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Optical spectra in (La,Y)TiOs. Variation of Mott-Hubbard gap features with change
of electron correlation and band filling
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Optical spectra have been investigated for the prototypical Mott-Hubbard (MH) insulators
LaTi03 and YTiOq, and their solid solutions La Yq Ti03. The MH gap shows a critical vari-
ation with x or equivalently with the change of the one-electron bandwidth TV. By an extrapolation
of the rapidly varying MH gap with the electron correlation strength (U = UiW), we could de-
termine the relative distance of each compound from the hypothetical Mott transition point (U, ).
The band-filling dependence of the gap spectra has been also investigated for LaTi03+bf q with the
nominal hole concentration b. The systematic collapse of the MH gap is argued, together with
similar results on 6lling-controlled compounds Yq Ca Ti03, in terms of doping-induced spectral
weight transfer.

I. INTRODUCTION

Electronic properties of transition metal oxide com-
pounds with a strong electron correlation effect have been
attracting renewed interest since the advent of exten-
sive studies on the normal state properties of high-T
superconducting cuprates. In particular, the insulator-
to-metal transition with a change of the band filling (or
with the so-called carrier-doping procedure) as well as
possibly exotic properties of thus deduced metallic states
have been central issues in recent studies. Among various
transition metal oxides, the perovskite structure AMO3
(A being the trivalent or divalent metal ion and M being
the 3d transition metal) is suitable for a systematic study
on the insulator-metal transition (Mott transition), since
the band filling as well as the strength of the electron cor-
relation can be controlled to some extent by means of ele-
mental substitution on the A site. The purpose of the
present paper is to report on the variation of the charge
gap features in the prototypical Mott-Hubbard insulators
LaTi03, YTi03, and their solid solutions La Yq Ti03
with change of the electron correlation strength and the
band filling.

The perovskite RTiOs (R=rare earth) and its hole-
doped analog Ri A TiOs (A=alkaline-earth) have been
proposed as one of the most appropriate systems for
experimental investigation on the doping-induced. Mott
transition. The nominal valence of Ti in the end in-
sulators RTiOs is 3+ with 3d (s = 1/2) configuration.
The crystal structure of BTi03 is of the GdFe03-type,
in which Ti sites form a quasisimple cubic lattice, yet
the Ti06 octahedra tilt alternately along each orthog-
onal direction. As a result, the transfer interaction of
the 3d electron or the one-electron bandwidth (W) shows
a considerable variation depending on the tilting angle
(i.e. , Ti-0-Ti bond angle). This is because the 3d elec-
tron transfer in titanium oxides is governed by the su-
pertransfer process mediated by the 0 2p states rather
than the direct transfer between the 3d states. For ex-

ample, the Ti-0-Ti bond angle (= 157') for LaTiOs is
decreased to 140' with full substitution of La-site with
Y (i.e., YTiOs), which may cause the reduction of the
3d t2s electron bandwidth (W) as much as 30'%%up as ar-
gued in the following section. Thus, with use of the solid
solution systems La Y~ Ti03 in which the lattice pa-
rameters vary continuously with x, the TV value can be
controlled. LaTi03 has been recently proved to be lo-
cated in the immediate vicinity of the insulator-metal
boundary. ' ' ' In fact, we demonstrate below that the
Mott-Hubbard gap increases with the Y concentration
(1 —x) or equivalently with an increase of the electron
correlation.

Another advantage of utilizing the present titanate sys-
tems for the investigation on the Mott transition is that
the band filling can be controlled as well with substitu-
tion of B-site with divalent alkaline-earth ions or with
introducing extra oxygen. In particular, the end insula-
tor LaTi03, with a relatively small Mott-Hubbard gap
( 0.2 eV) can be metallized by introducing about 1%
of nonstoichiometric oxygen. We may spectroscopically
investigate the change of the electronic structure or the
collapse of the Mott-Hubbard gap in the course of the
Mott transition caused by such hole doping. Thus, the
compositional control of the perovskite titanates enables
one to investigate the critical changes of electronic prop-
erties on the verge of the metal-correlated insulator phase
boundary as a function of the both parameters, i.e. , the
correlation strength and the band filling.

II. EXPERIMENT

A. Sample preparation and characterization

All the samples were melt grown by a Hoating-zone
method. Starting materials were Ti, Ti02, La203, and
Y203. The powder of Ti02, La203, and Y203 was
well dried by firing them at 1000 C in air before use.
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For preparation of the mixed crystal (solid solution) of
La Yq Ti03, respective raw materials were weighed to
a prescribed ratio of La Yq Ti02 94 and the mixture
was pressed into two rods (5 mm P x 20 mm and 5 mm

x 100 mm). These bars were loaded in a floating-
zone furnace equipped with two halogen incandescent
lamps and double hemielliptic mirrors. For the growth of
La Yi TiOs (0& x & 1), the ingredient was melted in
a reducing atmosphere by flowing mixed gas of H2/Ar.

It has become known by recent experimental
investigations that electronic properties of LaTi03 is
extremely sensitive to slight nonstoichiometry of oxy-
gen. This is because LaTi03 locates on the verge of
Mott transition and even a sxnall amount of "holes" intro-
duced by excess oxygen drive the insulator-metal transi-
tion. In other words, we can finely control the band filling
(n = 1 —8) by preparing slightly off-stoichiometric sam-
ples of LaTi03+~/2, which can be grown in an atmosphere
of various reducing conditions with use of gas mixture
of Ar/H2. The oxygen off-stoichiometry (b/2) was de-
termined by thermogravimetric analysis for LaTi03 and
YTi03. LaTi03+~/2 samples with b = 0.08, 0.05, 0.04,
0.02, and 0.01 could be grown in an atmosphere of H2/Ar
mixture with the ratio of 7%, 15%, 17%, 19%, and 30%
H2/Ar, respectively. The crystal of YTios, which was
grown in a fairly strong reducing condition (30% H2/Ar),
shows the stoichiometry of YTiOs nt (h = 0.02). All
other samples of the solid solutions La Yq Ti03 were
melt grown in a similarly strong reducing atmosphere
(30% H2/Ar). We have not done the TGA measurements
on these samples, yet the oxygen ofF-stoichiometry (b/2)
is perhaps less than 0.01 judging Rom the results for
LaTi03 and YTi03.

Measurements of powder x-ray difFraction patterns
showed that the obtained samples were of a single phase.
The crystal structure was perovskitelike with an or-
thorhombic distortion (i.e. , of GdFeO&-type structure),
over the whole concentration of x. To characterize the
compounds, we have measured temperature dependence
of resistivity and magnetic susceptibility. For the resis-
tivity measurements, the samples were cut to a rectan-
gular shape and the four-probe contacts were made with
indium. Magnetic susceptibility was measured with a su-
perconducting quantum interference device magnetome-
ter. To determine a critical temperature for the ferromag-
netic or weakly ferromagnetic (spin canted) phase tran-
sition, we also measured the temperature dependence of
the field-cooled magnetization with the application of a
relatively weak magnetic field (10 mT).

Apart &om the intentionally oxygen-doped samples of
LaTiOs+sy2 (6 &0.02) prepared in a weakened reducing
atmosphere, all the compounds show electrically insulat-
ing or semiconducting behavior with room temperature
resistivity of above 0.5 Ocm. As for the resistivity of
LaTi03+~/2, the resistivity value and its temperature de-
pendence were observed to be critically dependent on the
nominal hole concentration b, which is described in detail
in the latter section.

We show in Fig. 1 the x-dependent variation of the
magnetic transition temperatures for the presently ob-
tained samples La Yq Ti03 in comparison with the
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FIG. 1. Magnetic phase transition temperatures (To and
T~) for La Yr Ti03, I" and AF stand for the ferromagnetic
and antiferromagnetic ordering. The AF phase is weakly fer-
romagnetic with spin canting.

data reported previously by Goral et al. In spite of
di8'erent procedures of preparing the samples, i.e., the
floating-zone method in a 30% H2/Ar gas atmosphere in
the present case and an arc-melting method in Ar atmo-
sphere in their study, the agreement between the both
results is fairly good. The La-rich samples with x &0.4
show a weak ferromagnetism due to canting of antifer-
roinagnetically ordered s = 1/2 spins, while the Y-rich
samples with x &0.2 show the well-defined ferromagnetic
ground state. Around x = 0.3, the magnetic suscepti-
bility obeys approximately Curie law, indicating mutual
compensation of antiferromagnetic and ferromagnetic ex-
change interaction. Such a ferromagnetic Mott insula-
tor arises perhaps from the orbital (pseudo)degeneracy
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FIG. 2. Spectrum of optical conductivity in YTi03 in an
extended energy region up to 6 eV at room temperature. Rises
of the optical conductivity around 1 and 4 eV correspond
to the onsets of the Mott-Hubbard gap and charge-transfer
gap transitions, respectively. The inset shows the re8ectivity
spectrum up to 35 eV.
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of t2g-like states. The sign of the exchange interaction
between neighboring Ti spins may be governed by the
Ti-0-Ti bond angle and the smaller bond angle in Y-rich
(lower x) samples may favor the ferromagnetic exchange
interaction. Otherwise, the ferromagnetism present in
the Y-rich compounds with a reduced one-electron band-
width (W) may be characteristic of the orbital ordered
ferromagnetism, which can be described by the degener-
ate (multiband) Hubbard model. We will not discuss
this unsettled problem of the magnetic phase diagram of
La Yt Tios and BTios (Refs. 4, 12, 16, and 17) (R
ranging over whole rare earth elements except for diva-
lent Eu) any further here, though the magnetic ordering
efFect might have to be properly taken into account for
the low-temperature optical spectra.
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The reflectivity spectra were measured. at room tem-
perature in the energy range of 0.05 eV—40 eV, using a
Fourier-transform interferometer (0.05 eV—0.8 eV) and
a grating monochromator (0.6 eV—40 eV). For the vac-
uum ultraviolet region, synchrotron radiation (INS-SOR)
at Institute for Solid State Physics, University of Tokyo
was utilized. All the samples were specularly polished
with alumina powder and the reflectivity was measured
in the condition of nearly normal incidence. To derive
spectra of optical conductivity, Kramers-Kronig analysis
was performed on the reflectivity data. For this purpose,
we extrapolated the reflectivity data such that the re-
flectivity is constant below 0.05 eV and varies as ocl/w
above 40 eV.

III. VARIATION OF MOTT-HUBBARD GAP
WITH CHANGE OF ONE-ELECTRON

BANDWIDTH

A. Optical conductivity spectra
of the Mott-Hubbard gap in La Y~ Ti03

FIG. 3. Spectra of reBectivity in La Yz 'Ti03 at room
temperature.

we observe an additional bump structure at 0.2 eV.
This can be ascribed to the presence of a small amount
of charge carrier in LaTi03+$/2 sample with b = 0.01
(vide infra). We show in Fig. 4 the optical conductiv-
ity spectra for the MH gaps, which were deduced by
Kramers-Kronig transformation of the respective reflec-
tivity data. As clearly seen in the figure, the onset of the
optical coriductivity shifts to lower energy with increas-
ing x, indicating a continuous change of the MH gap
with x. A similarly systematic change of the MH gap
spectra for the perovskite Ti oxides was also reported on
BTios with varying the B site (B= La, Ce, Nd, Sm, and
Gd) by Crandles et aL They have observed the increase
of the Mott gap with increasing the R-site ion radius,
which may correspond to a decrease of x in the present
La Y~ Ti03 system.

In La Y~ Ti03, however, we have observed some
nonsystematic behaviors in the x-dependent change of

To overview the electronic gap features in these Ti +-
based oxide compounds, we Grst show in Fig. 2 reflectiv-
ity spectrum up to 35 eV (inset), as well as the deduced
optical conductivity spectrum for YTi03 up to 6 eV. Two
gaplike features are clearly discernible around 1 eV and
4 eV as distinct rises in the optical conductivity spec-
trum. (A sharp spike below 0.1 eV is due to an optical
phonon mode. ) These features can be interpreted as the
Mott-Hubbard gap transition between the lower and up-
per Hubbard bands of t2g-like character and the charge-
transfer type gap transition from the 0 2p states to the
upper Hubbard 3d band, respectively. Hereafter, we fo-
cus on the lower-lying Mott-Hubbard (MH) gap struc-
ture, which is sensitive to electronic parameters like the
one-electron bandwidth (W).

A variation in reflectivity spectra in the MH gap re-
gion is shown in Fig. 3 for La Yq Ti03. The reflectivity
band at 1—2 eV is observed to shift to lower energy with
increasing La concentration (x). For the x = 1 sample,
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FIG. 4. Spectra of optical conductivity in La Y& Ti03
at room temperature. A crossing point of a baseline and a
dashed line is de6ned as the Mott-Hubbard gap energy.
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FIG. 5. The Mott-Hubbard gap energies in La Yz Ti03
as determined by the onsets of the optical conductivity (Fig.
4). The upper panel shows a variation of the one-electron
bandwidth calculated by a tight binding model (see text).

the optical conductivity spectra: A spectrum of YTi03
(shown in Fig. 4 by a broken curve) appears to be posi-
tioned between the x = 0.6 and x = 0.8 spectrum and
violates the systematic trend of the spectral position from
x = 0 up to x = 0.9. Another problem is an additional
shoulder structure around 0.1 eV, observed only in the
spectrum of LaTi03, which corresponds to the reBectiv-
ity bump at 0.2 eV (see Fig. 3). As demonstrated later
by using experimental results with a varying oxygen con-
tent, this structure is ascribable to the presence of extra
carriers arising from slight nonstoichiometry (h = 0.01)
of oxygen in the sample of LaTi03+~y2. The sample of
LaTiOq used in the measurement for Fig. 4 is the most
reduced, i.e. , the most stoichiometric one among those
we prepared. Nevertheless, even a small deviation of
the band filling (n = 1 —h) thus causes an apprecia-
ble deformation in the gap spectra, perhaps due to the
relatively weak correlation effect (i.e., a small MH gap)
in LaTi03. Judging from the refj.ectivity value and the
spectral shape, as well as the temperature dependence of
the resistivity, the spectra which have been reported so
far for LaTiOq (Refs. 3, 6, and 9) appears to be for less
stoichiometric (i.e. , more conducting) than the present
one and hence more seriously affected by the presence of
extra holes.

We have estimated the true onset of the MH gap
transition by extrapolating the spectral feature from the
higher-energy side as indicated by dashed lines in Fig.
4. Thus derived MH gap energy (Es) for La Yi TiOs
is plotted as a function of x in Fig. 5. Apart from the
x = 0 compound YTi03, the MH gap energy continu-
ously decreases with x. The result clearly indicates that
the electron correlation eQ'ect becomes weaker with in-
creasing La concentration (x). The change of electron
correlation strength apparently originates from a change
in the 3d electron hopping interaction or the one-electron
bandwidth (W), which is governed by the change of Ti-

FIG. 6. Arrangement (zy plane) of the TiOs octahedra
in the orthorhombically distorted perovskite lattice, which is
taken into account for the calculation of the t2~-like band
dispersion (see text).

0-Ti bond angle as demonstrated by the calculation in
the next section. Concerning the deviation of the MH
gap (Eg) of YTiOq from the systematic tendency, we
have no definite explanation for this at present, yet can
speculate the following two possible origins: The seem-
ingly most probable cause would be the presence of an
appreciable amount of carriers arising from the oxygen
nonstoichiometry in YTi03. Such carriers would cause
a shift of the gap or at least a spectral weight trans-
fer to lower energy as discussed in detail in the latter
section. However, our thermogravimetric analysis indi-
cates that the sample used in the present study shows a
stoichiometry of YTiOs oi (b = 0.02) and ferromagnetic
phase transition at 30 K, typical of a well-stoichiometric
sample. We have also investigated the spectrum of a
less stoichiometric sample YTiO3+g/2 with b = 0.06 and
reduced T of 25 K, but observed essentially no appre-
ciable change of the spectral onset within such a small
variation of the filling. Therefore, the sudden decrease of
the MH gap can be hardly ascribable to the sample non-
stoichiometry. Another possible origin of the nonsystem-
atic small gap for YTiO~ may be ascribed to the orbital
ordering efFect characteristic of the degenerate Hubbard
system with the ferromagnetic ground state. When
the orbital of t2& electrons on the neighboring Ti sites
are of difFerent characters, e.g. , d vs d„, the final state
of the optical transition accompanies the 3d-electron va-
cant state on one Ti site and two t2g electrons with par-
allel spins on the other Ti site. Then, the Hund cou-
pling or intra-atomic exchange interaction may consider-
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ably reduce the gap energy. Such a situation has been,
in fact, observed in the systematic optical study on the
electron-correlation gaps for LaMOs (M being all the 3d
transition metal element). In order to confirm the lat-
ter hypothesis, further studies such as polarized neutron
scattering measurements would be needed.
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B. Systematics for the Mott-Hubbard gap
with change of correlation strength
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The substitution of La sites with Y of a smaller ionic
radius causes an increase of orthorhombic distortion in
perovskite-like lattice and a resultant decrease of the one-
electron band width as quantitatively demonstrated in
the following. The pattern of the distortion is the alter-
nating tilting of the Ti06 octahedra along the respective
x, y, and z directions of the primitive cubic lattice of
the perovskite. The bond angles for LaTi03 are 157
in the ab plane and 158 along the c axis, while those
for YTi03 are 140 and 144', respectively. The Ti-0-
Ti bond angle bears a close relationship with the lattice
parameters of the GdFe03-type orthorhombic cell, a, 6,
and c, which are approximately i/2 a~, ~2a„, and 2a„,
respectively, az being the unit cell parameter of the cu-
bic perovskite. This has been confirmed by MacLean,
Ng, and Greedan for various BTi03 crystals and also
related GdFe03-type structures. Therefore, we may ac-
curately interpolate the Ti-0-Ti bond angle (8) in the
solid solution La Yi Ti03 with use of the measured
lattice parameters. Substantially, 0 varies almost linearly
with x between the both end compounds.

The bond angle deviation from 180 reduces the effec-
tive d electron hopping interaction, since the d electron
transfer is dominated by the supertransfer interaction via
the 0 2p states rather than the direct d-d hopping.
Here, we should note that the 3d orbitals split into two
levels, t2~-like and e~-like states, due to the crystal field
effect. The real crystal of ATi03 shows the orthorhom-
bic distortion deviating from the point group symmetry
of Oh and hence the degeneracy of t2~ is lifted more or
less. However, such a splitting of the t2g-like orbitals may
be neglected as compared with the magnitude of the 3d
one-electron bandwidth () I eV) and of the intra-atomic
exchange interaction (Hund coupling energy): The right
octahedral shape of the Ti06 unit is least deformed even
in the orthorhombically distorted lattice structure and
hence the ligand field is minimally affected.

Then, let us consider the d electron band dispersion
with the use of the tight binding model in the presence
of the bond angle distortion. A similar consideration
has been already attempted by Crandles et a/. for the
change in the bandwidth for the distorted RTiOs (B =
La, Ce, Pr, Nd, Sm, and Gd). However, their calculation
was done on the simplified lattice structure model and
with an inappropriate set of base functions (4x4 Hamil-
tonian matrix) with neglect of the crystal field efFect,
which appears to result in an exaggerated dependence of
the band dispersion on the bond angle distortion. To im-
prove this estimation, we have adopted the following ap-
proach: To deduce the t2g-like band dispersion, we have

/

Il
1.6

U

FIG. 7. Normalized gap energy E~ (= Eg/W) vs cor-
relation strength U (= U/W) for La Yi Ti03. The
one-electron bandwidth TV for each compound is calculated
by the tight binding model (see the upper panel of Fig. 5 and
text). The arrow labeled U, indicates the critical value of U
for the hypothetical Mott transition, which is extrapolated as
shown by a dashed line.

diagonalized the 28x28 Hamiltonian matrix with use of
Harrison's parametrization ~ The set of base functions
consists of four Ti 3d t2g and twenty-four 0 2p orbitals
(three orbitals x eight sites) as depicted in Fig. 6, which
are used to retain the translational symmetry of the or-
thorhombic lattice. The local rotation angles of the Ti06
octahedra are denoted as Oi and 02 in Fig. 6, and deduced
from the crystallographic data. Here, we have adopted
the strong ligand field approximation and neglected the
mixing between the 0 2p orbitals.

By this procedure, we have obtained the d „band dis-
persion. For example, the dispersion width between the
I'-X points is calculated such as 1.45 eV for LaTi03
and 1.17 eV for YTi03, which should replace the val-
ues (0.99 eV for LaTiOs and 0.46 eV for YTiOs) re-
ported previously. Such a large difference mainly comes
from taking the crystal field effect into account. The
band dispersion is the largest along the I'-B direction
[i.e. , (ir, vr, vr) direction] in the pseudocubic lattice. (d &,
d„„and d, band are degenerated in this direction. ) We
show in the upper panel of Fig. 5 thus obtained TV values
(i.e. , the dispersion along the I'-R direction) as a function
of x in La Yi Ti03. The present result shows that the
calculated bandwidth R' gradually reduces from 2.45 eV
for LaTi03 to 2.04 eV for YTi03 with decrease of x.

We redraw the MH gap systematics in Fig. 7 by scal-
ing the data with W. We plot the normalized. MH gap,
Eg = Eg/W, against the electron correlation magnitude
U = U/W for the respective compounds. Here, the on-
site Coulomb repulsion energy U (Hubbard U term) is
tentatively assumed as a constant (U = 4 eV) irrespec-
tive of the composition x by referring to the analysis of
photoemission data on Ti +-based oxides. In this sense,
the scale of the abcissa in Fig. 7 should not be taken
as rigorously quantitative and merely stands for the x-
dependent variation of the electron correlation effect in
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FIG. 8. Spectra of reQectivity in LaTi03+g/2 at room tem-
perature.

FIG. 9. Spectra of optical conductivity in LaTi03+p/2 at
room temperature. Inset shows temperature dependence of
the resistivity for some samples.

somewhat arbitrary scale.
As clearly seen in Fig. 7, the Ez value for La Yq Ti03

shows a large variation (0.1—0.6) in the relatively narrow
range of U (1.6—1.9). In particular, the LaTiOs (the most
left point in Fig. 7) seems to locate on the verge of the
gap closure as judged from the critical change of the MH
gap in La-rich region, though the most insulating (best
stoichiometric) LaTiOs (b' = 0.01) cannot be metallized
by application of pressure at least up to 2 GPa. With
the extrapolation of the E~ vs U plot as indicated by a
dashed line, we may tentatively estimate the critical value
U, ( 1.6), at which the system is supposed to undergo
the metal-insulator transition (bandwidth-control Mott
transition). In the spirit of the Brinkman-Rice theory, ~n

we define the distance from the M-I boundary for the
respective compounds such as g = U/U, —1. For the
present system, the g value is fairly small, changing from
0.02 (LaTiOs) to 0.22 (YTiOs). (Note that the g value
is not affected by choice of the U value. )

IV. HOLE-DOPING INDUCED CHANGE
OF OPTICAL CONDUCTIVITY SPECTRA

A. Optical conductivity spectra in LaTi03+&/z

As mentioned above, the optical spectrum of
I aTi03+~y~ in the MH gap region is signi6cantly af-
fected by a small amount of oxygen oK-stoichiometry
b/2. This can be attributed to the change of the low-
lying electronic structure, due to the deviation of the
filling (n = 1 —b), which tends to drive the compound to
the metallic state. The reason why such an effect of the
oxygen nonstoichiometry is most signi6cantly observed
in LaTi03 and much less in YTi03 is attributed to the
magnitude of the MH gap in the original (h = 0) com-
pounds or equivalently to the strength of the electron

correlation as demonstrated in the following.
Let us erst discuss the change of the reflectivity spec-

tra for LaTiOs+gy2 (Fig. 8), with variation of h. A bump
structure around 0.2 eV in the most stoichiometric com-
pound (b' = 0.01) gradually grows and shifts to lower
energy with b and eventually turns into the Drude-like
reQectivity band. In accord with this change, a sharp re-
flectivity structure (0.06 eV) of the oxygen phonon mode
fades away due to the dielectric screening effect. For
reference, we show in the inset of Fig. 9 temperature
dependence of resistivity for some of the crystals whose
optical conductivity spectra are shown. The sample with
b = 0.01 shows an insulating behavior over the whole
temperature region, while the h = 0.08 sample is metal-
lic. The b = 0.04 sample shows a marginal behavior: The
resistivity (p) shows a metallic behavior (dp/dT ) 0) at
higher temperature, but upturns below around 100 K.
A previous study on the similarly processed sample has
proved that the inflection point of p(T) coincides with
the magnetic transition temperature.

In between b = 0.01 and b = 0.05, the change of
the conductivity spectra shows an approximately isos-
betic point around 1.1 eV as shown in Fig. 9, indicating
the one-to-one spectral weight transfer from the MH gap
transitions to the inner-gap excitations. This also in-
dicates that the nominal hole-doping collapses the MH
gap and evolves the inner-gap states (incoherent states),
which eventually turn into the Drude-like states (coher-
ent states) near the Fermi level. Spectroscopically, the
growth rate of the sum of the inner-gap states or the de-
struction rate of the MH gap with hole doping can be
measured by such a transferred spectral weight, which is
discussed in the following in comparison with the case
of Yq Ca Ti03 showing a narrower one-electron band-
width (W).
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B. Dependence of spectral weight transfer
on strength of electron correlation

2m
N, g(cu, ) = o.((u)d(u.~e2m o

Here, N represents the number of the Ti in unit volume.
The cutoff energy (E, = bc', ) adopted for the estima-
tion of the contribution from the inner-gap excitations
is 1.1 eV for LaTiOq+~y2 and La» Sr Ti03 and 1.6 eV
for Y» Ca TiOq, which corresponds to the energies of
the approximately isosbetic points of the conductivity
spectra (indicated by arrows in Fig. 10) in the low-doped

1000 (b) Yi „Ca Ti03

I

~500
3

The spectral weight transfer from the correlation gap
excitations to the inner-gap excitations with a change
of the band filling is commonly observed in the carrier-
doped correlated insulators, for example in all the
cuprate superconductors, perovskite-like Ti, V, and Co
oxides. ' ' Recent numerical calculations on doped
Hubbard clusters have simulated such a phenomenon.
For the present titanates systems, we will argue the
dependence of the doping-induced electronic structural
change on the relative strength of the electron correla-
tion.

In Fig. 10, we compare the doping-induced changes
of the optical conductivity spectra for (a) LaTi03+b/2
(and Lai eSr TiOs) and (b) Yi Ca TiOq, the latter
of which was reproduced &om the literature. The spec-
tra of the respective samples are indicated by the value
of the band filling (n) (n = 1 —b or n = 1 —x). Fig-
ure 10(a) also includes the spectrum of Lai Sr TiOq
with x = 0.1 (n = 0.9). Spectral changes with
n in the doped LaTiOq+by2 (and Lai Sr TiOs) and
Y» Ca Ti03 fairly resemble each other although the
changing rate differs significantly in the respective com-
pounds.

In order to estimate the rate of the spectral weight
transfer, we have calculated efFective number of electrons
(N,@), which is defined as

0.1

0.05

.5

FIG. 11. The hole-concentration p (= b or 1 —a:) de-
pendence of the efFective number of electrons (N,s) in
LaTi03+J/a at 1.1 eV and Yi Ca TiOa at 1.6 eV (see text).

region. Plotted in Fig. 11 is the value of N ~, which is de-
fined as subtracted by the value of the respective parent
insulator LaTiOs (actually LaTiOo ooq) and YTiOs. The
slope of the N ~ against the nominal hole concentration p
(p = 1 n, i.e. , b or—x) difFers significantly for the two sys-
tems; dN, s/dp 0.9 and 0.2 for the doped LaTiOq and
YTi03 system, respectively. Such a large difference may
be attributed to the difference in strength of the electron
correlation, which manifests itself in the distance from
the Mott transition point, q (= U/U, —1); rI = 0.02 for
LaTi03 and g = 0.22 for YTi03. In other words, the
MH gap feature is more amenable to the change of the
band filling (or carrier-doping) for the compound with
weaker electron correlations (a smaller rl value). For the
test of this idea, further experimental investigation of the
q dependence of dN, g/dp is needed, using the present ti-
tanate systems with control of both the band filling and
correlation strength.

It is also interesting to compare the transfer rate
of the titanates with those of the doped cuprate
compounds. For example, the corresponding slope
in the N, g vs p plot in La2 Sr Cu04 was reported to be

1.6, which is even larger than that of the doped
LaTiOs system ( 0.9), in spite of the much larger charge
gap in La2Cu04 ( 1.5 eV) than in LaTiOq ( 0.2 eV).
Such a difFerent behavior of the spectral weight trans-
fer may originate from the difference of dimensions (3D
vs 2D), or otherwise the difFerence of the character of
the original gap, i.e., the Mott-Hubbard type for the ti-
tanates vs the charge-transfer type for the cuparates.

V. SUMMARY

1 2 0
Energy (eV)

1 2
Energy (eV)

FIG. 10. Optical conductivity spectra of carrier-doped per-
ovskite titanates, (a) LaTiOa+ggq and Laq Sr TiOa and (b)
Y'i Ca TiOa, with a change of the band filling n (= 1 —z or
1 —b) Arrows indicate the isosbetic . points in the low-doped
regions (see text).

To control the one-electron bandwidth (W) and hence
the relative strength of the electron correlation (as mea-
sured by U = U/W), we have synthesized a series of
the Mott-Hubbard insulators La Y» Ti03. By mea-
surements of the optical spectra, the Mott-Hubbard gap
(Eg) was observed to increase from 0.2 eV up to 1.2 eV
with an increase of Y concentration. The relative gap
magnitude Eg (= Eg/W) was deduced as a function of
the correlation strength U. The critical value, U, for the
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hypothetical metal-insulator (Mott) transition was esti-
mated precisely from the extrapolation procedure. The
result indicated that the value of rt (= U/U, —I) ranges
from 0.02 (LaTiOs) up to 0.22 (YTi03).

The change of the gap spectra with hole doping
was investigated for slightly oxygen-ofF-stoichiometric
LaTi03+gy2 and the results were compared with the
case of Y~ Ca Ti03, with stronger electron correlation.
The spectral weight transfer from the Mott-Hubbard gap
transition to the inner-gap excitations was observed to be
similar to the case of the other hole-doped correlated in-
sulators. The rate of the spectral weight transfer versus

the nominal hole-concentration is larger for the doped
LaTi03 system than for the doped YTi03 system, which
is perhaps relevant to the correlation strength (or rI value)
of the respective parent insulators.
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