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CONTROL OF MOTT TRANSITIONIN TRANSITION-METAL OXIDES�S. MiyasakaDepartment of Applied Physi
s, University of Tokyo, Tokyo 113-8656, JapanY. Tagu
hiInstitute for Material Resear
h, Tohoku University, Sendai 980-8575, Japanand Y. TokuraDepartment of Applied Physi
s, University of Tokyo, Tokyo 113-8656, JapanCorrelated Ele
tron Resear
h Center (CERC) National Institute of Advan
edIndustrial S
ien
e and Te
hnology (AIST), Tsukuba 305-8562, JapanSpin Superstru
ture Proje
t, ERATO, Japan S
ien
e and Te
hnologyCorporation (JST), Tsukuba 305-8562, Japan(Re
eived July 10, 2002)Late experimental investigations on the �lling-
ontrol Mott transitionare reviewed by taking examples of the perovskite Ti, V, and Mn oxideswith 
ontrolled one-ele
tron bandwidth. The 
omplex interplay among thespin, 
harge, and orbital degrees of freedom is laid emphasis to elu
idateanomalous features of the barely metalli
 phase 
lose to the Mott transitionpoint.PACS numbers: 71.30.+h, 72.15.�v, 75.30.Kz1. Introdu
tionSin
e the dis
overy of high-temperature super
ondu
tivity in 
uprateswith perovskite-related stru
tures, the resear
h on the Mott transition intransition-metal oxides (TMOs) has been a

elerated [1℄. Some 
lassi
 TMOshave also been revisited and new aspe
ts, e.g. a mutual interplay among the
harge, spin, and orbital degrees of freedom, have been revealed. For the� Presented at the International Conferen
e on Strongly Correlated Ele
tron Systems,(SCES02), Cra
ow, Poland, July 10�13, 2002.(303)
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hi, Y. Tokurapurpose, the perovskite stru
ture (AMO3) has been parti
ularly useful be-
ause the 
ontrol of the two important parameters in the 
orrelated ele
tronsystem, band-�lling and bandwidth (see Fig. 1), is 
apable with use of the
ompositional 
hange of the perovskite A-site (non-TMO site).

Fig. 1. Metal�insulator phase diagram based on the Hubbard model in the plane ofU=t and �lling n. I and M denote 
orrelated insulator and metal. Arrows indi
atethe routes of �lling-
ontrol and bandwidth-
ontrol metal�insulator transitions.The distortion of the bond angle M-O-M depends on the ioni
 radiusof the A-site ion, namely a larger distortion with a smaller ioni
 radius inthe orthorhombi
 perovskite latti
e. This in turn governs the hybridizationbetween the O 2p and M d orbitals and hen
e the e�e
tive hopping inter-a
tion or one-ele
tron bandwidth of d ele
tron. A good example for the�lling-
ontrol Mott transition is the 
ase of RNiO3 (R being the rare-earthion) [2℄. The RNiO3 is paramagneti
 metalli
 for R = La with a maxi-mal bandwidth, undergoes the thermally indu
ed insulator�metal transitionfor R = Pr and Nd, and for others are always insulating irrespe
tive ofparamagneti
 or antiferromagneti
. The �lling 
ontrol 
an be performed bypartly repla
ing R (e.g. La) with alkaline-earth divalent ion (e:g: Sr). In
onjun
tion with the bandwidth 
ontrol, the study of a doping e�e
t on theMott transition in the form of perovskite latti
e enables us to investigatethe 
riti
al features of the Mott transition in a wide parameter spa
e.Here we will review the study of the Mott transition in some 3d TMO sys-tems with perovskite stru
ture, by exemplifying the 
ases of RTiO3, RVO3,RMnO3, and their hole-doped systems. The RTiO3 is a S = 1=2 Mott�Hubbard insulator with the band �lling n = 1 for the Ti 3d band (seenFig. 2). A prototypi
al mass-enhan
ement feature, generi
 for the Motttransition but not like the 
ase of doped 
uprates, is observed. The orbital
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y in the t2g state should play an important role not only in real-izing the A-site spe
i�
 magneti
 state, say the ferromagneti
 ground stateof YTiO3, but also in the Mott transition pro
ess itself. However, this ef-fe
t has not been made transparent enough as yet perhaps be
ause of largequantum �u
tuation of orbital for the RTiO3 family [3℄. By 
ontrast, thea
tive role of orbital degree of freedom is more visible for the RVO3 systemthat possesses 3d2 (S = 1) 
on�guration of V3+ ions. We show the interplaybetween the orbital and spin orders in various RVO3 as well as the stronglyanisotropi
 ele
troni
 stru
ture indu
ed by the orbital ordering. The orbital
orrelation is likely important also in understanding an anomalous nature ofthe metalli
 state on the verge of the Mott transition in La1�xSrxVO3.
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Fig. 2. Crystal-�eld splitting of �ve-fold degenerate atomi
 3d levels into lower t2g(triply degenerate) and higher eg (doubly degenerate) levels in trivalent Ti, V andMn ions.We will also give a brief review on the Mott transition in La1�xSrxMnO3that keeps the ferromagneti
 state in the 
ourse of the transition. As anotherexample of the metal�insulator transition, the bi
riti
al feature between the
harge/orbital ordered state and the ferromagneti
 metalli
 state is des
ribedin nearly half-doped manganites. The 
ompetition of the ordered phases is
losely related to the 
olossal magnetoresistan
e e�e
t as well as to un
on-ventional phase-
ontrollability, su
h as photo-indu
ed insulator-metal tran-sition [4,5℄ and 
urrent swit
hing e�e
t [6℄, a
hieved so far in the manganitesystem. 2. RTiO3Perovskite-type titanate RTiO3 (where R is a trivalent rare-earth ionor Y) is well known [3, 7�12℄ as a Mott insulator with S = 1=2. One ofthe advantages in this system is that both of the one-ele
tron bandwidthand the band �lling 
an be 
ontrolled [12℄ by the 
hemi
al modi�
ationof the R-site. As s
hemati
ally shown in Fig. 3, the ground state variesfrom antiferromagneti
 to ferromagneti
 when the R-ion is 
hanged from La
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hemati
 phase diagram of R1�xAxTiO3+y=2 system, where hole 
on-
entration 
orresponds to x+ y.to Y. The Néel temperature and the Curie temperature are about 140 Kand 30 K, respe
tively. The �lling-
ontrol 
an be a
hieved by partiallysubstituting La or Y site with divalent Sr or Ca ion, and/or by introdu
ingex
ess oxygen. In LaTiO3, both the antiferromagneti
 phase and insulatingphase are destroyed by the hole-doping of less than 0.1 [13℄. By 
ontrast,the metalli
 phase is obtained by the hole-doping as mu
h as � 0:35 in the
ase of YTiO3 although the ferromagneti
 phase disappears at mu
h lessdoping 
on
entration (< 0:2) [9℄. The di�erent doping-level needed for theinsulator-metal transition is as
ribed to the di�erent 
orrelation strengthof the respe
tive parent 
ompound, that is manifested by the di�eren
ein the Mott�Hubbard gap (
a. 0.2 eV and 0.8 eV for LaTiO3 and YTiO3,respe
tively) [14℄. In the su�
iently hole-doped metalli
 phases of the both
ompounds, several hallmarks that are 
hara
teristi
 of Fermi liquid, su
h asT -squared resistivity, T -independent sus
eptibility, and T -linear ele
troni
spe
i�
 heat, T -independent Hall 
oe�
ient, are observed [15, 16℄.As displayed in Fig. 4(b), the inverse of Hall 
oe�
ient in the metalli
phases shows almost linear dependen
e on the band �lling (= 1 � x, wherex denotes the Sr- or Ca-
on
entration or the hole doping level) [15℄. Thestraight line in the �gure is the expe
ted dependen
e for a simple paraboli
band. Therefore, the experimental result suggests that the Fermi surfa
earea is expanded with the �lling as expe
ted for a free-ele
tron like band.In Fig. 4(a), the ele
troni
 spe
i�
 heat 
oe�
ient 
 and the Pauli-like sus-
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Fig. 4. x dependen
e of (a) the ele
troni
 spe
i�
 heat 
oe�
ient 
 and Pauli-likesus
eptibility � and (b) the inverse of the Hall 
oe�
ient for La1�xSrxTiO3 andY1�xCaxTiO3.
eptibility � are plotted against x. In a simple free-ele
tron model with a
onstant e�e
tive mass, both quantities should be proportional to (1�x)1=3as represented by a solid line in the �gure. In 
ontrast to the 
ase of Hall
oe�
ient, they 
learly show signi�
ant deviation from the expe
ted behav-ior and steep in
rease as the insulator�metal phase boundary is approa
hed.This indi
ates a 
riti
al mass-enhan
ement [15℄ of the ele
tron-type 
harge
arriers and is in a

ord with the Brinkman�Ri
e pi
ture [17℄.Although the overall behavior is 
lari�ed as des
ribed above, the 
riti
alregion near the metal�insulator transition point and the antiferromagneti
instability point should be examined in more detail. To 
ontrol the ele
tron�lling more �nely, the hole doping by introdu
ing ex
ess oxygen has been at-tempted [13℄. The resistivity of several oxygen-doped 
rystals are displayedin Fig. 5. The sample with Æ � 0:06 shows a gentle upturn at around 90 K,slightly below Néel temperature (see Fig. 6(a)), but the resistivity remains�nite even at the lowest temperature. Therefore, the ground state of thissample is an antiferromagneti
 metal. The 
rystal with Æ � 0:08 lo
atesat the antiferromagneti
 instability point, and the low-temperature resistiv-
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Fig. 5. Temperature dependen
e of resistivity for the metalli
 samples with ex
essoxygen LaTiO3+y=2. The inset exempli�es T�-type dependen
e of the resistivityfor Æ � 0:08 below 60 K at ambient pressure and 2.0 GPa. The straight lines
orrespond to � = 1:6 and 2.0 dependen
ies, respe
tively.ity exhibits T�-type behavior with � = 1:6, as exempli�ed in the inset toFig. 5. This value is distin
t from the value (=2) expe
ted for the Fermiliquid, and is 
lose to 1.5 that is predi
ted by the self-
onsistent renormaliza-tion theory [18℄ for the 
ompound at the antiferromagneti
 instability point.Appli
ation of pressure of 2.0 GPa 
hanges the exponent to � = 2, as shownin the inset. Applied pressure enhan
es the one-ele
tron bandwidth, there-fore the ele
tron system is driven away from the antiferromagneti
 instabilitypoint and restores the Fermi liquid behavior.In Fig. 6, several important quantities are plotted as a fun
tion of holedoping level [13℄. The Néel temperature de
reases with in
reasing hole-doping, and disappears at Æmag
 � 0:08, as shown in the panel (a). Theinverse of Hall 
oe�
ient at 2 K is plotted in the panel (b). The de
reaseof this quantity for Æ � 0:06 sample 
ompared with Æ � 0:08 sample is a
-
ounted for in terms of redu
ed Fermi surfa
e area due to the opening of spindensity wave gap. The removal of a part of the Fermi surfa
e 
auses the re-du
tion of the density of states at the Fermi surfa
e. This manifests itself asthe de
rease of the ele
troni
 spe
i�
 heat 
oe�
ient 
 in the antiferromag-neti
 metalli
 phase, as shown in the panel (
). Therefore, the �lling-
ontrolmetal�insulator transition in this system is summarized as follows: As the
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δFig. 6. Hole doping dependen
e of (a) Néel temperature, (b) inverse of Hall 
oe�-
ient, and (
) ele
troni
 spe
i�
 heat 
oe�
ient. Verti
al dashed lines indi
ate theinsulator-metal (ÆIM
 � 0:05) and antiferromagneti
-paramagneti
 (Æmag
 � 0:08)phase boundaries.metal�insulator transition point is approa
hed from the metalli
 side, thee�e
tive mass of the 
harge 
arriers is 
riti
ally enhan
ed due to the �lling-dependent 
orrelation e�e
t. On
e the antiferromagneti
 ordering sets in,some portion of the Fermi surfa
e is gapped, and both the 
arrier densityand the density of states at the Fermi level are redu
ed. Further in
rease ofband �lling toward integer �lling eventually drives the system into the Mottinsulating state. 3. RVO3Perovskite-type La1�xSrxVO3 is a 
lassi
 Mott transition system [1,19℄.The parent 
ompound LaVO3 and related materials RVO3, where R is atrivalent rear-earth ion or Y, are Mott�Hubbard type insulators with theele
tron 
on�guration of 3d2. Besides the manganites, these vanadates havebeen attra
ting 
urrent interest be
ause of ordering and �u
tuation of orbitaldegrees of freedom [20�26℄. RVO3 undergoes not only a magneti
 transition
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hi, Y. Tokurato an antiferromagneti
 (AF) state but also a stru
tural phase transition
oupled with orbital ordering as temperature is de
reased. These 
ompoundsexhibit a variety of spin and orbital ordered states depending on the rare-earth site ions [22,25,27,28℄. Figure 7(a) presents a s
hemati
 phase diagramof spin and orbital ordering (SO and OO) in this system [29℄. BetweenPrVO3 and LuVO3, the stru
tural phase transition perhaps a

ompanied bythe OO with an alternative d1xyd1yz=d1xyd1zx ele
tron 
on�guration (Fig. 7(
))takes pla
e above the transition temperature of C-type antiferromagnetism(TSO1) [21℄. Here, we 
all this OO G-type by analogy to spin ordering.By 
ontrast, LaVO3 and CeVO3 undergo the stru
tural phase transitionat a few degrees below TSO1, suggesting that the C-type SO indu
es theG-type OO and related stru
tural phase transition [30℄. In the R = Dy toLu 
ompounds, on the other hand, the pattern of the SO turns into G-type,and the OO does into C-type 
on
omitantly below the se
ond stru
tural andmagneti
 transition temperatures (TOO2 = TSO2).
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Fig. 7. (a) S
hemati
 phase diagrams of RVO3 and La1�xSrxVO3. The abbre-viations mean G-type (G), C-type (C), spin and orbital ordering (SO and OO).(b), (
) S
hemati
 stru
tures of the C-type and G-type OO in the perovskite-typeRVO3. Gray lobes indi
ate o

upied dyz and dzx orbitals on the vanadium ions.The 
ommonly o

upied dxy orbitals are displa
ed for 
larity.These SO and OO are expe
ted to 
ause appre
iable anisotropy in theele
troni
 stru
ture and 
harge dynami
s through the spin-
harge-orbital
orrelations. Figures 8(a) and (b) present opti
al 
ondu
tivity (�(!)) spe
-tra for E k 
 and E ? 
 at 10 K in LaVO3 and YVO3, whi
h have di�erent
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trum has been as-signed to the Mott�Hubbard gap transition [31�34℄. At 10 K, the peakaround 2 eV in the E k 
 spe
tra shows distin
t shape and high intensity,whi
h has seldom been observed in other Mott�Hubbard insulators in three-dimension [31, 35℄. Su
h an anisotropi
 and distin
t spe
tral feature for theMott�Hubbard gap transition re�e
ts the anisotropi
 ele
troni
 stru
turedue to the SO and OO with one-dimensional 
hara
ter, as argued in thefollowing.As seen in Figs. 8(a) and (b), the 2 eV band in the �(!) for E k 
 is
omposed of two peaks. At the ground state (10 K), the lower-lying peak 1bears mu
h larger (smaller) intensity than the higher-lying peak 2 in LaVO3(YVO3), as 
learly seen in the spe
tral de
omposition (broken lines). In theboth vanadates, an ele
tron 
an hop only between the dyz orbitals or dzx oneson the neighboring V site along the 
-axis through the �-bonding with the O
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Fig. 8. Opti
al 
ondu
tivity spe
tra for E k 
 and E?
 (solid lines) in single
rystals of (a) LaVO3 and (b) YVO3 at 10 K. Broken lines indi
ate the �tting resultwith the Lorentz model for the 
-axis polarized opti
al 
ondu
tivity spe
trum inboth 
ompounds. The lower- and higher-lying peaks are the Mott�Hubbard gaptransitions, denoted �peak 1� and �peak 2�, respe
tively. (
), (d) Change of t2gorbital states on the neighboring V sites along the 
-axis in the opti
al dzx-dzxtransition in ea
h type of SO and OO.
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hi, Y. Tokura2py or 2px state. The dyz-dyz transition energy should be nearly equal to thedzx-dzx one. In Figs. 8(
) and (d), we exemplify the 
hange of the t2g orbitalstates on the neighboring V sites along the 
-axis in the opti
al ex
itationbetween the dzx orbitals in the respe
tive 
ase of SO and OO. The energy ofthe dzx-dzx ex
itation in the C-type SO and G-type OO is smaller than thatin the G-type SO and C-type OO by an energy of the e�e
tive Hund's-rule
oupling. Therefore, the �(!) spe
trum for E k 
 has a peak with a largeintensity at U 0�K for the C-type SO and G-type OO, or otherwise at U 0+Kfor the G-type SO and C-type OO, where U 0 and K denote the energy ofe�e
tive on-site Coulomb repulsion and Hund's-rule 
oupling, respe
tively.Su
h orbital-dependent Mott�Hubbard gap transitions and their sele
tionrules in the spin- and orbital-ordered state 
an roughly explain spe
tralfeatures in the respe
tive ground-states of LaVO3 and YVO3.In RVO3, the hole doping by substitution of R with Sr or Ca 
auses atransition from a 
orrelated insulator to a metal and the AF spin long-rangeorder gradually disappears with the in
rease of doping level. The 
riti
al
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Fig. 9. Temperature (T ) dependent resistivity for single 
rystals of La1�xSrxVO3.The resistivity 
urve for x � 0:176 shows a kink 
orresponding to the o

urren
e ofthe stru
tural phase transition due to the G-type orbital ordering. Arrows indi
atethe stru
tural phase transition temperature (TOO1). The inset shows a plot of���0 vs. T 1:5 for x = 0:327 in the PM metal phase and x = 0:260 in the AF metalphase, where � and �0 are resistivity and residual resistivity, respe
tively.
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ently been investi-gated by using high-quality single 
rystals of La1�xSrxVO3 [23℄. We displaythe temperature dependen
e of the resistivity for samples with several dop-ing levels x in Fig. 9. The resistivity for x � 0:176 shows an insulatingbehavior and has a kink indi
ated by an arrow whi
h signals the o

ur-ren
e of the �rst order phase transition. This phase 
hange 
orresponds to alatti
e-stru
tural transition from an orthorhombi
 to a mono
lini
 form [30℄,that is asso
iated by the G-type orbital ordering. With the in
rease of x, thestru
tural phase transition temperature (TOO1) systemati
ally de
reases andeventually the transition disappears around x = 0:178. In the 
riti
al regionof MIT (0:178 � x � 0:210), the resistivity shows upturn at a low tempera-ture, while that for x = 0:260 and 0.327 monotonously de
reases in the wholetemperature region down to 2 K. The extrapolated zero-temperature 
on-du
tivity remains �nite for 0:178 � x � 0:210, while zero for x � 0:176. Theintrinsi
 MIT at zero temperature o

urs around x = 0:176, a

ompanied bythe onset of the stru
tural phase transition, i:e:, the orbital order-disordertransition.As shown in the phase diagram (Figs. 7 and 10(a)), TSO1 and TOO1systemati
ally de
rease with the in
rease of x. The temperature interval be-tween them is almost un
hanged, suggesting that the C-type SO indu
es theorbital ordering and the related stru
tural phase transition in the Sr-doped
ompounds as well as in LaVO3 and CeVO3. In La1�xSrxVO3, this AF or-dering remains until x = 0:260 and the ground state be
omes the AF metal,while the �rst-order stru
tural phase transition disappears 
on
omitantlywith the MIT around x = 0:178. In this system, therefore, the boundary ofthe stru
tural phase transition is di�erent from that between the paramag-neti
 (PM) and AF phase. In other words, the ground state of this systemperhaps undergoes the transition from the orbital ordered AF insulator tothe orbital disordered AF metal with the in
rease of the Sr 
on
entration x,and eventually be
omes the orbital disordered PM metal.Thermal and transport properties in La1�xSrxVO3 show distin
t fea-tures between the PM and the AF metal phases. The PM metal phase(x > 0:260) 
an be 
hara
terized by �lling-dependent mass renormalization.The ele
troni
 spe
i�
 heat 
oe�
ient 
 is plotted against x in Fig. 10(
).With de
reasing the doping level from x = 0:327 to 0.260, 
 is enhan
ed,re�e
ting the mass renormalization e�e
t in the vi
inity of the Mott tran-sition [17℄. The magnitude of 
 for x = 0:260 is 59mJ/K2mol and approxi-mately seven times as large as that of the end member SrVO3, reported pre-viously [36℄. Moreover, the value per transition-metal atom is even largerthan that of other Mott transition systems [13, 37℄, e.g. 
 '40mJ/K2V-atom for V2�yO3[3℄. In the AF metal phase (0.178�x�0.260), however, 
rather de
reases with the de
rease of x toward the MIT. In the Fermi-liquid
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Fig. 10. (a): The ele
troni
 phase diagram of La1�xSrxVO3. (b), (
): The Sr
on
entration (x) dependen
e of (b) the inverse of the Hall 
oe�
ient RH at 5 K and(
) the ele
troni
 spe
i�
 heat 
oe�
ient 
. (d): T dependen
e of entropy relatedto the stru
tural phase transition, �S, for the insulating sample (x = 0:147),the sample (x = 0:178) on the verge of the metal�insulator trasition, and themetalli
 sample (x = 0:260) of La1�xSrxVO3 are plotted. An arrow indi
ates thetemperature of the stru
tural phase transition (TOO1).pi
ture, ex
ept for the region very 
lose to the AF/PM phase boundary,the low temperature resistivity in the PM metal phase is predi
ted to showT 2-dependen
e, and the T 2-term 
oe�
ient A and the 
 obey the Kadowaki�Woods relationship, A = �
2 with � ' 1 � 10�11

m/(mJ/K2mol)2 [15,37, 38℄. As seen from the inset of Fig. 9, however, the resistivity for thex = 0:327 PM metalli
 sample is still in proportion to T 1:5, whi
h suggeststhe strong AF spin �u
tuation extending over a broad x-region beyond theAF/PM 
riti
al point [39℄.We show the x-dependen
e of inverse of the Hall 
oe�
ient at 5 K inFig. 10(b). The Hall 
oe�
ient for all the metalli
 
rystals is negative insign. In the PM metal phase, Hall 
oe�
ient is almost independent of tem-perature, with the magnitude of approximately 2�10�4
m3/C. This is 
on-sistent with the pi
ture of a large Fermi surfa
e 
ontaining a few 
arrierele
trons per vanadium atom. In the AF metal phase, by 
ontrast, the mag-nitude of Hall 
oe�
ient shows a rapid in
rease at low temperatures belowTSO1. At x = 0:178, the lowest temperature Hall 
oe�
ient is as large as�5� 10�3
m3/C. The result indi
ates that in the AF metal phase the 
ar-
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reases with approa
hing the insulating phase, perhaps dueto the o

urren
e of the SDW-like gap in the k-spa
e. The redu
tion in the
arrier density is roughly 
onsistent with the de
rease of 
, whi
h indi
atesthe shrinkage of the Fermi surfa
e in the AF metal phase, while keeping orenhan
ing the mass renormalization e�e
t.The observed anomalous behavior of the entropy also seems to indi-
ate the 
orrelation of orbital ordering around the MIT. We de�ne �C =(C(x)�
(x)T )�(C(x = 0:327)�
(x = 0:327)T ) as the spe
i�
 heat relatedto the stru
ture phase transition. Here, we used the phonon term of the spe-
i�
 heat for the x = 0:327 PMmetal sample (C(x = 0:327)�
(x = 0:327)T )as a referen
e. Moreover, the spe
i�
 heat around MIT shows no jump atTSO1, indi
ating that the 
ontribution of the magneti
 transition to �C isnegligible near the MIT. We plotted the temperature dependen
e of entropy�S(T ) = R T0 �C(T 0)=T 0dT 0 for the samples with several doping levels x inFig. 10(d). �S for the insulating sample (x = 0:147) at TOO1 is approx-imately 6.5J/Kmol. Given the transition from the triply degenerated t2gorbitals randomly o

upied by two ele
trons to the G-type orbital ordering,the entropy 
hange is des
ribed as �S = R ln 3� (1�x). The present resultis roughly 
onsistent with the value. With the in
rease of x, the jump ofthe spe
i�
 heat fades out and �S at TOO1 de
reases. At low temperatures,however, �S is rather enhan
ed near the MIT (see the 
urve for x = 0:178),whi
h suggests the existen
e of the orbital �u
tuation or the related soften-ing of the phonon. Namely, the AF metal phase 
lose to the metal�insulator
riti
al point appears to be 
ru
ially a�e
ted by strong orbital 
orrelations.With further doping (e:g:, in the PM metal phase) the related entropy atlow temperatures are fully suppressed, as seen in Fig. 10(d).4. RMnO3To overview 
omplex ele
troni
 phases indu
ed by a 
lose interplay amongthe spin, 
harge, and orbital degree of freedom in the perovskite mangan-ites, we �rst show in Fig. 11 the ele
troni
 phase diagram for Nd1�xSrxMnO3[40, 41℄. The end Mott insulator NdMnO3 shows, like LaMnO3, the3x2 � r2 /3y2 � r2 orbital ordered sate. The ferromagneti
 intera
tion withinthe plane is mediated by the super-ex
hange intera
tion in the orbital alter-natively-ordered state, and the ferromagneti
 Mn-O sheets sta
k antiferro-magneti
ally along the 
 axis (A-type antiferromagnetism) via the antiferro-magneti
 super-ex
hange intera
tion. With doping holes via the Sr substi-tution, the orbital undergoes the disordering (quantum-melting) transition,giving rise to the isotropi
 ferromagneti
 state mediated by the double-ex
hange intera
tion. Up to x�0.4 the kineti
 energy of doped holes in-
reases with x, or equivalently the Curie temperature TC in
reases with x.
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Fig. 11. Ele
troni
 phase diagram of Nd1�xSrxMnO3 
rystal. The abbreviationsmean paramagneti
 (P), ferromagneti
 (F) CE-type antiferromagneti
 and 
harge-ordered (CE), A-type antiferromagneti
 (A), C-type antiferromagneti
 (C). O0 andO�a indi
ate the orthorhombi
 latti
e stru
tures with a � b > 
 and a � b < 
,respe
tively.With further hole doping, in parti
ular ex
eeding x = 0:5, the double-ex
hange intera
tion of eg ele
tron and the super-ex
hange intera
tion be-tween the t2g lo
al spins 
an �nd the 
ompromise to realize the low-dimen-sional ferromagneti
 stru
tures at the ground state. Namely, at 0.52<x <0.62 the ground state is A-type antiferromagneti
 asso
iated with theferro-orbital order of x2 � y2 [42, 43℄. The fully-spin polarized x2 � y2band is 2-dimensional (2D) in nature and nearly half-�lled. The in-planeferromagneti
 state is mediated by the double-ex
hange intera
tion in thex2�y2 orbital ordered state, while along the 
-axis the free energy is gainedby the antiferromagneti
 
oupling. In fa
t, the resistivity for x = 0:55 showthe 2D metalli
 feature in spite of nearly 
ubi
 latti
e stru
ture [44℄. Thus,albeit similarly A-type antiferromagneti
, the 2D double-ex
hange sheetsrealized in the over-doped region of the manganites is distin
t from the3x2 � r2/3y2 � r2 Mott-insulating state for x = 0.
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reasing the doping level x above 0.62, the kineti
 energyof 
arriers is further de
reased (this should be viewed as the de
rease of egele
tron �lling rather than as the in
rease of hole 
ount), and the double-ex
hange path is restri
ted along the 
-axis 
hain. Namely, the ferromagneti

hain along the 
-axis is 
oupled antiferromagneti
ally (C-type). This stateis mediated by the ferro-ordering of 3z2�r2 orbitals. In this 
ase, the 
-axis
harge response is no more metalli
, perhaps due to the strong 
harge 
orre-lation inherent to the 1D system. Su
h an orbital ordering appear to persistup to as high a temperature as 600�700 K, far above the spin ordering (N�eel)temperature(200�280 K). In ordering the orbitals, the ele
troni
 stru
turebe
omes highly anisotropi
 as probed by the polarized opti
al 
ondu
tivityspe
tra [45℄.Now, let us turn our eyes to the low-doping 
riti
al region for the insula-tor�metal transition. In Fig. 12 is summarized the doping(x)-dependen
e ofCurie temperaure, Hall 
oe�
ient, and ele
troni
 spe
i�
 heat 
onstant 
 inthe vi
inity of metal�insulator (MI) transition (x
 = 0:16) of La1�xSrxMnO3[46℄. The hat
hed region represents the MI transitional region where theresistivity shows up-turn in lowering temperature below T
, where some or-dering in 
harge and/or orbital se
tors is likely to o

ur [47℄. The Hall
oe�
ient, that 
ontains no 
omponent of anomalous Hall e�e
t in su
h alow temperature region, takes a positive small value over the whole metalli
region (x >0.18), indi
ating nominally �1 hole per Mn site. This is 
har-a
teristi
 of large Fermi surfa
e of the fully spin-polarized band. In otherwords, the Fermi surfa
e retains its area down to near the metal�insulatorphase boundary.The 
 value shows a minimal enhan
ement even near the MI boundaryand steeply de
reases to zero in the transitional region in between x = 0:18and 0.15. This is in sharp 
ontrast with the 
anoni
al 
ases of the doping-indu
ed Mott transition, as already des
ribed in the present paper for the
ases of doped LaTiO3 and LaVO3, in whi
h the 
riti
al enhan
ement of 
or the strong mass renormalization e�e
t is observed.The di�use 
harge dynami
s in the ferromagneti
 metalli
 phase 
loseto the MI point manifests itself in the opti
al 
ondu
tivity spe
tra at theground state. The low-energy spe
tral weight (Drude weight) is steeply de-
reased as the 
ompound approa
hes the MI transitional boundary from thehigh-x side [48℄. Some latti
e anomaly is also dis
erned in the anomalousx-dependen
e of Debye temperature. The doping-indu
ed metalli
 groundstate in La1�xSrxMnO3 is fully spin-polarized (half-metalli
) with no spindegree of freedom left at zero temperature. The suppression of the Drudeweight 
annot be interpreted in terms of a small Jahn�Teller polaron pi
ture,sin
e no appre
iable mass renormalization is observed. The strong s
atter-ing in su
h a fully spin-polarized ground sate may be as
ribed to the orbital
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Fig. 12. Doping level (x) dependen
e of Curie temperature (TC), Hall 
oe�
ient RHand ele
troni
 spe
i�
 heat 
oe�
ient 
 for La1�xSrxMnO3. FI and FM indi
ateferromagneti
 insulator and metal. An area for 0.16�x�0.18 indi
ate the metal�insulator transitional region.degree of freedom in the eg state, as thoreti
ally argued [49, 50℄, or other-wise to dynami
al phase segregation [50℄ 
omposed of the ferromagneti
-metalli
 (double-ex
hange-mediated) and ferromagneti
-insulating (orbital-ordered super-ex
hange-mediated) states. The puzzling nature of the Motttransition is still left to be elu
idated.As another example of notable metal�insulator phenomena in mangan-ites, we show in Fig. 13 the bi
riti
al features as a 
onsequen
e of 
ompetitionof the two phases, i:e:, the ferromagneti
-metal state and the 
harge /orbitalordered state. Su
h a 
ompetition o

urs in a broad range of perovskite-related manganites with hole-doping levels around x = 0:5 [41℄. The 
aseshown in Fig. 13 is for the x = 0:45 manganites, Pr0:55(Ca1�ySry)0:45MnO3,with 
ontrolled bandwidth via the alkaline-earth 
ompostion y. As seen inthe inset, the resistivity for y <0.25 shows a sharp up-turn followed by an
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harge-orbital ordering temperature TCO. (The
harge/orbital ordering pattern is the so-
alled CE-type as illustrated inFig. 11 for the x = 0:50 ground state of Nd1�xSrxMnO3.) For y >0.25 withthe in
reased bandwidth, the 
ompound shows the ferromagneti
 transitionat TC a

ompanied by the de
rease of resisitivity. The important featureto be noted is that the both transition temperatures, TCO and TC, de
reasetowards to the bi
iriti
al point y = 0:25 from the both sides to 
oin
ide withea
h other. (See also the resistivity 
urves (the inset of Fig. 13) for y = 0:2and y = 0:25 whose up-turn and down-turn o

ur at the nearly identi
altemperature, namely TC�TCO.)

Fig. 13. Phase diagram of Pr0:55(Ca1�ySry)0:45MnO3. The inset shows tempera-ture dependent resistivity for samples with several Sr 
on
entration y.The 
olossal magnetoresistan
e (CMR) usually o

urs around su
h a bi-
riti
al point between the 
ompeting phases. The 
harge/orbital orderedphase near the bi
iriti
al point is amenable to a relatively low external mag-neti
 �eld and turned into an orbital (quantum-)disordered ferromagneti
state, a

ompanying the 
onspi
uous insulator-metal transition [41℄. Onthe other hand, the 
ompound in the ferromagneti
 side near the bi
riti-
al point shows a prototypi
al CMR behavior. In fa
t, the variation of theT -dependent resistivity 
urve with in
reasing y (see the inset of Fig. 13) quiteresembles that of the y = 0:25 
urve with in
reasing an applied magneti
�eld.
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hi, Y. TokuraThe bi
riti
al point and the phase behaviors around it are quite sensi-tive to the randomness of the system. Other 
hoi
e of the perovskite A-siteions, say R and Sr/Ba, while keeping the averaged ioni
 radius or the ef-fe
tive one-ele
tron bandwidth 
onstant, gives rise to mu
h a redu
ed TCand resultantly a further enhan
ed CMR e�e
t. This is highly nontrivial,sin
e the quen
hed disorder or some frustration arising from the A-site ions
auses even enhan
ed phase �u
tuation with suppressed long-range order.Too strong disorder, su
h as the impurity (e:g: Cr)-doping on the Mn site[51, 52℄ or the latti
e strain inherent to the 
erami
s grain boundaries [53℄,seems to 
ause the phase separation on various length-s
ale and time-s
ale(relaxor-like bhaviors) in su
h a bi
riti
al region. This is also a sour
e ofCMR via per
olation me
hanism.We would like to thank Y. Tomioka, T. Okuda, and H. Kuwahara fortheir help in preparing the manus
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