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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, ig Slgl,/Ca g2 0 49MINO3 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 sepévatephasg state belowT -o~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.

. INTRODUCTION and T¢ (~225 K). The charge-ordering transition further
accompanies an antiferromagnetic spin-ordering with the
Phenomenon of the phase separation in perovskite-typ8E-type structuré! 8 reflecting a strong coupling between
doped manganites has stimulated interest of material sciefthe orbital and spin degrees of freedom.
tists since it is a powerful candidate for the origin of the In this paper, we have investigated structural and mag-
insulator-metalIM) behavior as well as the colossal magne-Netic features of the PS state of Nd(Sr 1C# 83 0.49MNOs,
toresistancéCMR).! Especially, the CMR effect is enhanced Which locates on the verge of the FM-COI phase boundary
near the phase boundary between the ferromagnetic metall ega?/ri](?rwgyamselgwg?fugR”\:I(-ﬁ;a;/n:llrtlldorr]]eﬁr;vr?goﬁ dt(?re di(f:fl:gi-
(FM) and the charge-ordered insulatit@Ol) phases, where '

X . 3 tion measurements. We have performed a multiphase Ri-
the phase separation effect is also enhancéd.far, many  geld analysis on the powder profiles, and have found a

experimentd!® and theoreticaP~'* studies have been car- ransformation into the phase separafiseb-phase state be-
ried out on the pr_\ase_ separation pr_oblem. Among themgw Tco (=202 K), where the activation energy
Lay,Ca/;Mn0O;, which is ferromagnetid Tco (~190 K)  [=d(In p)/d(1/T); p is resistivity] shows a broad maximum.
<T<T. (~230 K)] but is transferred into an antiferromag- Judging from the superlattice spqt4/2,0,0 in Pbnm set-
netic COI phase beloWo,* is most intensively studied on ting] observed in the electron diffraction pattern, we have
this point. Mori etal® have performed an electron- ascribed the shokt-phase to the COI state. With further
diffraction measurement on LaCay,MnOs, and have re- decrease of temperature beldl (=170 K), the longe

vealed coexistence of the FM and COI microdomains of orPhase becomes ferromagnetic and metallic, which causes the

der of ~10 nm. The coexistence of the two phases has becfiPserved IM behavior.

confirmed also by the NMR measuremehifs. Il EXPERIMENT
It is well known that the charge-/orbital-ordering transi- '
tion observed at around the half-filling€ 0.5) is strongly A. Sample preparation
. . . . ’_15’16 . i ) .
coupled with lattice distortioft: for example, in In order to choose an appropriate chemical composition

NdySrMnG;, lattice constant shrinks from-~7.63 Ato  for the present study, we first have synthesized a series of
~7.54 A at the FM-COI transition aco~150 K. There-  ceramics samples, NEs( St - yCa))0.4gMIN0O; (0.0<y<1.0),
fore, the structural analysis is one of the most powerful toolsyith finely controlling the one-electron bandwidth by chemi-
to elucidate the phase separafé$ state of doped manga- cal pressure. Stoichiometric mixture of commercial,®gl,
nites. Radaellet al® have investigated the structural feature SrCO;, CaCQ and Mn,O, powder was well ground and

of La;;,Ca,,MnO; with use of synchrotron radiatioSR)  calcined two times at 1250 °C for 24 h in an air atmosphere.
x-ray diffraction measurements. They have observed coexistFhen, the resulting powder was pressed into a disk with a
ence of the several perovskite phases betwigg(i~ 150 K) size of 20 mmp x4 mm and sintered at 1300 °C for 30 h.
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expected to enhance near the FM-COI phase bourfdhat,

Ndo 55(Sr1.,Cay)0.4sMnO; 4 is, 0.8<y=<0.9 (hatched region of Fig.)1

500_— Lat 10K =02 7] Inset of Fig. 1 shows the magnetization curved measured
5 3 =k at 10 K. TheM —H curves aty=0.2 and 0.7 rapidly increase
I g - ek E with application of the magnetic field, and reaches-3ug
4001 S 2 y=0.83_.--7 ] near the ideal value_:{ 3.55up) at~1T. Qn the othgr hand,
s r -7 1 - the curve aty=1.0 increases linearly withl, reflecting the
i 1 ,z" ____):=_Q-§_7— ] antiferromagnetic COI state. The magnetization curveg at
€ [ o yol0d] =0.83 and 0.87 are apparently similar to thatyef 0.2, but
2 300% 0 T 2 absolute magnitude df! is fairly suppressed. Such a sup-
g pressed magnetization has been ascribed to coexistence of
2 the FM and antiferromagnetic COl phagés.
E) Thus, we have chosen BeH Sy 17Ca g3 0.4gVINO5 for

200 the present investigation on the PS state of doped mangan-

| ites. Actually, thep—T curve aty=0.83 shows a significant
. IM behavior at aroundl'-=170 K [see Fig. 83)]. In addi-

tion, the sample shows a considerable magnetoresistance ef-

-
-
-

M X X
109 COL fect near To: magnitude of the magnetoresistance1
S 1 —p(7T)/p(0T)] is ~0.96 at 157 K.
A 1 . 1 " ] . 1 ] IIl. RESULTS AND DISCUSSION
0 0.2 0.4 0.6 0.8 1.0

. A. Structural features of phase separated state
Ca concentration y

SR x-ray powder-diffraction experiments with an imaging

FIG. 1. Electronic phase diagram of Nel(Sr;_,C3)04MnOs.  plate were carried out on N@g S 17Ca 59 04MNO; at
Close_d circles and squares are C_urie temperangea_nd charge-  Spring-8 BLO2B2. The sample was crushed into a fine pow-
ordering temperature$.o, _res.pectlvely.Tco was defined by the der, and was sealed in a 0.2 mprguartz capillary. A pre-
temperature where the activation enefgyd(In p)/d(1/T)] shows a  ¢ipitation metho® was adopted in order to get a fine pow-
maximum. T was determined from the inflection point of the der, typically of ~10 um, which gives a homogeneous
M=T curves. COI, FM, and PS stand for the charge-ordereqonqjr distribution in the Debye-Scherrer powder ring. A
|nsulat|r_19, ferromagnetic metallic gnd' phase separated Statealavelength of the incident x-ray was 0.5051 A, and the ex-
respectively. Inset shows magnetization curves at 10 K of ; -
N s Sty ,C8)0 4MNOs. posure time was 10 min. We have analyzed and thus ob-

053 =1y tained x-ray patterns witRIETAN-978 program?* The crys-
al symmetry at room temperature is orthorhomirb g
%=4) without detectable impurities. In Fig(&, we show a
prototypical example of the Reitveld refinement at 265 K
(>Tco~200 K). The final refinements are satisfactory, in
which R,, and R, (reliable factor based on the integrated
intensitieg are fairly typical of published structuresR(,

To determine critical temperatures, i.e., Curie temperature= 2.53%, R,=4.88%).
Tc and the charge-ordering temperatiig,, we have mea- With a decrease of temperature beldy, (~ 200 K), we
sured temperature variation of resistiviyand magnetiza- observed remarkable splitting of the Bragg reflections indi-
tion M. Tco was defined as the temperature where the acticating the phase separatipsee, for example, the inset of
vation energy[=d(In p)/d(1/T)] shows a maximum. For Fig. 2b)]. We have analyzed the powder patterns below
four-probe resistivity measurements, the sample was cut into- 200 K by a two-phase model with two orthorhombically
a rectangular shape, typically ok®@x 1 mn?, and electri-  distorted perovskitesRbnm Z=4)  Figure 2b) shows a
cal contacts were made with a heat-treatment-type silveprototypical example of two-phase Rietveld refinement at
paint. Tc was determined from the inflection point of the 110 K (<T¢o). The final refinement is satisfactory. These
M—T curves, which was measured under a fieldgH two perovskite phases can be characterized by the length of
=1 T after cooling downd 5 K in the zero field (ZFC), c. Hereafter, we will call the respective phases as “sladrt-
using a superconducting quantum interference device magc~7.54 —7.58 A and “longc” (c~7.60-7.62 A
netometer. phases.

We show in Fig. 3 temperature variation @ resistivity,
(b) lattice constants of the short- and longphases of
_ _ Ndp 55 Sr5.17C8 g3 0.49VMINO3. The most important message of

Thus obtained T (closed circles and To (closed  Fig. 3 is that the lattice constants, i.e, b, andc, show a
squares are plotted in Fig. 1 against Ca concentration.(  discontinuous change @i-o. In other words, the system is
With increase ofy, T¢ gradually decreases frofic=290 K transformed into a two-phase stafeyoth of which are not
for Nd, 55515 49MNO; (y=0.0), and eventually the transition identical to the room temperature phassuch a PS state is
disappears ay=0.9. Accordingly, Tco appears above perhaps ascribed to the random nucleation of a low-
=0.8, and then gradually increases upTigy~220 K for  temperature phase and subsequent stress-induced growth of
Ndy 5:Ca 4gMNO;3 (y=1.0). The phase separation effect isthe secondary phasgtress-induced phase separatiort

Powder x-ray diffraction measurements at room temperatur
and Rietveld analysis indicate that the samples were sing|
phase without detectable impurities.

B. Critical temperatures

C. Electronic phase diagram
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FIG. 2 X-ray powder pattern  (cross for FIG. 3. (9 Tempera_\ture dep_enden_ce of resistivity of
Ndo s ST 1:Ca.8904MNO; (8) at 265 K and(b) 110 K. Solid Ndolsisro_lﬁa)_ge)o_ztdvanS in the coollng(sollq c_urve and warm-
curve is the result of the Rietveld analysis with single orthor- N9 (broken curve runs. (b)_ T_emperature varlgtlon of lattice con-
hombically distorted perovskitePbnm Z=4) phase and witlb) stants(c) Temperature variation of mass fractions. Opep and closed
two perovskite phases, respectively. symbols stand for the shoctand longe phases, respectively.

B. Magnetic features of phase separated state

this phase transformatioa,andb for the shorte phase(open Here, let us discuss the spin structure of the PS state.
symbolg elongate while those for the longphase(filled Neutron powder diffraction measurements were performed
symbolg contract. With further decrease of temperature, arwith the Kinken powder diffractometer for high efficiency
IM transition takes place &~ 157 K. One may observe a and high resolution measuremefitetHERMES installed at
slight jump in the lattice constants of both the phases, whicfihe JRR-3M reactor at the Japan Atomic Energy Research
causes the hysteresis behavior of theT curve[Fig. 3a)]. Institute, Tokai, Japan. Neutrons with wavelength 1.8196 A
In the bottom panelFig. 3(c)], we plotted the mass fraction Were obtained by the 331 reflection of the Ge mono-
estimated by the Rietveld analysis. The fraction shows &hromator, and 12.-Sample-22 collimation. The lower
gradual change with decrease of temperature. panel of Fig. 4 shows temperature variation of integrated

We have performed low-temperautre electron diffractionNténsities  of -~ the ~magnetic Bragg reflections  of
measurements, and have observed {X,0) superlattice Ndo 55 Sto.17C8 .89 0.49MNO;: Filled circle, filled triangle, and

. P - open triangle represent the intensity characteristic to the
reflecuc_)ns bglovwco. This directly indicates that one of the F-type [ferromagnetic (0,2,0) (2.0.0)+(1,12)], A-type
PS regions is the COIl state. We have ascribed the short-

.._|layered-type antiferromagnetic(0,0,1)], and CE-type
comp_onent tq _the_ COl state, because the charge-/orb|t_ (1/2,1/2,2] components, respectively. The three magnetic
ordering transition in doped manganites usually accompani

. P 15 flections seem to appear at the same temperatufs(Q
reduction ofc, as exemplified in Ng,Sr,,;MnO;.™ Such a K), which is very close tolT.. Here, we have estimated

reduction is ascribed to the strong coupling between the Ofpttice constant for the respective magnetic components:
bital and lattice degrees of freedom via the Jahn-Teller instas 7 0 A for the F-typec~7.61 A for the A-type anc
bility. Then, formation of the charge-/orbital-ordered region_7 47 A for the CE-type components. Thus, we have as-
induces a significant stress within the crystal, and causes thgjhed the F- and A-type components to the langhase,
stress-induced phase separatias observed. With further ang CE-type structure to the shariphase. This assignment
decrease of temperature below the magnetic transition tenjs consistent with the argument that the shottemponent
perature (-150 K), an incommensurate-commensurate trancorresponds to the COI state. Coexisting of the F- and
sition (e—0) of the charge-ordered stripe is observed. ThisA-type components could be ascribed to a canting spin struc-
behavior is similar to the case of the purely COlI manganitesture, similar to the case of the bilayer manganites,
e.g., Py,Ca,,MnOs;. La, 5,Sh 1 5,Mn,0,[ 0.42<x<<0.48 (Ref. 25].
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FIG. 4. (a) Temperature dependence of magnetizatnof
Ndp 55 Sry.17C& g2 0 49MNO3 measured in the heating ruM was
measured after cooling dowin 5 K in the zero field (ZFQ). (b) COI
Temperature dependence of the integrated intensity of the magnetic

Bragg peaks. FIG. 5. Schematic illustrations for the temperature variation of

PS state(a) T>Tego, (b) Te<T<T¢g, (€) T<Te. Teo and Te

represent the charge-ordering temperature and Curie temperature,
On the basis of the temperature variation of the structuratespectively. COI, PI, and FM stand for the charge-ordered insulat-

and magnetic data, a possible scenario for the IM behavior i®g, paramagnetic insulating, and ferromagnetic metallic phases, re-

as follows. With decrease of temperature beldw,, the — spectively.

system is transformed from a single ph&B&y. 5a)] to the

two-phase stat¢5(b)], perhaps due to the stress-inducedx-ray as well as neutron powder diffraction measurements.

phase separation. The respective phases, that is, thecshoriwe have clarified the temperature evolution of the phase

and longe phases, can be ascribed to the COI and paramagseparation as well as the spin ordering. The phase separation

netic insulating(Pl) phases, respectively. With further de- discontinuouslytakes place alco (~200 K>Ty), where

crease of temperature beloW., which nearly coincides the activation energy shows a maximum, but the spin-

with T,y (=170 K; in the heating run the longe phase ordering is observed at lower temperature belyy. These

shows a PI to FM phase transitigtc)]. If the metallic re- experimental observations suggest that the role of the phase

gions are connected in a percolative manner, the apparefgparation on the CMR as well as the IM behavior should be

insulator-metal transition is observed. In this sense, the phagéconsidered.

separation is not the intrinsic origin for the observed IM

behavior, even though the phase separation pattern formed ACKNOWLEDGMENTS

near belowTo determines the magnitude of the residual

resistivity.

C. Origin of insulator-metal behavior

The authors are grateful to N. Ikeda for his help in the
low-temperature SR x-ray diffraction experiment, and K.
Nemoto for his help in the low-temperature neutron diffrac-
tion experiment. The SR x-ray experiments were performed

In summary, we have investigated both the structural anét the SPring-8 BLO2B2 with approval of the Japan Synchro-
magnetic features of the phase separated state ofon Radiation Research Institu{dASRI). This work was
Ndp 55(Sry.17Ca g2 0 49MNO3, which locates on the verge of supported by a Grant-In-Aid for Scientific Research from the
the FM-COI phase boundary and shows a significant IMMinistry of Education, Science, Sports and Culture, and from
transition as well as the CMR behavior, by means of SRhe Taiko Foundation.

IV. SUMMARY

1For example, S. Jin, T. H. Tiefel, M. McCormack, R. Fastnacht, Sharma, and S.-W. Cheong, Phys. Rev. L&4.2961(2000.
R. Ramesh, and L. H. Chen, Scieri2z®4, 13 (1994. 4p. Schiffer, A. P. Ramirez, W. Bao, and S.-W. Cheong, Phys.
2Y. Moritomo, Phys. Rev. B50, 10 374(1999. Rev. Lett.75, 3336(1998.
3M. Uehara, S. Mori, C. H. Chen, and S.-W. Cheong, Natumm- 5S. Mori, C.-H. Chen, and S.-W. Cheong, Phys. Rev. L&t
don) 399 560 (1999; K. H. Kim, M. Uehara, C. Hess, P. A. 3972(1998.



PRB 62 PHASE SEPARATION AND INSULATOR-META. . .. 3887

6G. Allodi, R. De Renzi, G. Guidi, F. Licci, and M. W. Pieper, °H. Kuwahara, Y. Tomioka, A. Asamitsu, Y. Moritomo, and Y.
Phys. Rev. B56, 6036(1997); G. Allodi, R. De Renzi, F. Licci, Tokura, Scienc@70, 961 (1995; H. Kuwahara, Y. Moritomo,
and M. W. Pieper, Phys. Rev. Le8l, 4736(1998. Y. Tomioka, A. Asamitsu, M. Kasai, R. Kumai, and Y. Tokura,

G. Papavassiliou, M. Fardis, M. Milia, A. Simpoulos, G. Kallias, Phys. Rev. B56, 9386(1997).

M. Pissas, D. Niarchos, N. loannidis, C. Dimitropoulus, and J.16R. Kajimoto, H. Yoshizawa, H. Kawano, H. Kuwahara, Y.
Dolinsek, Phys. Rev. B5, 15 000(1997); G. Papavassiliou, M. Tokura, K. Ohoyama, and M. Ohashi, Phys. Rev6® 9506
Fardis, M. Belesi, M. Pissas, |. Panagiotopoulos, G. Kallias, D. (1999,

Niarchos, C. Dimitropoulus, and J. DOllnseihld 59, 6390 17E. O. Wollan and W. C. Koehler PhyS Red00, 545 (1955
(1999; G. Papavassiliou, M. Fardis, M. Belesi, T. G. Maris, G. 185 g Goodenough, Phys. Rel00, 564 (1955.
Kallias, M. Pissas, D. Niarchos, C. Dimitropoulus, and J. Dolin- 19y Moritomo. A lea\chida S. Mori. N. Yamamoto. and A. Naka-
sek, Phys. Rev. LetB4, 761 (2000. ' T o o ’ '
8p. G. Radaelli, D. E. Cox, M. Marezio, S.-W. Cheong, P. E. 5 mura, Phys. R.ev.. EEO.’ 9220(1999. .
: ! ! ' ’ M. Takata, E. Nishibori, K. Kato, M. Sakata, and Y. Moritomo, J.
Schiffer, and A. P. Ramirez, Phys. Rev. L&, 4488(1995; P. Phys. Soc. Jpr68, 2190(1999
G. Radaelli, D. E. Cox, M. Marezio, and S.-W. Cheong, Phys. T - o
9 FYSa1p Izumi, in The Rietveld Methqaedited by R. A. YoundOxford

Rev. B55, 3015(1997. } ) . )
9M. Jaime, P. Lin, S. H. Chun, M.B. Saten, P. Dorsey, and M. Unlvgrsny Press, Oxford, 1993Chap. 13; Y.-l. Kim and F.
Izumi, J. Ceram. Soc. JpA02 401 (1994.

Rubinstein, Phys. Rev. B0, 1028(1999. - ) -
105 yunoki, J. Hu, A. L. Malvezzi, A. Moreo, N. Furukawa, and E. Judging from the superlattice spot, the space group of the COI

Dagotto, Phys. Rev. Let80, 845(1998; A. Moreo, S. Yunoki, phase is considered to 2, /m. For convenience, we have

and E. Dagotto, Scienc283 2034 (1999. done the Rietveld analysis with assuming higher symmetry
M. Yu. Kagan, D. I. Khomskii, and M. V. Mostovoy, Eur. J. (Pbnm).

Phys.12, 217 (1999. 23 Judging from the sharpness of the Bragg reflections, the grain size
2p. p. Arovas, G. Gmez-Santos, and F. Guinea, Phys. Re\a®B is considered to be order of 1-10 xm.

13569(1999. 24K. Ohoyama, T. Kanouchi, K. Nemoto, M. Ohashi, T. Kajitani,
133, Okamoto, S. Ishihara, and S. Maekawa, Phys. Re&4,BI51 and Y. Yamaguchi, Jpn. J. Appl. Phys., Pad7 3319(1998.

(2000. 25K, Hirota, Y. Moritomo, H. Fujioka, M. Kubota, H. Yoshizawa,

14p_ Schlottmann, Phys. Rev. B, 11 484(1999. and Y. Endoh, J. Phys. Soc. J@7, 3380(1998.



