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Late experimental investigations on the filling-control Mott transition
are reviewed by taking examples of the perovskite Ti, V, and Mn oxides
with controlled one-electron bandwidth. The complex interplay among the
spin, charge, and orbital degrees of freedom is laid emphasis to elucidate
anomalous features of the barely metallic phase close to the Mott transition
point.

PACS numbers: 71.30.+h, 72.15.—v, 75.30.Kz

1. Introduction

Since the discovery of high-temperature superconductivity in cuprates
with perovskite-related structures, the research on the Mott transition in
transition-metal oxides (TMOs) has been accelerated [1]. Some classic TMOs
have also been revisited and new aspects, e.g. a mutual interplay among the
charge, spin, and orbital degrees of freedom, have been revealed. For the
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purpose, the perovskite structure (AM O3) has been particularly useful be-
cause the control of the two important parameters in the correlated electron
system, band-filling and bandwidth (see Fig. 1), is capable with use of the
compositional change of the perovskite A-site (non-TMO site).

Ult

Fig. 1. Metal-insulator phase diagram based on the Hubbard model in the plane of
U/t and filling n. I and M denote correlated insulator and metal. Arrows indicate
the routes of filling-control and bandwidth-control metal-insulator transitions.

The distortion of the bond angle M-O-M depends on the ionic radius
of the A-site ion, namely a larger distortion with a smaller ionic radius in
the orthorhombic perovskite lattice. This in turn governs the hybridization
between the O 2p and M d orbitals and hence the effective hopping inter-
action or one-electron bandwidth of d electron. A good example for the
filling-control Mott transition is the case of RNiO3 (R being the rare-earth
ion) [2]. The RNiOj is paramagnetic metallic for R = La with a maxi-
mal bandwidth, undergoes the thermally induced insulator-metal transition
for R = Pr and Nd, and for others are always insulating irrespective of
paramagnetic or antiferromagnetic. The filling control can be performed by
partly replacing R (e.g. La) with alkaline-earth divalent ion (e.g. Sr). In
conjunction with the bandwidth control, the study of a doping effect on the
Mott transition in the form of perovskite lattice enables us to investigate
the critical features of the Mott transition in a wide parameter space.

Here we will review the study of the Mott transition in some 3d TMO sys-
tems with perovskite structure, by exemplifying the cases of RTiO3, RVOs;,
RMnOg, and their hole-doped systems. The RTiO3 is a S = 1/2 Mott—
Hubbard insulator with the band filling n» = 1 for the Ti 3d band (seen
Fig. 2). A prototypical mass-enhancement feature, generic for the Mott
transition but not like the case of doped cuprates, is observed. The orbital
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degeneracy in the ?9, state should play an important role not only in real-
izing the A-site specific magnetic state, say the ferromagnetic ground state
of YTiOg3, but also in the Mott transition process itself. However, this ef-
fect has not been made transparent enough as yet perhaps because of large
quantum fluctuation of orbital for the RTiO3 family [3]. By contrast, the
active role of orbital degree of freedom is more visible for the RVO3 system
that possesses 3d? (S = 1) configuration of V3* ions. We show the interplay
between the orbital and spin orders in various RVOj3 as well as the strongly
anisotropic electronic structure induced by the orbital ordering. The orbital
correlation is likely important also in understanding an anomalous nature of
the metallic state on the verge of the Mott transition in La;_,Sr; VOs.

3d orbital< eg=== —IL— —
= ===t

Ti3+ V3+ Mn3+

Fig.2. Crystal-field splitting of five-fold degenerate atomic 3d levels into lower 2,
(triply degenerate) and higher e, (doubly degenerate) levels in trivalent Ti, V and
Mn ions.

We will also give a brief review on the Mott transition in Laj_;Sr,MnOs3
that keeps the ferromagnetic state in the course of the transition. As another
example of the metal-insulator transition, the bicritical feature between the
charge/orbital ordered state and the ferromagnetic metallic state is described
in nearly half-doped manganites. The competition of the ordered phases is
closely related to the colossal magnetoresistance effect as well as to uncon-
ventional phase-controllability, such as photo-induced insulator-metal tran-
sition [4,5] and current switching effect [6], achieved so far in the manganite
system.

2. RTiOg3

Perovskite-type titanate RTiO3 (where R is a trivalent rare-earth ion
or Y) is well known [3,7-12] as a Mott insulator with S = 1/2. One of
the advantages in this system is that both of the one-electron bandwidth
and the band filling can be controlled [12] by the chemical modification
of the R-site. As schematically shown in Fig. 3, the ground state varies
from antiferromagnetic to ferromagnetic when the R-ion is changed from La
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Fig.3. A schematic phase diagram of Ry ,A;TiO34, /2 system, where hole con-
centration corresponds to x + y.

to Y. The Néel temperature and the Curie temperature are about 140 K
and 30 K, respectively. The filling-control can be achieved by partially
substituting La or Y site with divalent Sr or Ca ion, and/or by introducing
excess oxygen. In LaTiO3, both the antiferromagnetic phase and insulating
phase are destroyed by the hole-doping of less than 0.1 [13|. By contrast,
the metallic phase is obtained by the hole-doping as much as ~ 0.35 in the
case of YTiO3 although the ferromagnetic phase disappears at much less
doping concentration (< 0.2) [9]. The different doping-level needed for the
insulator-metal transition is ascribed to the different correlation strength
of the respective parent compound, that is manifested by the difference
in the Mott-Hubbard gap (ca. 0.2 €V and 0.8 eV for LaTiO3 and YTiOs3,
respectively) [14]. In the sufficiently hole-doped metallic phases of the both
compounds, several hallmarks that are characteristic of Fermi liquid, such as
T-squared resistivity, T-independent susceptibility, and T-linear electronic
specific heat, T-independent Hall coefficient, are observed [15,16].

As displayed in Fig. 4(b), the inverse of Hall coefficient in the metallic
phases shows almost linear dependence on the band filling (= 1 — z, where
x denotes the Sr- or Ca-concentration or the hole doping level) [15]. The
straight line in the figure is the expected dependence for a simple parabolic
band. Therefore, the experimental result suggests that the Fermi surface
area is expanded with the filling as expected for a free-electron like band.
In Fig. 4(a), the electronic specific heat coefficient v and the Pauli-like sus-



Control of Mott Transition in Transition-Metal Oxides 307

20 T T T T T T T T T 6
@ Lay,Sr,TiO;
[ ] oY
~ 150 oy 9]
X . " Y., CaTiO; 14 %
g 100 © o wY 5
E g . L] ox N
o
= ° o N 42 a
S =
O——
> 3le (D) i
g [ ) [ ] Lal_XSrXTi03
D o) Yl_xcaxTi03 i
(")O 2— [ ] 1
) o
i o ° o
& 1 ]
O L | L | L | L | L
0 02 04 06 08 1
X

Fig.4. x dependence of (a) the electronic specific heat coefficient v and Pauli-like
susceptibility x and (b) the inverse of the Hall coefficient for La;_,Sr,TiO3 and
Yl_zcazTiO:;.

ceptibility x are plotted against z. In a simple free-electron model with a
constant effective mass, both quantities should be proportional to (1 — x)l/ 3
as represented by a solid line in the figure. In contrast to the case of Hall
coefficient, they clearly show significant deviation from the expected behav-
ior and steep increase as the insulator-metal phase boundary is approached.
This indicates a critical mass-enhancement [15] of the electron-type charge
carriers and is in accord with the Brinkman-Rice picture [17].

Although the overall behavior is clarified as described above, the critical
region near the metal-insulator transition point and the antiferromagnetic
instability point should be examined in more detail. To control the electron
filling more finely, the hole doping by introducing excess oxygen has been at-
tempted [13]. The resistivity of several oxygen-doped crystals are displayed
in Fig. 5. The sample with § & 0.06 shows a gentle upturn at around 90 K,
slightly below Néel temperature (see Fig. 6(a)), but the resistivity remains
finite even at the lowest temperature. Therefore, the ground state of this
sample is an antiferromagnetic metal. The crystal with § =~ 0.08 locates
at the antiferromagnetic instability point, and the low-temperature resistiv-
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Fig.5. Temperature dependence of resistivity for the metallic samples with excess
oxygen LaTiOs,,/>. The inset exemplifies T*-type dependence of the resistivity
for § =~ 0.08 below 60 K at ambient pressure and 2.0 GPa. The straight lines
correspond to o = 1.6 and 2.0 dependencies, respectively.

ity exhibits T“-type behavior with a = 1.6, as exemplified in the inset to
Fig. 5. This value is distinct from the value (=2) expected for the Fermi
liquid, and is close to 1.5 that is predicted by the self-consistent renormaliza-
tion theory [18] for the compound at the antiferromagnetic instability point.
Application of pressure of 2.0 GPa changes the exponent to a = 2, as shown
in the inset. Applied pressure enhances the one-electron bandwidth, there-
fore the electron system is driven away from the antiferromagnetic instability
point and restores the Fermi liquid behavior.

In Fig. 6, several important quantities are plotted as a function of hole
doping level [13]. The Néel temperature decreases with increasing hole-
doping, and disappears at ¢ ¢ ~ 0.08, as shown in the panel (a). The
inverse of Hall coefficient at 2 K is plotted in the panel (b). The decrease
of this quantity for § ~ 0.06 sample compared with é ~ 0.08 sample is ac-
counted for in terms of reduced Fermi surface area due to the opening of spin
density wave gap. The removal of a part of the Fermi surface causes the re-
duction of the density of states at the Fermi surface. This manifests itself as
the decrease of the electronic specific heat coefficient 7 in the antiferromag-
netic metallic phase, as shown in the panel (c). Therefore, the filling-control
metal-insulator transition in this system is summarized as follows: As the
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Fig.6. Hole doping dependence of (a) Néel temperature, (b) inverse of Hall coeffi-
cient, and (c) electronic specific heat coefficient. Vertical dashed lines indicate the
insulator-metal (6IM ~ 0.05) and antiferromagnetic-paramagnetic (6™ = 0.08)
phase boundaries.

metal-insulator transition point is approached from the metallic side, the
effective mass of the charge carriers is critically enhanced due to the filling-
dependent correlation effect. Once the antiferromagnetic ordering sets in,
some portion of the Fermi surface is gapped, and both the carrier density
and the density of states at the Fermi level are reduced. Further increase of
band filling toward integer filling eventually drives the system into the Mott
insulating state.

3. RVOg3

Perovskite-type Laj_;Sr; VO3 is a classic Mott transition system [1,19].
The parent compound LaVOj and related materials RVO3, where R is a
trivalent rear-earth ion or Y, are Mott—Hubbard type insulators with the
electron configuration of 3d?. Besides the manganites, these vanadates have
been attracting current interest because of ordering and fluctuation of orbital
degrees of freedom [20-26]. RVO3 undergoes not only a magnetic transition
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to an antiferromagnetic (AF) state but also a structural phase transition
coupled with orbital ordering as temperature is decreased. These compounds
exhibit a variety of spin and orbital ordered states depending on the rare-
earth site ions [22,25,27,28]. Figure 7(a) presents a schematic phase diagram
of spin and orbital ordering (SO and OO) in this system [29]. Between
PrVO3; and LuVO3;, the structural phase transition perhaps accompanied by
the OO with an alternative d}ﬂydéz/d}ﬂydém electron configuration (Fig. 7(c))
takes place above the transition temperature of C-type antiferromagnetism
(Tso1) [21]. Here, we call this OO G-type by analogy to spin ordering.
By contrast, LaVO3 and CeVOj3 undergo the structural phase transition
at a few degrees below Tg01, suggesting that the C-type SO induces the
G-type OO and related structural phase transition [30]. In the R = Dy to
Lu compounds, on the other hand, the pattern of the SO turns into G-type,
and the OO does into C-type concomitantly below the second structural and
magnetic transition temperatures (Too2 = Ts02)-

(a) Temp.
RVO;,

\ R=La
© .

C-type OO

Fig.7. (a) Schematic phase diagrams of RVO3 and La;_,Sr,VOs. The abbre-
viations mean G-type (G), C-type (C), spin and orbital ordering (SO and OO).
(b), (c) Schematic structures of the C-type and G-type OO in the perovskite-type
RVOs3. Gray lobes indicate occupied d,. and d., orbitals on the vanadium ions.
The commonly occupied d,, orbitals are displaced for clarity.

These SO and OO are expected to cause appreciable anisotropy in the
electronic structure and charge dynamics through the spin-charge-orbital
correlations. Figures 8(a) and (b) present optical conductivity (o(w)) spec-
tra for E || cand E L ¢ at 10 K in LaVO3 and YVOs3, which have different
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types of SO and OO. The 2 €V band in the o(w) spectrum has been as-
signed to the Mott—Hubbard gap transition [31-34]. At 10 K, the peak
around 2 €V in the E || ¢ spectra shows distinct shape and high intensity,
which has seldom been observed in other Mott—Hubbard insulators in three-
dimension [31,35]. Such an anisotropic and distinct spectral feature for the
Mott-Hubbard gap transition reflects the anisotropic electronic structure
due to the SO and OO with one-dimensional character, as argued in the
following.

As seen in Figs. 8(a) and (b), the 2 €V band in the o(w) for E || ¢ is
composed of two peaks. At the ground state (10 K), the lower-lying peak 1
bears much larger (smaller) intensity than the higher-lying peak 2 in LaVOs3
(YVOs3), as clearly seen in the spectral decomposition (broken lines). In the
both vanadates, an electron can hop only between the d,, orbitals or d; ones
on the neighboring V site along the c-axis through the m-bonding with the O
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Fig.8. Optical conductivity spectra for E || ¢ and ELc (solid lines) in single
crystals of (a) LaVO3 and (b) YVOj3 at 10 K. Broken lines indicate the fitting result
with the Lorentz model for the c-axis polarized optical conductivity spectrum in
both compounds. The lower- and higher-lying peaks are the Mott—Hubbard gap
transitions, denoted “peak 1”7 and “peak 27, respectively. (c), (d) Change of to
orbital states on the neighboring V sites along the c-axis in the optical d,,-d.,
transition in each type of SO and OO.
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2py or 2p, state. The dy.-d,, transition energy should be nearly equal to the
d;p-d. one. In Figs. 8(c) and (d), we exemplify the change of the t9, orbital
states on the neighboring V sites along the c-axis in the optical excitation
between the d,; orbitals in the respective case of SO and OO. The energy of
the d,;-d,; excitation in the C-type SO and G-type OO is smaller than that
in the G-type SO and C-type OO by an energy of the effective Hund’s-rule
coupling. Therefore, the o(w) spectrum for E || ¢ has a peak with a large
intensity at U’'— K for the C-type SO and G-type OO, or otherwise at U'+ K
for the G-type SO and C-type OO, where U’ and K denote the energy of
effective on-site Coulomb repulsion and Hund’s-rule coupling, respectively.
Such orbital-dependent Mott—Hubbard gap transitions and their selection
rules in the spin- and orbital-ordered state can roughly explain spectral
features in the respective ground-states of LaVO3 and YVOs;.

In RVO3;, the hole doping by substitution of R with Sr or Ca causes a
transition from a correlated insulator to a metal and the AF spin long-range
order gradually disappears with the increase of doping level. The critical
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Fig.9. Temperature (T') dependent resistivity for single crystals of La;_,Sr, VOs.
The resistivity curve for 2 < 0.176 shows a kink corresponding to the occurrence of
the structural phase transition due to the G-type orbital ordering. Arrows indicate
the structural phase transition temperature (Too1). The inset shows a plot of
p—po vs. T for x = 0.327 in the PM metal phase and z = 0.260 in the AF metal
phase, where p and p, are resistivity and residual resistivity, respectively.
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behavior of the metal-insulator transition (MIT) has recently been investi-
gated by using high-quality single crystals of La;_,Sr, VO3 [23]. We display
the temperature dependence of the resistivity for samples with several dop-
ing levels z in Fig. 9. The resistivity for z < 0.176 shows an insulating
behavior and has a kink indicated by an arrow which signals the occur-
rence of the first order phase transition. This phase change corresponds to a
lattice-structural transition from an orthorhombic to a monoclinic form [30],
that is associated by the G-type orbital ordering. With the increase of z, the
structural phase transition temperature (Too1) systematically decreases and
eventually the transition disappears around z = 0.178. In the critical region
of MIT (0.178 < z < 0.210), the resistivity shows upturn at a low tempera-
ture, while that for z = 0.260 and 0.327 monotonously decreases in the whole
temperature region down to 2 K. The extrapolated zero-temperature con-
ductivity remains finite for 0.178 < z < 0.210, while zero for £ < 0.176. The
intrinsic MIT at zero temperature occurs around z = 0.176, accompanied by
the onset of the structural phase transition, 4.e., the orbital order-disorder
transition.

As shown in the phase diagram (Figs. 7 and 10(a)), Tso1 and Too1
systematically decrease with the increase of z. The temperature interval be-
tween them is almost unchanged, suggesting that the C-type SO induces the
orbital ordering and the related structural phase transition in the Sr-doped
compounds as well as in LaVO3 and CeVOs3. In La;_,Sr;VOs, this AF or-
dering remains until x = 0.260 and the ground state becomes the AF metal,
while the first-order structural phase transition disappears concomitantly
with the MIT around z = 0.178. In this system, therefore, the boundary of
the structural phase transition is different from that between the paramag-
netic (PM) and AF phase. In other words, the ground state of this system
perhaps undergoes the transition from the orbital ordered AF insulator to
the orbital disordered AF metal with the increase of the Sr concentration z,
and eventually becomes the orbital disordered PM metal.

Thermal and transport properties in Laj;_,Sr; VO3 show distinct fea-
tures between the PM and the AF metal phases. The PM metal phase
(z > 0.260) can be characterized by filling-dependent mass renormalization.
The electronic specific heat coefficient «y is plotted against z in Fig. 10(c).
With decreasing the doping level from z = 0.327 to 0.260, v is enhanced,
reflecting the mass renormalization effect in the vicinity of the Mott tran-
sition [17]. The magnitude of v for z = 0.260 is 59mJ/K2mol and approxi-
mately seven times as large as that of the end member SrVOs, reported pre-
viously [36]. Moreover, the value per transition-metal atom is even larger
than that of other Mott transition systems [13,37], e.g. v ~40mJ/K?V-
atom for Vo_,O3(3]. In the AF metal phase (0.178<2<0.260), however,
rather decreases with the decrease of x toward the MIT. In the Fermi-liquid
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Fig.10. (a): The electronic phase diagram of La;_,Sr,VO3. (b), (¢): The Sr
concentration (z) dependence of (b) the inverse of the Hall coefficient Ry at 5 K and
(c) the electronic specific heat coefficient . (d): T' dependence of entropy related
to the structural phase transition, AS, for the insulating sample (z = 0.147),
the sample (z = 0.178) on the verge of the metal-insulator trasition, and the
metallic sample (z = 0.260) of La;_,Sr, VO3 are plotted. An arrow indicates the
temperature of the structural phase transition (To01)-

picture, except for the region very close to the AF/PM phase boundary,
the low temperature resistivity in the PM metal phase is predicted to show
T?-dependence, and the T?-term coefficient A and the y obey the Kadowaki—
Woods relationship, A = ay? with @ ~ 1 x 107''Qcm/(mJ/K?mol)? [15,
37,38|. As seen from the inset of Fig. 9, however, the resistivity for the
2 = 0.327 PM metallic sample is still in proportion to 7%, which suggests
the strong AF spin fluctuation extending over a broad z-region beyond the
AF/PM critical point [39].

We show the z-dependence of inverse of the Hall coefficient at 5 K in
Fig. 10(b). The Hall coefficient for all the metallic crystals is negative in
sign. In the PM metal phase, Hall coefficient is almost independent of tem-
perature, with the magnitude of approximately 2x10~%cm? /C. This is con-
sistent with the picture of a large Fermi surface containing a few carrier
electrons per vanadium atom. In the AF metal phase, by contrast, the mag-
nitude of Hall coefficient shows a rapid increase at low temperatures below
Tso1- At x = 0.178, the lowest temperature Hall coefficient is as large as
—5 x 1073cm3/C. The result indicates that in the AF metal phase the car-
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rier number decreases with approaching the insulating phase, perhaps due
to the occurrence of the SDW-like gap in the k-space. The reduction in the
carrier density is roughly consistent with the decrease of -y, which indicates
the shrinkage of the Fermi surface in the AF metal phase, while keeping or
enhancing the mass renormalization effect.

The observed anomalous behavior of the entropy also seems to indi-
cate the correlation of orbital ordering around the MIT. We define AC =
(C(z)—v(z)T)—(C(x = 0.327) —y(z = 0.327)T') as the specific heat related
to the structure phase transition. Here, we used the phonon term of the spe-
cific heat for the z = 0.327 PM metal sample (C(z = 0.327)—~(z = 0.327)T)
as a reference. Moreover, the specific heat around MIT shows no jump at
Ts01, indicating that the contribution of the magnetic transition to AC is
negligible near the MIT. We plotted the temperature dependence of entropy
AS(T) = fOT AC(T")/T'dT" for the samples with several doping levels z in
Fig. 10(d). AS for the insulating sample (r = 0.147) at Too1 is approx-
imately 6.5J/Kmol. Given the transition from the triply degenerated ty,
orbitals randomly occupied by two electrons to the G-type orbital ordering,
the entropy change is described as AS = R1In3 x (1 —z). The present result
is roughly consistent with the value. With the increase of z, the jump of
the specific heat fades out and AS at Too1 decreases. At low temperatures,
however, AS is rather enhanced near the MIT (see the curve for z = 0.178),
which suggests the existence of the orbital fluctuation or the related soften-
ing of the phonon. Namely, the AF metal phase close to the metal-insulator
critical point appears to be crucially affected by strong orbital correlations.
With further doping (e.g., in the PM metal phase) the related entropy at
low temperatures are fully suppressed, as seen in Fig. 10(d).

4. RMI’IOg

To overview complex electronic phases induced by a close interplay among
the spin, charge, and orbital degree of freedom in the perovskite mangan-
ites, we first show in Fig. 11 the electronic phase diagram for Nd; _,Sr;MnOg
[40, 41]. The end Mott insulator NdMnOg shows, like LaMnOg, the
322 — r? /3y? — r? orbital ordered sate. The ferromagnetic interaction within
the plane is mediated by the super-exchange interaction in the orbital alter-
natively-ordered state, and the ferromagnetic Mn-O sheets stack antiferro-
magnetically along the ¢ axis (A-type antiferromagnetism) via the antiferro-
magnetic super-exchange interaction. With doping holes via the Sr substi-
tution, the orbital undergoes the disordering (quantum-melting) transition,
giving rise to the isotropic ferromagnetic state mediated by the double-
exchange interaction. Up to z~0.4 the kinetic energy of doped holes in-
creases with z, or equivalently the Curie temperature T¢ increases with .
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Fig.11. Electronic phase diagram of Nd;_,Sr,MnOg3 crystal. The abbreviations
mean paramagnetic (P), ferromagnetic (F) C E-type antiferromagnetic and charge-
ordered (CE), A-type antiferromagnetic (A), C-type antiferromagnetic (C). O’ and
0% indicate the orthorhombic lattice structures with @ ~ b > c and a = b < ¢,
respectively.

With further hole doping, in particular exceeding z = 0.5, the double-
exchange interaction of e, electron and the super-exchange interaction be-
tween the f, local spins can find the compromise to realize the low-dimen-
sional ferromagnetic structures at the ground state. Namely, at 0.52<
z <0.62 the ground state is A-type antiferromagnetic associated with the
ferro-orbital order of x> — y? [42,43]. The fully-spin polarized z? — 2
band is 2-dimensional (2D) in nature and nearly half-filled. The in-plane
ferromagnetic state is mediated by the double-exchange interaction in the
22 —y? orbital ordered state, while along the c-axis the free energy is gained
by the antiferromagnetic coupling. In fact, the resistivity for £ = 0.55 show
the 2D metallic feature in spite of nearly cubic lattice structure [44]. Thus,
albeit similarly A-type antiferromagnetic, the 2D double-exchange sheets
realized in the over-doped region of the manganites is distinct from the
3z% — r?/3y? — r? Mott-insulating state for z = 0.
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With further increasing the doping level z above 0.62, the kinetic energy
of carriers is further decreased (this should be viewed as the decrease of e,
electron filling rather than as the increase of hole count), and the double-
exchange path is restricted along the c-axis chain. Namely, the ferromagnetic
chain along the c-axis is coupled antiferromagnetically (C-type). This state
is mediated by the ferro-ordering of 322 —r? orbitals. In this case, the c-axis
charge response is no more metallic, perhaps due to the strong charge corre-
lation inherent to the 1D system. Such an orbital ordering appear to persist
up to as high a temperature as 600-700 K, far above the spin ordering (Néel)
temperature(200-280 K). In ordering the orbitals, the electronic structure
becomes highly anisotropic as probed by the polarized optical conductivity
spectra [45].

Now, let us turn our eyes to the low-doping critical region for the insula-
tor—metal transition. In Fig. 12 is summarized the doping(x)-dependence of
Curie temperaure, Hall coefficient, and electronic specific heat constant v in
the vicinity of metal-insulator (MI) transition (z. = 0.16) of La;_,Sr,MnO3
[46]. The hatched region represents the MI transitional region where the
resistivity shows up-turn in lowering temperature below T, where some or-
dering in charge and/or orbital sectors is likely to occur [47]. The Hall
coefficient, that contains no component of anomalous Hall effect in such a
low temperature region, takes a positive small value over the whole metallic
region (z >0.18), indicating nominally ~1 hole per Mn site. This is char-
acteristic of large Fermi surface of the fully spin-polarized band. In other
words, the Fermi surface retains its area down to near the metal-insulator
phase boundary.

The v value shows a minimal enhancement even near the MI boundary
and steeply decreases to zero in the transitional region in between z = 0.18
and 0.15. This is in sharp contrast with the canonical cases of the doping-
induced Mott transition, as already described in the present paper for the
cases of doped LaTiO3z and LaVOs, in which the critical enhancement of ~
or the strong mass renormalization effect is observed.

The diffuse charge dynamics in the ferromagnetic metallic phase close
to the MI point manifests itself in the optical conductivity spectra at the
ground state. The low-energy spectral weight (Drude weight) is steeply de-
creased as the compound approaches the MI transitional boundary from the
high-z side [48]. Some lattice anomaly is also discerned in the anomalous
z-dependence of Debye temperature. The doping-induced metallic ground
state in Laj_,Sr,MnOg is fully spin-polarized (half-metallic) with no spin
degree of freedom left at zero temperature. The suppression of the Drude
weight cannot be interpreted in terms of a small Jahn—Teller polaron picture,
since no appreciable mass renormalization is observed. The strong scatter-
ing in such a fully spin-polarized ground sate may be ascribed to the orbital
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Fig. 12. Doping level (x) dependence of Curie temperature (T¢), Hall coefficient Ry
and electronic specific heat coefficient v for La;_,Sr,MnO3. FI and FM indicate
ferromagnetic insulator and metal. An area for 0.16<x<0.18 indicate the metal—
insulator transitional region.

degree of freedom in the e, state, as thoretically argued [49,50], or other-
wise to dynamical phase segregation [50] composed of the ferromagnetic-
metallic (double-exchange-mediated) and ferromagnetic-insulating (orbital-
ordered super-exchange-mediated) states. The puzzling nature of the Mott
transition is still left to be elucidated.

As another example of notable metal-insulator phenomena in mangan-
ites, we show in Fig. 13 the bicritical features as a consequence of competition
of the two phases, i.e., the ferromagnetic-metal state and the charge /orbital
ordered state. Such a competition occurs in a broad range of perovskite-
related manganites with hole-doping levels around z = 0.5 [41]. The case
shown in Fig. 13 is for the z = 0.45 manganites, Prgs5(Caj—,Sry)0.4sMnO3,
with controlled bandwidth via the alkaline-earth compostion y. As seen in
the inset, the resistivity for y <0.25 shows a sharp up-turn followed by an
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insulating behavior at the charge-orbital ordering temperature Tco. (The
charge/orbital ordering pattern is the so-called CE-type as illustrated in
Fig. 11 for the = 0.50 ground state of Ndy_,Sr,MnQj3.) For y >0.25 with
the increased bandwidth, the compound shows the ferromagnetic transition
at Tc accompanied by the decrease of resisitivity. The important feature
to be noted is that the both transition temperatures, Tco and T¢, decrease
towards to the biciritical point y = 0.25 from the both sides to coincide with
each other. (See also the resistivity curves (the inset of Fig. 13) for y = 0.2
and y = 0.25 whose up-turn and down-turn occur at the nearly identical
temperature, namely Tc~Tco.)

300||||||||||||||||||

Pr,(Ca l-ysry)0.45 MnO,

250 T

8’*!

10—

g

Temperature [K]
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Fig.13. Phase diagram of Prg 55(Cai—,Sry)o.4sMnQOg3. The inset shows tempera-
ture dependent resistivity for samples with several Sr concentration y.

The colossal magnetoresistance (CMR) usually occurs around such a bi-
critical point between the competing phases. The charge/orbital ordered
phase near the biciritical point is amenable to a relatively low external mag-
netic field and turned into an orbital (quantum-)disordered ferromagnetic
state, accompanying the conspicuous insulator-metal transition [41]. On
the other hand, the compound in the ferromagnetic side near the bicriti-
cal point shows a prototypical CMR behavior. In fact, the variation of the
T-dependent resistivity curve with increasing y (see the inset of Fig. 13) quite
resembles that of the y = 0.25 curve with increasing an applied magnetic
field.
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The bicritical point and the phase behaviors around it are quite sensi-
tive to the randomness of the system. Other choice of the perovskite A-site
ions, say R and Sr/Ba, while keeping the averaged ionic radius or the ef-
fective one-electron bandwidth constant, gives rise to much a reduced T¢
and resultantly a further enhanced CMR effect. This is highly nontrivial,
since the quenched disorder or some frustration arising from the A-site ions
causes even enhanced phase fluctuation with suppressed long-range order.
Too strong disorder, such as the impurity (e.g. Cr)-doping on the Mn site
[51,52] or the lattice strain inherent to the ceramics grain boundaries 53],
seems to cause the phase separation on various length-scale and time-scale
(relaxor-like bhaviors) in such a bicritical region. This is also a source of
CMR via percolation mechanism.

We would like to thank Y. Tomioka, T. Okuda, and H. Kuwahara for
their help in preparing the manuscript.
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