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Change of electronic structures with carrier doping
in the highly correlated electron system Y& „Ca„Ti03
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A perovskitelike solid solution Y& Ca Ti03 can be viewed as a hole-doped Mott-Hubbard insulator
or strongly correlated metal that is derived from the parent insulator YTi03 with the Mott-Hubbard gap
of —1 eV. The Mott insulator-metal transition is observed around the hole-doping level of x -0.35 in

Y~ Ca„TiO . Change of electronic structures with hole doping has been investigated by measurements

of optical spectra in a wide photon-energy range. In the insulating phase with x &0.4, the spectral
weight is transferred from the Mott-Hubbard gap excitations to the inner-gap region with hole doping,
giving rise to a gradual closing of the charge gap. Even in the doping-induced metallic region (x 0.4),
the midinfrared absorption still dominates the lower-lying Drude absorption, perhaps due to the effects
of the impurity potential and electron correlation on the narrow 3d. band. The results were argued in

comparison with the case of the high-T, cuprates.

I. INTRGDUCTION

The Ti +(3d')-based oxides are mostly insulating or
barely metallic due to strong electron-correlation effects
in the relatively narrow 3d electron bands. The ternary
compound RTi03, where R is a rare-earth element, is a
prototypical example for the Mott-Hubbard insulator
with localized half spins. ' The system we have investi-
gated in this work is the Mott-Hubbard insulator YTi03
and its hole-doped analogs Y, „CaTi03 with a
perovskitelike lattice structure. With use of such a hole-
dopable Mott insulator, we have spectroscopically inves-
tigated a change of electronic structures as the system un-
dergoes the insulator-metal transitions.

The hole-doping-induced change of the electronic
structure in the correlated insulator is also an important
issue in the study of the normal-state properties of high-
T, superconducting cuprates. According to the Zaanen-
Sawatzky-Allen scheme, the parent cuprate compounds
with the 3d (i.e., 3d ' hole) configuration may be
classified as the charge-transfer (CT) insulator where the
charge gap is formed between the occupied 0 2p states
and unoccupied Cu 3d & 2 states (upper Hubbard band).x —y
By contrast, the parent titanate insulators with the 3d'
configuration is a Mott insulator (in a narrow sense) in
which the minimum charge gap is formed between the
correlated 3d states (lower and upper Hubbard bands).
In this sense, experimental investigations on electronic
structures in hole-doped Mott insulators like
Y& Ca Ti03 will be important also from a viewpoint of
comparison with the case of hole- (or electron-) doped CT
insulators such as cuprate superconductors. In particu-
lar, change of the optical spectra with carrier doping in
such a correlated electron system is also of particular in-
terest in relation to the problem of the so-called "inner-
gap states" in cuprate superconductors: It has been spec-
troscopically observed in the layered cuprate compounds
that the new state (inner-gap state) is formed near the

Fermi level and within the original CT gap with hole or
electron doping. ' In fact, we have observed in the
present study a similar midinfrared band in the nominally
hole-doped samples, Y& „CaTi03, which will be argued
in comparison with the case of the doped cuprates.

The parent insulator YTi03 is one of the family of the
perovskitelike rare-earth titanates RTi03 where the
trivalent A site ( =R) can be any of rare-earth ions from
La to Lu. ' (An exception is EuTiO3 in which Eu is di-
valent. ) Within the family of RTi03, the electrical and
magnetic properties seem to depend critically but sys-
tematically on the ionic radius of R + ion or equivalently
on the tolerance factor of the compound. The RTi03
crystal can be viewed as an orthorhombically distorted
perovskite structure (so-called GdFe03-type structure)
where the Ti06 octahedron tilts alternatingly. The
Ti-0-Ti bond angle in RTi03 shows a deviation from
180', for example, 157' (along the ab plane) and 158'
(along the c axis) in LaTi03 and 140' and 144' in YTi03."
Such a tilting of the Ti06 octahedron affects the one-
electron bandwidth of the 3d electron, since the hopping
interaction is dominated by a supertransfer interaction
via the oxygen 2p states. ReAecting the situation, I.aTi03
with a relatively weak effect of electron correlations is an
antiferromagnetic insulator with T~ around 140 K (Refs.
2, 4, and 12—14) and show the Mott-Hubbard gap of
-0. 1 eV. ' On the other hand, YTi03 with a narrower
3d bandwidth is a ferromagnetic insulator with T,
around 30 K (Refs. 2, 13, and 14) and its Mott-Hubbard
gap is —1 eV (as observed in the present study). Varia-
tion of the magnetic properties appears to be a continu-
ous function of the tolerance factor or the bandwidth of
the 3d electrons as demonstrated by the studies of the
magnetic properties in RTi03 with varying R species
and also in the solid solution system (La,Y)TiO3. ' The
ferromagnetic ground state in the case of the relatively
strong electron correlation likely arises from the orbital
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(pseudo) degeneracy in 3d t2g-like states. The real crystal
suffers from the orthorhombic distortion, yet a shape of
the Ti06 octahedron remains to be nearly undistorted
and hence the crystal-field splitting of the t2 states will
be much smaller than the intra-atomic exchange interac-
tion (Hund's coupling energy). Therefore, the system
RTi03 and their hole-doped analogs may be better de-
scribed theoretically by a degenerate (multiband) Hub-
bard model rather than by a single-band Hubbard model.

In the solid solution system Y, Ca Ti03, we can con-
trol the efFective Ti valence from 3+ (x =0) to
4+(x=1), which drives the system from a Mott-
Hubbard insulator (YTi03) with 3d' configuration to a
band insulator (CaTi03) with no 3d electron. Such an
3-site substitution with a different valence element is the
most efFective way for controlling the 8-site (Ti) valence
or the band filling, while keeping the fundamental Ti-0
network. Another good example for a success in such a
valence control is the case of single Cu02-layered cuprate
superconductor, ' e.g., La2 „Sr„Cu04(hole doped) and
Nd2 „Ce,CuO~ (electron doped). Y, Ca„Ti03 in the
low-x region can be viewed as hole doped in the parent
insulator YTi03 by a partial substitution of Y + sites
with Ca + ions. Such a hole-doping procedure drives, in
general, the phase change from a Mott-Hubbard insula-
tor to a correlated metal. In the high-x region, on the
other hand, the picture of electron doping in the band in-
sulator (CaTi03) may be better, since the 3d band is con-
tinuously filled up from the bottom with the filling pa-
rameter n =1—x. In fact, we have observed a transition-
al behavior from the doped Mott insulator to the narrow
band metal with increasing x (or decreasing the filling n).

II. EXPERIMENT

A. Sample preparation

All the samples investigated were melt grown by a
Aoating-zone method. First, powder of Y203 and TiOz
was dried at 900 'C in air for 12 h. Then, the end corn-
pounds, CaTi03 and YTi03, were prepared in form of
ceramics, which were used as sources of the solid solu-
tions: CaTi03 was prepared by calcining the mixture of
CaCO3 and Ti02 in an alumina crucible in air at 1100 'C
after regrinding and pressing the precalcined ingredient.
On the other hand, shghtly oxygen-deficient mixture
(YTi02 97) of Y203, Ti, and Ti02 was pressed into a bar
and heated in a vacuum (less than 10 Torr) at 1500 'C
for 30 min. Ground mixture of YTi03 and CaTi03 with
a prescribed ratio (x) was pressed into a rod with a size of
5 mm QX40 mm and loaded in a fioating-zone furnace
equipped with two halogen lamps and double hemielliptic
focusing mirrors.

Over the whole concentration x, the ingredient could
be melted congruently. Crystals were melt grown in a re-
ducing atmosphere; in a flow of gas mixture, Ar 60%/Hz
40% for x =0 (YTi03) and 100% Ar (6N purity) for
x =0. 1 —0.9. In order to avoid a possible gradient effect
in passing the melted zone, the feeding speed was set
rather high, at 60 mm/h except for the case of YTiO3 (5
mm/h).
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FICr. 1. Lattice constants in Y& „CaTiO3.

Measurements of powder x-ray diffraction showed that
the obtained compounds were of a single phase. The
crystal structure is perovskitelike with an orthorhombic
distortion (GdFe03-type) over the whole composition re-
gion from x=0 (YTi03) to x=1 (CaTi03). Figure 1

shows a variation of the lattice constants with x. Note
that the unit-cell lengths, a, b, and c, in the orthorhombic
setting are approximately &2a, &2a, and 2a, a being
the unit-cell length of the cubic perovskite structure.
There is no discernible jump of lattice parameters as a
function of x, ensuring a continuous formation of the
solid solution over the whole composition region. We
have assumed the pseudocubic symmetry in analyzing the
spectroscopic data for the solid solution, since anisotrop-
ic effect is considered not to be significant within the ex-
perimental accuracy that the spectroscopic study can at-
tain.

Thermogravitation analysis showed that non-
stoichiometry of the sample was fairly small. For exam-
ple, the composition of the x =0 insulator was deter-
mined to be YTi03 03 assuming the oxygen non-
stoichiometry. Furthermore, it has also been known for
the analogous (La,Sr)Ti03 system' ' that the oxygen
nonstoichiometry is usually less than 0.03 when the sam-
ple is prepared with a precise starting mixture of the
prescribed ratio (including oxygen content) and in inert
(e.g., Ar) atmosphere. Apart from the end YTi03 com-
pound where a stronger reducing condition is necessary
to minimize the oxygen nonstoichiometry, all the solid
solution samples were grown in the same atmosphere
(i.e., in a fiow of Ar gas). Therefore, a slight (and perhaps
systematic even if any) deviation of oxygen stoichiometry
will not be serious, as far as the present spectroscopic in-
vestigation for the insulator-metal transition is con-
cerned.

To characterize the compounds, we have measured
temperature dependence of resistivity and magnetic sus-
ceptibility for each sample. For four-probe resistivity
measurements, the sample was cut to a rectangular shape,
typically 3 X 1 X0.5 mm . Electrical contacts were made
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with indium for x ~0.4 and copper paste for x ~0.3.
Measurements of magnetic susceptibility were carried out
with a superconducting quantum interference device
magnetometer with application of magnetic field of 1 T.
To determine a critical temperature for the ferromagnetic
transition in the low-x samples, the magnetization was
also measured with a low field (10 mT).

B. Optical measurements

Optical reAectivity measurements were done for the
photon-energy range between 7.5 meV and 30 eV on
specularly polished surfaces of the samples. No grain
boundary was discernible between the single crystalline
domains (perhaps of sub-mm size) on the polished surface
of the sample by a visual inspection under an optical mi-
croscope. In the photon-energy range between 7.5 meV
(60 cm ') and 0.75 eV (6000 cm '), a Fourier transform
spectrometer was used. The reAectivity above 0.5 eV
(4000 cm ') was obtained by a grating spectroscopy. As
a light source in the vacuum-ultraviolet region ()6 eV),
we utilized a synchrotron radiation at INS-SOR, Institute
for Solid State Physics, University of Tokyo. Spectra of
the optical conductivity were obtained by the Kramers-
Kronig analysis with the following extrapolation pro-
cedures: For the metallic samples for 0.4~x ~0.8, the
far-infrared reflectivity R (co) below 7.5 meV was extrapo-
lated by the Hagen-Rubens relation, 1 —R ( co ) ~ &co,
whereas the constant reAectivity was assumed for the
other samples. For the higher-energy reAectivity above
28 eV, we applied the Drude extrapolation, R (co) ~ co

III. INSULATOR-METAL TRANSITION
WITH HOLE DOPING

In Fig. 2 we show the temperature dependence of the
resistivity (p) in Y, Ca Ti03. YTi03 shows a typically
insulating behavior with a thermal activation energy of
-220 meV. The hole-doping procedure by substitution
of Y sites with Ca decreases the resistivity, yet the system
remains insulating or semiconducting up to x =0.3. For
the x =0.3 and 0.35 sample, p reaches the maximum
around 100 and 150 K, respectively, and then rather
tends to decrease with lowering temperature. Resistivity
in these samples shows hysteresis against temperature, in-
dicating that the reentrant behavior of resistivity is due
to an intrinsic phase change coupled with lattice degree
of freedom. Details of this temperature-induced phase
transition in such a narrow composition region as close to
the insulator-metal phase boundary will be discussed in a
separate publication and let us concentrate here on an
overall feature of the doping-induced phase transition.

The x =0.4 sample clearly shows a metallic behavior,
in which p increases very rapidly with temperature up to
200 K with a saturating tendency at higher temperatures.
At x =0.5, the minimum resistivity ( -4X 10 Q cm at
300 K) was attained. For 0.4 ~ x ~ 0.7, the metallic resis-
tivity below 30 K shows quadratic dependence on tem-
perature, such as p —pa~ T (pe being a residual resistivi-
ty). The behavior is reminiscent of the electron-electron
scattering process in a strongly correlated metal. With

to'

10

10

—10
E

(
10

~10
(f) ]0—1
V)
(D

Q- )0—2

10

) 0—4

)0—5
0 100 200

Temperature (K)
300

FIG. 2. Temperature dependence of resistivity in
Y& Ca Ti03.

further increase of x, the resistivity rather increases
perhaps due to a decrease in density of electron-type car-
riers (approximately n =1—x per Ti site). The x =0.9
sample behaves like a doped semiconductor, which may
be ascribed to a poor shielding effect of the impurity (Y
site) potential by a low density of carriers.

Temperature dependence of the magnetic susceptibility
y is shown in Fig. 3. The data were corrected for a di-
amagnetic contribution from the ionic cores. As seen in
Fig. 3(a), the strongly temperature-dependent susceptibil-
ity was observed for x ~ 0.35, indicating the presence of
almost localized moments on Ti sites. By contrast, y in
the metallic compounds with x + 0.4 show a nearly
temperature-independent behavior (except for the low-
temperature increase in the x =0.4 sample), being typical
of the Pauli paramagnetism. The magnitude of yp, „&;is
expected to be proportional to the density of states at the
Fermi level (E~) in the simple metal scheme, which
would be proportional to n '~ (n being the d-band filling;
n =1—x) in the parabolic band. However, the observed
y values in the metallic region (0.4~x ~0.9) are much
enhanced as the system approaches the metal-insulator
phase boundary from the metallic side. ' A similar
behavior has been observed in the vicinity (x =0.05) of
the metal-insulator phase boundary in the analogous sys-
tem La& Sr Ti03 and is interpreted as a critical
enhancement of density of states at Ez or carrier mass
due to the strong correlation. For the case of
La& „SrTiO3, the same conclusion was also obtained by
measurements of the electronic specific heat' and optical
conductivity spectra. Similarly in Y& Ca Ti03, the
T-linear coefficient (y) of the low-temperature specific
heat ' was observed to increase in a parallel manner with

This indicates that the observed enhancement in g is
mostly due to an increase of the carrier mass and least to
the Stoner-type enhancement, as far as the metallic phase
for x ~0.4 is concerned.
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The x =0 (YTi03) and x =0. 1 crystals undergo the
ferromagnetic transition around 25 and 10 K, respective-
ly, which was revealed by the magnetization measure-
ment in a weak magnetic field (10 rnT). However, the
samples with x ~ 0.2 show no spin-ordered phase, at least
down to 5 K. In Fig. 3(b), the inversed susceptibility is
plotted against temperature for the samples with
x ~ 0.35. The data for the x =0 and 0.1 samples obey the
Curie-Weiss law with the Weiss temperatures, 25 and 10
K, respectively, which agree well with the critical tem-
peratures (T, 's) for those ferromagnetic samples. With
increasing x above 0.1, the g ' value increases while
maintaining its slope against temperature. In other
words, the apparent negative Weiss temperature obtained
by an extrapolation (a straight line in the figure) from the
high-temperature behavior tends to increase in an abso-
lute magnitude. This may not necessarily mean that the
nature of the exchange interaction between the Ti spins
changes from ferromagnetic to antiferromagnetic with
hole doping, but should be rather interpreted as signaling
a transitional behavior from the localized to itinerant
character of the electron states. In the x =0.30—0.35

samples near the insulator-metal phase boundary, the
low-temperature behavior of y appears to be governed by
presence ( —15%%uo) of localized Curie spins.

IV. OPTICAL SPECTRA

We show in Fig. 4 spectra of optical reAectivity in
Y, Ca„Ti03 at room temperature (-295 K) in the
photon-energy region from 0.0075 to 20 eV. In the insu-
lating or semiconducting samples with x ~ 0.3 and
x ~0.9, prominent phonon structures appear in the in-
frared region. In the parent compound YTiO3 (x=0),
nine optical-phonon modes are observed below 0.1 eV,
which are all expected for the GdFe03-type structure.
As an indication of the lowest electronic transition, a
broad hump is barely discernible at 1.0—1.5 eV in YTi03,
which is followed by the structures due to the interband
transitions lying above 4 eV.

With increase of x, the infrared phonon structures are
gradually diminished or blurred and a high reflectance
band stands out accompanying an apparent plasma edge
around 1 eV. Even in typically metallic samples with
x =0.6 or 0.8, however, the phonon structures overlap-
ping the plasmalike high reflectance band are still dis-
cernible. This may indicate a poor screening effect by
carriers perhaps due to the narrow 3d electron band with
strong correlations. With increasing x above 0.6 or
equivalently decreasing the band filling n(=1 —x) below
0.4, the plasma edge in the metallic phase was observed
to shift to lower energy, which is obviously ascribed to a
decrease in the carrier density. In the end compound
CaTi03 with no d electron shows no electronic transition
below 4 eV apart from the optical-phonon structures.
(The high refiectance band in the far-infrared region in
CaTi03 is due to the soft phonon mode and should not be
confused with the plasmalike metallic response. )

We show in Fig. 5 spectra of the optical conductivity
o(co) below 7 eV, which were derived by the aforemen-
tioned procedure of the Kramers-Kronig analysis of the
corresponding reAectivity data. First, let us focus on the
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FIG. 3. Temperature dependence of (a) magnetic susceptibili-
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FIG. 6. 0ptical conductivity spectra for nonmetallic or bare-

y metallic samples of Y& Ca TiO& below 3 eV.

cr(ro) spectrum in the parent Mott-Hubbard insulator
iO&, which is shown in the bottom of Fi . 5. I
t 3 (x =0 ), onset structures are observed in the cr ( ro )

spectrum at -0.8 and 4.3 eV. Judging from their energy
positions and spectral intensity as well as their x-
dependent features (vide infra), the former transition can

e assigned to the Mott-Hubbard-gap transition between
the lower and upper Hubbard bands (3d states), while the
atter to the charge-transfer- (CT) type excitations from

the occupied 0 2p states to the upper Hubbard band. In
t is context, the 0 (ro) spectrum below —6 eV essentially
rejects the profile of the density of states for the occupied
states where zero of the photon energy corresponds to the
lower edge of the upper Hubbard band. The Mott-

ubbard-gap transition is relatively weak in intensity as
compared with the CT-type p-d transition.

With hole doping, the onset arising from the Mott-
Hubbard-gap transition appears to shift to lower energy
accompanying the peak structure in the midinfrared re-
gion (0.2—0.4 eV). Such a midinfrared rT(co) peak sur-
vives in the typically metallic region (0.4 x 0.8) asso-
ciated with a Drudde tail in the lower-energy region
((0.1 eV). (Detailed description and discussion about
the low-energy structures in the cr(ro) spectra will be
given in Sec. V using the figures in a magnified scale. ) On
the other hand, the absorption onset of the 2p-3d transi-
tion also shifts to lower energy with h 1 d
rom 4.3 eV in YTiO~ (x =0) to 3.6 eV in

CaT103 (x = 1 ). This is partly due to a shift of the Fermi

the leve
level with decreasing the band filling d 1 d
t e evel shift of the 0 2p states arising from a change of
the Madelung-type electrostatic potential.

V. CHANGE OF ELECTRONIC STRUCTURES
WITH HOLE DOPING

In order to see a change of the electronic states near
t e Fermi level with hole doping, we show in Fig. 6 the

0&
o.(co) spectra below 3 eV for the h 1 -d

x 04& h
e o e- oping region

& where the compounds are nonmetallic or

barely metallic. The Mott-Hubbard-gap transition arises
around 0.8 eV. The value of Mott-Hubbard gap is es-
timated to be 1.0—1..3 eV, since the low-energy tail of
o co) in YTiO& is likely due to the presence of a few car-
riers arising from a slight nonstoichiometry in the sam-

p e. With hole doping the absorption onset is observed
to shift to lower energy. In accord with this, the spectral
weight appears to be transferred from the higher-energy
region ( ~ 1.5 eV). As a result the midinfrared absor tion

( & maximum, whose energy position also
e a sorp ion

shifts to lower energy with hole doping as seen F' . 6
'g. ', . Notably, the isosbetic point is ob-

served at 1.6 eV against hole doping, indicating the one-
to-one spectral weight transfer from the hi h -I '

Mott a trgap ransiti. ons to the lower-lying electronic excita-
tions.

A similar behavior of the spectral weight transfer over
a air y arge energy scale has been observed in the o(co)

from the case of doped cuprates is, however, that there is
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no clear remnant of the cr(co) structures around the origi-
nal band gap in the hole-doped titanates. This is in con-
trast with the cases of hole- or electron-doped cuprates,
e.g. , La& „SrCu04 (Ref. 6) and Pr2 „CeCu04 (Refs. 7
and 8) where the o(co) feature corresponding to the
charge-transfer gap excitations well survives up to
x=0. 1 —0. 15. Such a difference between the case of
doped cuprates and titanates may be due to the difFerent
character of the charge gaps in these correlated insula-
tors; i.e., Mott-type vs CT-type.

The x =0.4 compound shows a metallic behavior in
the transport and magnetic properties as seen in Figs. 2
and 3, yet the o.(co) spectrum shows a rather sharp drop
of the conductivity around 0.2 eV and a Drude tail is
hardly discernible. We show in Fig. 7 the details of the
low-energy o (co ) spectra in the metallic phase with
x 0.4. With increasing x above 0.4, the midinfrared ab-
sorption maximum further shifts to lower energy (down
to -0.15 eV at x =0.6-0.8), yet is still distinguishable
from the lower-lying Drude-like tail, which is seen below
0.1 eV together with overlapping phonon structures.
Such a pseudogap nature observed even in the metallic
region may be ascribed to some localization effect on the
narrow 3d electron band due to the poorly screened
Coulombic potential of the randomly substituted
Ca +/Y + sites.

In order to estimate the spectral weight transfer to the
inner-gap region as well as the weight of the Drude com-
ponent, we have plotted in Fig. 8 the effective number of
electrons X,~ measured at 0.1 and 1.0 eV as a function of
the hole concentration x (or the band filling n =1—x)
Here, N,z is defined such as

0.2-
Laq „Sr,Cu04

ca
' Ref. 6

I

0.&
-&

I

I

0.04)

0.02

~ ~
m

0.5
X

FICx. 8. Effective number of electrons N, & at 0.1 eV (open cir-
cles) and 1.0 eV (closed circles) plotted against x. The constant
phonon contribution (0.0009) is subtracted from the bare value
of N ff To compare the growth of the inner-gap absorption in
the present titanate system with the case of the high-7; cu-
prates, the result of N,z at 1.0 eV in La2 Sr Cu04 reported by
Uchida et al. (Ref. 6) is also shown by open diamonds.

N, s(co) = 2 f o (co)dc@,
ere 1V

N being the number of Ti atoms per unit volume. The
specific photon energies, 0.1 and 1.0 eV, were adopted to
estimate efFective electron numbers which are involved in
the Drude-like response relevant to the carrier transport
property and in the midinfrared absorption due to the

inner-gap states formed within the original Mott-
Hubbard gap, respectively. (In plotting N, ir as a function
of x in Fig. 8, we have assumed a constant phonon contri-
bution (0.0009) and subtracted it from the bare values of
N, ir. )

According to the plot shown in Fig. 8, the electronic
phase in Y, „CaTi03 can be divided tentatively to the
hole-doping region (x (0.6) and electron-doping region
(x )0.6), where N, ir increases with hole doping (x) and
with the band filling (n= 1 —x), respectively. In the
hole-doping region, the spectral weight of the inner-gap
states, N, ~(Ace = 1.0 eV), readily increases even in the in-
sulating phase below x ~0.3. By contrast, the value of
N, s(fico=0. 1 eV) shows a sharp rise at the nonmetal-
metal phase boundary around x, -0.35. These behaviors
indicate that the hole doping induces the new states
below the original Mott-Hubbard-gap energy but there
exists a charge gap larger than 0.1 eV in the nonmetallic
phase for x (x, .

It is worth noting here the quantitative difference in
the N, s. vs x (nominal hole concentration) behaviors for
the doped titanate and cuprate compounds. As an exam-
ple, we have also plotted in Fig. 8 X,z at 1.0 eV as a func-
tion of x in La2 Sr„Cu04crystals, which was reported
by Uchida et a/. In La2 Sr„CuO4, 1V,~ at 1.0 eV is also
a good measure for the estimation of the spectral weight
of the inner-gap absorption. N,s (%co= 1.0 eV) in
La2 „Sr,Cu04 (and other cuprate compounds) shows a
much steeper rise against the nominal hole concentration
x than in Y& Ca Ti03. This signals that the effective
mass of the electrons relevant to the midinfrared absorp-
tion (or high-energy optical carrier mass) is much lighter
in the doped cuprates. Considering that the charge gap
in YTi03 ( —1.0 eV) is comparable to or even smaller
than that in the undoped cuprate compounds [1.5 —2.0 eV
(Ref. 26)], the different behavior as seen in Fig. 8 may be
attributed to the nature of the charge gap; the Mott gap
in the titanates vs CT gap in the cuprates: The Ti 3d state
character is dominant for the inner-gap states in the
Y] Ca Ti03, whereas the strongly hybridized character
of 0 2p and Cu 3d states in the doped cuprate com-
pounds.

In contrast with the case of the hole-doping region, the
filling dependence of N,z in the electron-doping region in
Y, Ca Ti03 shows a parallel behavior for Boo=0. 1 and
1.0 eV, at least up to n=0. 4 (down to x=0.6). The
behavior can be explained by an increase of electron-type
carrier density, which should be proportional with the
band filling n( =1—x). Judging from the o (co) spectra of
the plasmalike response (ignoring the details of the pseu-
dogap behavior around 0.1 eV) in the metallic phase (see
Fig. 5), N, s(%co =2.0 eV) is a good measure for estimation
of the optical carrier mass. If we assume that the carrier
density is given by the band filling n, the linear n depen-
dence of N, (sfico=2. 0 eV) gives the optical carrier mass
of -2.5mo. (The present analysis is almost equivalent to
the conventional one based on the plasma frequency. )

The quantity is comparable with the case in
La, Sr Ti03 for x )0.5 (Ref. 20) and with the result of
the band calculation for SrTiO3.
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FIG. 9. Mass enchancement factor (E), which was estimated
from the value of X,z(%co=0. 1 eV) and N, ~(fico=1.0 eV), as a
function of the band filling n ( = 1 —x). Closed and open circles
are for Aco=0. 1 eV and %co= 1.0 eV, respectively.

VI. CONCLUSION

We have synthesized a system, Y& Ca Ti03, which
can be viewed as a hole-doped Mott-Hubbard insulator in
the low-x region and an electron-doped narrow d-band

In the above context, an appreciable decrease in 1V,ff
for both A'co=0. 1 and 1.0 eV with increasing n ( =1—x)
above 0.4 may be viewed as signaling an increase of the
carrier effective mass. This is consistent with the ob-
served increase in the Pauli paramagnetic susceptibility
with n in the metallic phase [see Fig. 3(a)]. Quite a simi-
lar phenomenon has been observed near the metal-
insulator phase boundary (x, -0.05) in Lai Sr Ti03 by
measurements of optical conductivity spectra, electronic
specific heat, and Pauli paramagnetic susceptibility. ' '

To estimate the mass enhancement from the x depen-
dence of X,z in the present system Y, Ca Ti03, we
may take the ratio (F) of the observed N, ff value to the
linearly extrapolated one from the low-filling region (as
indicated by a straight line in Fig. 8). The mass enhance-
ment factor F, which was estimated by the value of
N,s(A'co=0. 1 eV) or N, s.(bc@=1.0 eV), is plotted against
the filling n ( = 1 —x) in Fig. 9. The factor F was observed
to steeply increase as the system approaches the metal-
insulator phase boundary. The enhancement is more ap-
preciable for the Ace=0. 1 eV case than for the A'co=1. 0
eV case, which is no doubt a consequence of the
electron-correlation effect. In accord with the present re-
sults, preliminary measurements of the T-linear
coefficient (y) of the low-temperature specific heat in
Y, „Ca„Ti03(Ref. 21) have indicated that the renormal-
ized density of states at EF and hence m ' are
significantly enhanced in a similar manner as observed in
Fig. 9 as the compound approaches the metal-insulator
phase boundary from the metallic side.

metal in the high-x region. The transition from a Mott-
Hubbard insulator to a correlated metal was observed to
take place around x, -0.35=1 n—, (n, -0.65). In the
insulating phase (x (x, ), the Curie-Weiss-type tempera-
ture dependence of the magnetic susceptibility was ob-
served with a doping-dependent change of the apparent
Weiss temperature, which may be interpreted as indicat-
ing a crossover of the magnetic properties from the local-
ized to itinerant nature. In the metallic phase (x )x,~, a
typical Pauli paramagnetic susceptibility was observed,
though the value is enhanced near the metal-insulator
phase boundary.

Optical measurements have revealed a characteristic
change in electronic structures with hole doping or with
changing the band filling. In the parent insulator YTi03
the Mott-Hubbard-gap transition is observed above 0.8
eV. With hole doping the gap appears to shift to a lower
energy accompanying a spectral weight transfer from the
Mott-gap transition region. In the metallic region, the
midinfrared absorption peak survives perhaps due to the
poorly screened Coulombic potential of the randomly
substituted 3 sites.

The spectral weight in the far-infrared region below 0.1

eV as well as in the inner-gap region below 1.0 eV was es-
timated as a function of hole concentration of x (or of the
band filling n =1—x). The inner-gap states evolve with
hole doping but show a charge gap in the insulating
phase. On the other hand, the simple behavior of the 3d
band filling was observed in the n dependence of the spec-
tral weight with a nearly constant effective mass in the
low-n (high-x) region. With further filling the 3d band
up to the vicinity of n„however, a critical enhancement
of the carrier mass was observed perhaps due to the
electron-correlation effect.

The long-range spin order seems to vanish above
x =0. 1 in Y& „Ca„Ti03.Therefore, the metal-insulator
transition around x -0.35 in Y& „Ca„TiO3is not simply
related to the existence of the magnetically ordered
phase, but may be rather characterized by a combined
effect of the electron correlation and random potential:
As x decreases from the high-x metallic side, the carrier
effective mass is enhanced due to the filling-dependent
change of the correlation effect and exceeds some critical
value, above which the carriers show the localization
perhaps due to the random potential mainly arising from
the ionic A sites (Y/Ca mixture).
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