investigated both the structural
magnetic features of the phase separated state
Nd0.55(Sr0.17Ca0.83)0.45MnO3, which locates on the verge o
the FM-COI phase boundary and shows a significant
transition as well as the CMR behavior, by means of

FIG. 4. ~a! Temperature dependence of magnetizationM of
Nd0.55(Sr0.17Ca0.83)0.45MnO3 measured in the heating run.M was
measured after cooling down to 5 K in the zero field ~ZFC!. ~b!
Temperature dependence of the integrated intensity of the mag
Bragg peaks.
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x-ray as well as neutron powder diffraction measureme
We have clarified the temperature evolution of the ph
separation as well as the spin ordering. The phase separ
discontinuouslytakes place atTCO (;200 K .TIM), where
the activation energy shows a maximum, but the sp
ordering is observed at lower temperature belowTIM . These
experimental observations suggest that the role of the ph
separation on the CMR as well as the IM behavior should
reconsidered.
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FIG. 5. Schematic illustrations for the temperature variation
PS state:~a! T.TCO, ~b! TC,T,TCO, ~c! T,TC . TCO and TC

represent the charge-ordering temperature and Curie tempera
respectively. COI, PI, and FM stand for the charge-ordered insu
ing, paramagnetic insulating, and ferromagnetic metallic phases
spectively.
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