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CONTROL OF MOTT TRANSITIONIN TRANSITION-METAL OXIDES�S. MiyasakaDepartment of Applied Physis, University of Tokyo, Tokyo 113-8656, JapanY. TaguhiInstitute for Material Researh, Tohoku University, Sendai 980-8575, Japanand Y. TokuraDepartment of Applied Physis, University of Tokyo, Tokyo 113-8656, JapanCorrelated Eletron Researh Center (CERC) National Institute of AdvanedIndustrial Siene and Tehnology (AIST), Tsukuba 305-8562, JapanSpin Superstruture Projet, ERATO, Japan Siene and TehnologyCorporation (JST), Tsukuba 305-8562, Japan(Reeived 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-eletron bandwidth. The omplex interplay among thespin, harge, and orbital degrees of freedom is laid emphasis to eluidateanomalous features of the barely metalli phase lose to the Mott transitionpoint.PACS numbers: 71.30.+h, 72.15.�v, 75.30.Kz1. IntrodutionSine the disovery of high-temperature superondutivity in uprateswith perovskite-related strutures, the researh on the Mott transition intransition-metal oxides (TMOs) has been aelerated [1℄. Some lassi TMOshave also been revisited and new aspets, e.g. a mutual interplay among theharge, spin, and orbital degrees of freedom, have been revealed. For the� Presented at the International Conferene on Strongly Correlated Eletron Systems,(SCES02), Craow, Poland, July 10�13, 2002.(303)



304 S. Miyasaka, Y. Taguhi, Y. Tokurapurpose, the perovskite struture (AMO3) has been partiularly useful be-ause the ontrol of the two important parameters in the orrelated eletronsystem, band-�lling and bandwidth (see Fig. 1), is apable with use of theompositional 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 indiatethe 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 lattie. This in turn governs the hybridizationbetween the O 2p and M d orbitals and hene the e�etive hopping inter-ation or one-eletron bandwidth of d eletron. 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 indued insulator�metal transitionfor R = Pr and Nd, and for others are always insulating irrespetive ofparamagneti or antiferromagneti. The �lling ontrol an be performed bypartly replaing R (e.g. La) with alkaline-earth divalent ion (e:g: Sr). Inonjuntion with the bandwidth ontrol, the study of a doping e�et on theMott transition in the form of perovskite lattie enables us to investigatethe ritial features of the Mott transition in a wide parameter spae.Here we will review the study of the Mott transition in some 3d TMO sys-tems with perovskite struture, 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 prototypial mass-enhanement feature, generi for the Motttransition but not like the ase of doped uprates, is observed. The orbital



Control of Mott Transition in Transition-Metal Oxides 305degeneray in the t2g state should play an important role not only in real-izing the A-site spei� magneti state, say the ferromagneti ground stateof YTiO3, but also in the Mott transition proess itself. However, this ef-fet has not been made transparent enough as yet perhaps beause of largequantum �utuation of orbital for the RTiO3 family [3℄. By ontrast, theative 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 eletroni struture indued by the orbital ordering. The orbitalorrelation 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 biritial feature between theharge/orbital ordered state and the ferromagneti metalli state is desribedin nearly half-doped manganites. The ompetition of the ordered phases islosely related to the olossal magnetoresistane e�et as well as to unon-ventional phase-ontrollability, suh as photo-indued insulator-metal tran-sition [4,5℄ and urrent swithing e�et [6℄, ahieved 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-eletron bandwidthand the band �lling an be ontrolled [12℄ by the hemial modi�ationof the R-site. As shematially shown in Fig. 3, the ground state variesfrom antiferromagneti to ferromagneti when the R-ion is hanged from La
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� 0.15 Fig. 3. A shemati 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, respetively. The �lling-ontrol an be ahieved by partiallysubstituting La or Y site with divalent Sr or Ca ion, and/or by introduingexess 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 muh as � 0:35 in thease of YTiO3 although the ferromagneti phase disappears at muh lessdoping onentration (< 0:2) [9℄. The di�erent doping-level needed for theinsulator-metal transition is asribed to the di�erent orrelation strengthof the respetive parent ompound, that is manifested by the di�erenein the Mott�Hubbard gap (a. 0.2 eV and 0.8 eV for LaTiO3 and YTiO3,respetively) [14℄. In the su�iently hole-doped metalli phases of the bothompounds, several hallmarks that are harateristi of Fermi liquid, suh asT -squared resistivity, T -independent suseptibility, and T -linear eletronispei� heat, T -independent Hall oe�ient, are observed [15, 16℄.As displayed in Fig. 4(b), the inverse of Hall oe�ient in the metalliphases shows almost linear dependene on the band �lling (= 1 � x, wherex denotes the Sr- or Ca-onentration or the hole doping level) [15℄. Thestraight line in the �gure is the expeted dependene for a simple paraboliband. Therefore, the experimental result suggests that the Fermi surfaearea is expanded with the �lling as expeted for a free-eletron like band.In Fig. 4(a), the eletroni spei� heat oe�ient  and the Pauli-like sus-
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310 S. Miyasaka, Y. Taguhi, Y. Tokurato an antiferromagneti (AF) state but also a strutural phase transitionoupled with orbital ordering as temperature is dereased. 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 shemati phase diagramof spin and orbital ordering (SO and OO) in this system [29℄. BetweenPrVO3 and LuVO3, the strutural phase transition perhaps aompanied bythe OO with an alternative d1xyd1yz=d1xyd1zx eletron on�guration (Fig. 7())takes plae 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 strutural phase transitionat a few degrees below TSO1, suggesting that the C-type SO indues theG-type OO and related strutural 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 onomitantly below the seond strutural andmagneti transition temperatures (TOO2 = TSO2).
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Control of Mott Transition in Transition-Metal Oxides 311types of SO and OO. The 2 eV band in the �(!) spetrum has been as-signed to the Mott�Hubbard gap transition [31�34℄. At 10 K, the peakaround 2 eV in the E k  spetra shows distint shape and high intensity,whih has seldom been observed in other Mott�Hubbard insulators in three-dimension [31, 35℄. Suh an anisotropi and distint spetral feature for theMott�Hubbard gap transition re�ets the anisotropi eletroni struturedue to the SO and OO with one-dimensional harater, as argued in thefollowing.As seen in Figs. 8(a) and (b), the 2 eV band in the �(!) for E k  isomposed of two peaks. At the ground state (10 K), the lower-lying peak 1bears muh larger (smaller) intensity than the higher-lying peak 2 in LaVO3(YVO3), as learly seen in the spetral deomposition (broken lines). In theboth vanadates, an eletron 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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312 S. Miyasaka, Y. Taguhi, 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 optial exitationbetween the dzx orbitals in the respetive ase of SO and OO. The energy ofthe dzx-dzx exitation 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�etive Hund's-ruleoupling. Therefore, the �(!) spetrum 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�etive on-site Coulomb repulsion and Hund's-rule oupling, respetively.Suh orbital-dependent Mott�Hubbard gap transitions and their seletionrules in the spin- and orbital-ordered state an roughly explain spetralfeatures in the respetive 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 inrease of doping level. The ritial
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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 ourrene ofthe strutural phase transition due to the G-type orbital ordering. Arrows indiatethe strutural 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, respetively.



Control of Mott Transition in Transition-Metal Oxides 313behavior of the metal�insulator transition (MIT) has reently been investi-gated by using high-quality single rystals of La1�xSrxVO3 [23℄. We displaythe temperature dependene 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 indiated by an arrow whih signals the our-rene of the �rst order phase transition. This phase hange orresponds to alattie-strutural transition from an orthorhombi to a monolini form [30℄,that is assoiated by the G-type orbital ordering. With the inrease of x, thestrutural phase transition temperature (TOO1) systematially dereases andeventually the transition disappears around x = 0:178. In the ritial 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 dereases in the wholetemperature region down to 2 K. The extrapolated zero-temperature on-dutivity remains �nite for 0:178 � x � 0:210, while zero for x � 0:176. Theintrinsi MIT at zero temperature ours around x = 0:176, aompanied bythe onset of the strutural phase transition, i:e:, the orbital order-disordertransition.As shown in the phase diagram (Figs. 7 and 10(a)), TSO1 and TOO1systematially derease with the inrease of x. The temperature interval be-tween them is almost unhanged, suggesting that the C-type SO indues theorbital ordering and the related strutural phase transition in the Sr-dopedompounds as well as in LaVO3 and CeVO3. In La1�xSrxVO3, this AF or-dering remains until x = 0:260 and the ground state beomes the AF metal,while the �rst-order strutural phase transition disappears onomitantlywith the MIT around x = 0:178. In this system, therefore, the boundary ofthe strutural 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 inrease of the Sr onentration x,and eventually beomes the orbital disordered PM metal.Thermal and transport properties in La1�xSrxVO3 show distint fea-tures between the PM and the AF metal phases. The PM metal phase(x > 0:260) an be haraterized by �lling-dependent mass renormalization.The eletroni spei� heat oe�ient  is plotted against x in Fig. 10().With dereasing the doping level from x = 0:327 to 0.260,  is enhaned,re�eting the mass renormalization e�et in the viinity 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 dereases with the derease of x toward the MIT. In the Fermi-liquid
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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, whih suggeststhe strong AF spin �utuation extending over a broad x-region beyond theAF/PM ritial point [39℄.We show the x-dependene 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�4m3/C. This is on-sistent with the piture of a large Fermi surfae ontaining a few arriereletrons per vanadium atom. In the AF metal phase, by ontrast, the mag-nitude of Hall oe�ient shows a rapid inrease at low temperatures belowTSO1. At x = 0:178, the lowest temperature Hall oe�ient is as large as�5� 10�3m3/C. The result indiates that in the AF metal phase the ar-



Control of Mott Transition in Transition-Metal Oxides 315rier number dereases with approahing the insulating phase, perhaps dueto the ourrene of the SDW-like gap in the k-spae. The redution in thearrier density is roughly onsistent with the derease of , whih indiatesthe shrinkage of the Fermi surfae in the AF metal phase, while keeping orenhaning the mass renormalization e�et.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 spei� heat relatedto the struture 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 referene. Moreover, the spei� heat around MIT shows no jump atTSO1, indiating that the ontribution of the magneti transition to �C isnegligible near the MIT. We plotted the temperature dependene 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 oupied by two eletrons to the G-type orbital ordering,the entropy hange is desribed as �S = R ln 3� (1�x). The present resultis roughly onsistent with the value. With the inrease of x, the jump ofthe spei� heat fades out and �S at TOO1 dereases. At low temperatures,however, �S is rather enhaned near the MIT (see the urve for x = 0:178),whih suggests the existene of the orbital �utuation or the related soften-ing of the phonon. Namely, the AF metal phase lose to the metal�insulatorritial point appears to be ruially a�eted 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 eletroni phases indued by a lose interplay amongthe spin, harge, and orbital degree of freedom in the perovskite mangan-ites, we �rst show in Fig. 11 the eletroni phase diagram for Nd1�xSrxMnO3[40, 41℄. The end Mott insulator NdMnO3 shows, like LaMnO3, the3x2 � r2 /3y2 � r2 orbital ordered sate. The ferromagneti interation withinthe plane is mediated by the super-exhange interation in the orbital alter-natively-ordered state, and the ferromagneti Mn-O sheets stak antiferro-magnetially along the  axis (A-type antiferromagnetism) via the antiferro-magneti super-exhange interation. 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-exhange interation. Up to x�0.4 the kineti energy of doped holes in-reases with x, or equivalently the Curie temperature TC inreases with x.
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Fig. 11. Eletroni 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 indiate the orthorhombi lattie strutures with a � b >  and a � b < ,respetively.With further hole doping, in partiular exeeding x = 0:5, the double-exhange interation of eg eletron and the super-exhange interation be-tween the t2g loal spins an �nd the ompromise to realize the low-dimen-sional ferromagneti strutures at the ground state. Namely, at 0.52<x <0.62 the ground state is A-type antiferromagneti assoiated 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-exhange interation in thex2�y2 orbital ordered state, while along the -axis the free energy is gainedby the antiferromagneti oupling. In fat, the resistivity for x = 0:55 showthe 2D metalli feature in spite of nearly ubi lattie struture [44℄. Thus,albeit similarly A-type antiferromagneti, the 2D double-exhange sheetsrealized in the over-doped region of the manganites is distint from the3x2 � r2/3y2 � r2 Mott-insulating state for x = 0.



Control of Mott Transition in Transition-Metal Oxides 317With further inreasing the doping level x above 0.62, the kineti energyof arriers is further dereased (this should be viewed as the derease of egeletron �lling rather than as the inrease of hole ount), and the double-exhange path is restrited along the -axis hain. Namely, the ferromagnetihain along the -axis is oupled antiferromagnetially (C-type). This stateis mediated by the ferro-ordering of 3z2�r2 orbitals. In this ase, the -axisharge response is no more metalli, perhaps due to the strong harge orre-lation inherent to the 1D system. Suh 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 eletroni struturebeomes highly anisotropi as probed by the polarized optial ondutivityspetra [45℄.Now, let us turn our eyes to the low-doping ritial region for the insula-tor�metal transition. In Fig. 12 is summarized the doping(x)-dependene ofCurie temperaure, Hall oe�ient, and eletroni spei� heat onstant  inthe viinity of metal�insulator (MI) transition (x = 0:16) of La1�xSrxMnO3[46℄. The hathed 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 setors is likely to our [47℄. The Halloe�ient, that ontains no omponent of anomalous Hall e�et in suh alow temperature region, takes a positive small value over the whole metalliregion (x >0.18), indiating nominally �1 hole per Mn site. This is har-ateristi of large Fermi surfae of the fully spin-polarized band. In otherwords, the Fermi surfae retains its area down to near the metal�insulatorphase boundary.The  value shows a minimal enhanement even near the MI boundaryand steeply dereases to zero in the transitional region in between x = 0:18and 0.15. This is in sharp ontrast with the anonial ases of the doping-indued Mott transition, as already desribed in the present paper for theases of doped LaTiO3 and LaVO3, in whih the ritial enhanement of or the strong mass renormalization e�et is observed.The di�use harge dynamis in the ferromagneti metalli phase loseto the MI point manifests itself in the optial ondutivity spetra at theground state. The low-energy spetral weight (Drude weight) is steeply de-reased as the ompound approahes the MI transitional boundary from thehigh-x side [48℄. Some lattie anomaly is also diserned in the anomalousx-dependene of Debye temperature. The doping-indued 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 piture,sine no appreiable mass renormalization is observed. The strong satter-ing in suh a fully spin-polarized ground sate may be asribed to the orbital
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Fig. 12. Doping level (x) dependene of Curie temperature (TC), Hall oe�ient RHand eletroni spei� heat oe�ient  for La1�xSrxMnO3. FI and FM indiateferromagneti insulator and metal. An area for 0.16�x�0.18 indiate the metal�insulator transitional region.degree of freedom in the eg state, as thoretially argued [49, 50℄, or other-wise to dynamial phase segregation [50℄ omposed of the ferromagneti-metalli (double-exhange-mediated) and ferromagneti-insulating (orbital-ordered super-exhange-mediated) states. The puzzling nature of the Motttransition is still left to be eluidated.As another example of notable metal�insulator phenomena in mangan-ites, we show in Fig. 13 the biritial features as a onsequene of ompetitionof the two phases, i:e:, the ferromagneti-metal state and the harge /orbitalordered state. Suh a ompetition ours 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



Control of Mott Transition in Transition-Metal Oxides 319insulating behavior at the harge-orbital ordering temperature TCO. (Theharge/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 inreased bandwidth, the ompound shows the ferromagneti transitionat TC aompanied by the derease of resisitivity. The important featureto be noted is that the both transition temperatures, TCO and TC, dereasetowards to the biiritial point y = 0:25 from the both sides to oinide witheah other. (See also the resistivity urves (the inset of Fig. 13) for y = 0:2and y = 0:25 whose up-turn and down-turn our at the nearly identialtemperature, 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 onentration y.The olossal magnetoresistane (CMR) usually ours around suh a bi-ritial point between the ompeting phases. The harge/orbital orderedphase near the biiritial point is amenable to a relatively low external mag-neti �eld and turned into an orbital (quantum-)disordered ferromagnetistate, aompanying the onspiuous insulator-metal transition [41℄. Onthe other hand, the ompound in the ferromagneti side near the biriti-al point shows a prototypial CMR behavior. In fat, the variation of theT -dependent resistivity urve with inreasing y (see the inset of Fig. 13) quiteresembles that of the y = 0:25 urve with inreasing an applied magneti�eld.
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