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A competition between a ferromagnetic metallic phase and a charge/orbital-ordered insulating one has been
investigated for manganese oxides with perovskite structure,,RE,MnO5 (x=0.45 with RE and AE being
rare earth elemenignore than 50 specimens mostly in forms of single crystainging from La to Gd, and
alkaline earth elements, Ca, Sr, and Ba, respectively. The global phase diagram is deduced in the plane of the
effective one-electron bandwidth versus the magnitude of quenched disorder, which can be controlled by the
averaged value and the variance of the RE/AE ionic radii, respectively. As the disorder increases, the long
range orders of both phases tend to be suppressed, and the bicritical feature of the ferromagnetic metal versus
the charge/orbital-ordered insulator is changed to such a complex one as intervened by a spin glasslike
insulator that is viewed as the frozen state of charge/orbital correlation. The ferromagnetic transition tempera-
ture is critically suppressed near the phase boundary with the spin-glass, where the colossal magnetoresistance
is most enhanced.
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I. INTRODUCTION (perhaps the local structural variatjoarising from such a

) ) ) solid solution can be evaluated by the variance of the ionic
The manganese oxides with perovskite structure,gjj ;2=3(xr2-r2), wherex; andr; are the fractional oc-
RE,AEMnO; (RE and AE being rare earth and alkaline ¢, ,ancies and the effective ionic radii of cations of RE and
earth elements, respectivghhave extensively been studied AE, respectively, as demonstrated by Rodriguez-Martinez
in the light of a close interplay among spin, charge, orbital,;, 4 Attfield18.19

and lattice degrees of freedofor RE ,AE,MnOs, one of In this paper, we comprehensively describe the competing

key parameters to determine what phase is realized is a trangs 1 res between FM and CO/OO for REAE,MnO,
X

fer interaction of theey-state conduction electron between (x=0.45 crystals. The reason why we have chosen the dop-
neighboring Mn siteJor the effective one-electron band- ing level ofx=0.45 is that near the half-dopirg=0.5) the

Yv't?.th (\é\./) tOf ttlheeg—fbt?]nq. The elgtectl\t/evvtls dependeinttﬁn ?It phase competition and the resultant phase variation are most
attice distortion of th€ perovskite structure, namely the “clearly seen, but that the exact0.5 crystals are known to

ing of MnG; Qctahedra(or the Mn-O-Mn bond angje the. show the special stability of the CO/OO phase unique to the
degree of which can be finely changed by the averaged IoNiC) mensuration effeé®2122 We demonstrate here the
radius of perovskité\ site cations(ra=(1—X)rgess++Xrago+) whole electronic phase diagram of REAEMnO

in terms of tolerance factdrSince the double exchange in- (x=0.49 with the variation of bothr, (bandwidth z);ndog
teraction being responsible for the ferromagnetic mgti) (magnitude of disordgr

staté=> is scaled by thew,®’ the FM is relatively destabi-
lized in a distorted perovskite manganite. In such a case, the

FM is frequently replaced by competing phases against the Il. EXPERIMENT

FM, e.g., an antiferromagnetic insulator with charge/orbital

ordering(CO/00).8-10 Most of the samples, except for the series
As it has been argued by recent theoretical and experiof (PriyLay)o 58Ca 4sMNO; (0.2<y<1) and

mental studied!~*6 the stability of the FM as well as the LagssCa-ySr)o4MnO; (0<y<1), have been prepared as
CO/0O0 is affected also by the presence of quenched disothe single crystals by the floating zone method. The details of
der, such as doped impuriti€s.g., CF*) on the Mn-sites, the crystal growth procedure have been described in Refs. 15
grain boundaries of polycrystalline ceramics, and randonand 23. The obtained crystals were checked by the powder
chemical substitution of RE with AE. In particular, the solid x-ray diffraction, which indicated that the crystal was single
solution of RE and AE is a common technique to control thephase. Magnetization was measured by a SQUID magneto-
band filling (doping leve) of the system in the perovskites meter, and resistivity in magnetic fieldisp to 7 T) was mea-

and related oxide material§yet such a moderate disorder is sured in a cryostat equipped with a superconducting magnet.
known to cause a large modification in the transition tem-For the ac susceptibility measurement, the amplitude was set
peratureT. of the FM phas¥19and even in the phase dia- at 10 Oe and the frequency was changed from 500 Hz to
gram itself!>2° The magnitude of the quenched disorder 10000 Hz.
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FIG. 2. (Color) The electronic phase diagram of various
FIG. 1. The transition temperatures df. (square§ Teo  RELAEMNO; (x=0.45 crystals in the plane afs ando?. Abbre-
(circles, and T (triangleg for various RE_AEMnO; (x=0.45 viations of FM, CO/OO AFI, and SGI are same as indicated in
crystals plotted on the, anda? plane. The phases of ferromagnetic Fig- 1. Contour lines of the respective transition temperatures are
metal, charge/orbital-ordered antiferromagnetic insulator, and spifawn by extrapolation on the basis of the data shown in Fig. 1.

glasslike insulator are denoted as FM, CO/OO AFI, and sGI Small and large dotémore than 50 poinjsindicate the materials
respectively. that were actually synthesized, mostly in form of single crystal, and

characterized.

lll. RESULTS AND DISCUSSION the CO/0O is replaced with the FM with increase yin
which may also be explained by the increas®\inThus, the
First, we show in Fig. 1 the experimental data of the trankeen competition between the CO/OO and FM forms a pro-
sition temperatures for the FM, CO/OO, and spin glasslikeotypical bicritical point® It is noted, however, that for the
insulator(SGI) (Ref. 24 phases in the,—o? plane, as real- upper regime in this figure the SGI becomes domirai.
ized in RE_,AE,MNnO; (x=0.49 crystals synthesized and REsgCa_,SK)o4MnO; (RE=Gd (0<y=<1), for ex-
investigated in this study. In this figuréz and T in cool-  ample, the CO/OO is replaced with the SGI for 0.3.
ing and warming runs are determined as the temperature at As the examples of experimental data that have been used
which|d In p/d(1/T)| in the corresponding temperature pro- to deduce the global phase diagréfig. 2), we show in Fig.
file of resistivity becomes maximufs.It has been experi- 3 the temperature profiles of resistivitg-c) and the elec-
mentally confirmed for severak=0.45 crystals, e.g., tronic phase diagramsd-f) for RE;sdCa_ySK ) 4gMNO;
Pryss(Cay_ySry) 4MnO; (Ref. 19 that this procedure can (0<y=<1) with RE=Gd[(a) and(d)], Sm[(b) and(e)], and
give the correct value of o that is deduced by diffraction Nd [(c) and (f)], respectively. In Figs. &) and 3b), the
measurements. The values Tf and T¢o dipicted in Fig. 1 resistivities fory=0 show anomalies around 295 (for RE
are the averaged ones of the both cooling and warming runs:Gd) and 275 K(for RE=Sn) in both cooling and warming
(For Lay 5:Ca& 4gMN0O3, T has been cited from Ref. 26Ac- runs, respectively, which manifests the CO/OO transition. In
cordingly, T is the temperature at which ac susceptibility common to the both cases, tfigg is lowered, and the tran-
(x") taken at 500 Hz, or the zero-field-cooledFC) magne-  sition becomes broadened upon the moderate substitution of
tization at 100 Oe has a cusp structuf€he detailed tem- Ca with Sr. In the case of RE=Gd, no distinct change is
perature profiles of resistivity and magnetization as the evidiscerned in temperature profiles of resistivity fpe0.4.
dence for the phase transformation will be exemplified in theFor y=1, the x-ray diffuse scattering aroui@3/2 0 of the
following.) On the basis of these observations, we show imorthorhombic Pbnm setting is seen below about 250 K,
Fig. 2 the electronic phase diagram of RBE,MnO; (x  which is indicative of the short range CO/OO correlatién.
=0.45 crystals plotted on the,-o? plane. First, for the In the case of RE=Sm, on the other hand, the CO/OO tran-
lower-left and lower-right regimes, where thé is relatively  sition is still discerned at around 170 Kyt 0.35, while it is
small, the CO/OO and the FM are dominant, respectively. Irebruptly replaced with the FM foy=0.5.
REp 5:Ca 4gMNO; (RE=Gd, Sm, Nd, and RPrthe CO/0O0 The inset of Fig. &) shows temperature profiles
transition temperatur@.o shows a decrease from300 K of ac susceptibility for the y=0.4 crystal of
to ~230K as RE changes from Gd to Pr. In GdyssCa-,SK)gsgMnO;z The susceptibility becomes fre-
REj 55510 49MN0O3 (RE=La, Pr, Nd, Sm, and Gdon the quency dependent below about 40 K, that is, the SGI be-
other hand, th@ decreases from-350 K to~130 K as RE  comes prevailing below about 40 K for this crystal. Simi-
changes from La to Sm. These features for both of CO/OQarly, the inset of Fig. &) shows temperature profiles of ZFC
and FM regions may be interpreted in terms of the change oind FC magnetization for they=0.35 crystal of
W. Furthermore, as shown in the cases 0fSm,sgCa_,Sr)o49MnO; The magnetization shows a tiny
RE) 55Ca -, SK)g.49MNO3 (RE=Sm, Nd, and Br(0sy=<1),  decrease around 180 K and a cusp structure around 120 K.
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FIG. 3. (Colon Temperature profiles of resistivitya-c) and the electronic phase diagranfe-f) for REjssCa_ySr)4gMNO;3
(0=<y=1) with RE=Gd[(a) and(d)], Sm[(b) and(e)], and Nd[(c) and(f)]. The T¢o and T, which were determined by the resistivity
measurement, are indicated by circles and squares, respectively. The temperatures in the cooling and warming runs are denoted as open an
closed symbols, respectively. The hysteresis regions are hatched. The Neel temgretaenoted as closed triangles. The spin g(&3
transition temperatur&g is indicated by open triangles. The abbreviations, FM, CO/OO AFI, and SGl, are the same in Fig. 1. Insets show
temperature profiles of ac susceptibility’) for they=0.4 crystal of Ggs5(Ca;,SK, ) 49MnO;3 (d), and zero-field-coole@ZFC) as well as
field-cooled(FC) magnetizatior(M) for the y=0.35 crystal of Smisg(Cay,SK,)g 49MNO; ().

With further decrease in temperature, discrepancy betweeabout 200 K, and with further increaseynthe FM emerges
the ZFC and FC magnetization is pronounced betet0 K, at y=0.25 with To~165 K. As a result, as shown in
which is also indicative of the reentrant SGI belowiO K. Fig. 2f), the Tco and T are comparable ag=0.2—-0.25,
Incidentally, such a discrepancy between the ZFC and F@hdicating a prototypical bicritical feature, which is similar to
magnetization is observed also for the SGI phase ofythe that reported for Rrsg(Cay_,Sk)g 4MN03.1°
=0.4 crystal, while the frequency dependence of the ac sus- Figure 4 shows critical temperatures as a functior of
ceptibility also for that of they=0.35 crystal. for the typical two cases; ongottom panelis for the rela-
The electronic phase diagrams for tively small disorder in moving from GdCa 4sMnO; to
Gdy5§Cay_ySh)o4MNO;  and Sy sdCaySh)o4MNO;  LagssSlh4dMnOs, i.e., RE 5£C8 4MNO; with varying RE
(0=<y=<1) are summarized in Figs.(® and 3e), respec- from Gd to Pr, PgsgCa_,SK) 49MnO; with varyingy from
tively. In the case of RE=Gd, even wh&is increased by 0 to 1, and then(Pr;_jLa,)q 5:SK 4gMNO; with varying y
substitution of Ca with Sr, the CO/OQ is replaced with thefrom 0 to 1. The othe(top panel is for the relatively large
SGI for y=0.35, not with the FM. In the case of RE=Sm, disorder ranging from Gghg(Cay_,St)o.49MnO; with vary-
the CO/OQ is kept at & y<0.3, while it changes to the FM ing y from 0 to 1, and REssSIp4gVINO; with varying RE
at y=0.4. In the narrow intermediate regime of &§%  from Gd to Pr, and La. The both scanning routes of materials
=<0.4, however, the SGI appears reentrantly below abouare indicated by thick lines in the middle patiglobal phase
40 K in spite of that the CO/QO transition is seen at a highediagram) of Fig. 4. In the case with the relatively
temperature. small disorder, a typical bicritical feature is seen with
Figures 3c) and 3f) show the temperature profiles of Tco~Tc~200 K, which occurs at y~0.2 in
resistivity ~and  electronic  phase  diagram  for Pryss(Cay_ySK)04MnO3. > In the case with the relatively
Ndo 556CayySK,)9.49MNO;, respectively. In Fig. @), the large disorder, th@ o decreases and the CO/OO turns into
CO/00 aty=0 is manifested by the resistivity anomaly to a SGI agy increases in Gghg(Ca; S, ) 4gVINO3. Even in
around 235 K. Ay increases up to 0.2, thieg is lowered to  RE; 5551y 49MINO;, the SGI remains for REGd;,Sm)) with
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0=<y=0.5, while it is replaced with the FM witli>0.5. As

a result, Fig. 4 demonstrates that the bicritical feature as seen
for the relatively small disorder is modified to a rather com- \ RE, (ST, ,Ba ),
plex one including the SGI phase for the relatively large 10 — Wwarming
disorder even though thg, (and hence the averaged lattice

w
covd 9y

structurg is used as a common parameter on the abscissa. 'g 107
This feature has also been predicted by the simulation for the 3
model system of manganités. >
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with varying RE from La to NgsSny s, and the FM is no
more seen at RE=Sm. The inset shows ac susceptibility for
RE=Sm. The susceptibility becomes frequency dependent
below about 48 K, indicating that the ground state for RE
=Sm is a SGI. Figure 5 again shows that the SGl is stabilized g, 5. (Color onling Temperature profiles of resistivity for
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uitous aroundT. of the FM locating close to the phase romagnetic charge/orbital ordered insulator is modified to the

boundary with the SGI. complex one intervened by a spin glass insulator with in-
creasing the quenched disorder. Under a relatively large dis-
order, therefore, neither of the long-range ordered states, the

IV. SUMMARY ferromagnetic metal nor the charge/orbital-ordered insulator,

In summary, we have demonstrated the whole phase digMerges, and a spin glasslike insulator dominate_s the whole
gram of the colossal magnetoresisti@MR) manganites of Phase diagram. Near the phase boundary with such a
RE,_ AE,MnO; (x=0.49 with the variation of the effective disorder—induced spin-glass insulator, thg of the ferro-
one-electron bandwidth and the quenched disorder, whicA*@3netic metal is critically suppressed and the colossal mag-
are experimentally controlled by the averaged ionic radiud1€toresistance effect is most enhanced.
and the variance of the ionic radii upon the solid solution of
rare-earth (RE3") and alkaline earth(AE?") ions. The
Y—shaped bicritical feaure of the phase diagram due to the The authors would like to thank N. Nagaosa for enlight-
competition between the ferromagnetic metal and the antiferening discussions.
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