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Filling Dependence of Electronic Properties on the Verge of Metal-Mott-Insulator
Transitions in Sr I — La Ti03
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Introducing holes (or partly eliminating electrons) in Mott-Hubbard insulator LaTi03 (with 3d
configuration) can be carried out by partial substitution of La with Sr, which produces the strongly
correlated metallic phase. Systematic variation of electronic properties in Srl — La„Ti03 was investigat-
ed as a function of the 3d band filling (x) by measurements of resistivity, Hall coefficient, magnetic sus-
ceptibility, and specific heat. Up to the vicinity of the metal-insulator phase boundary (x,—0.95),
Srl —„La„Ti03behaves as a Fermi liquid system where the carrier mass and scattering rate critically in-
crease as the x =1 (LaTi03) insulator is approached.

PACS numbers: 71.30.+h, 71.28.+d, 72.80.Ga, 74.20.Mn

Stimulated by discovery of high-T, superconductivity,
electronic structures and properties in strongly correlated
electron systems have been attracting renewed attention.
Ternary or multinary oxides of transition metals are of
particular interest, since the chemical potential or the
filling of the narrow d electron band can be controlled by
chemical substitution (e.g. , at the A sites of the
perovskite structure) while keeping fundamental metal-
oxygen networks. The layered cuprate compounds with
high-T, superconductivity are prototypes for such filling-
controlled materials [1] with strong electron correlations.
By changing the eA'ective valence of Cu or filling of the
Cu-O related band, the cuprate compounds undergo the
phase change from the insulator to high-T, superconduc-
tor (or unconventional metal above T,). According to
the Zaanen-Sawatzky-Allen scheme [2], the parent cu-
prates are classified as the charge-transfer (CT) insula-
tors where the charge gap is formed between the occupied
0 2p states and unoccupied Cu 3d states (upper Hubbard
band). On the other hand, there are ample examples of
insulating transition metal oxides [3] (Mott insulators in

a narrow sense), where the possible charge gap is formed
between the Coulomb-split d bands (i.e., lower and upper
Hubbard bands). One of the most extensively investigat-
ed compounds is V203 (Refs. [3,4]) with a 3d con-
figuration of V, which undergoes the metal-insulator
transition by applying pressure, changing oxygen stoi-
chiometry, or alloying with Ti203. However, the control
of the band filling in the binary systems (e.g. , V203) is
limited near the stoichiometric composition, since a heavy
alloying at the transition metal sites or large non-
stoichiometry inevitably introduces the randomness into
the system. Apart from the studies on the finely valence-
controlled V203 (Ref. [4]), there have been very few
careful studies on the systematic change of electronic

properties upon the Mott-insulator-metal transition
which is driven by change of filling or by "carrier dop-
1ng.

The purpose of this Letter is to report on systematic
variation of electronic and magnetic properties from
changing the band filling in strongly correlated metals on
the verge of the Mott-Hubbard transition. The system
we have investigated is the newly synthesized solid solu-
tion system, Sr1 „La„Ti03with perovskite-like structure,
in which a number of 3d electrons can be varied from 0 to
1 with a change of x from 0 (SrTi03) to 1 (LaTi03).
The end compound LaTi03 (x =1), when well stoichi-
ometric, has been known to show nonmetallic behavior
[5] due to electron correlation and the antiferromagnetic
ordering of Ti 5= —,

'
spins at Ttv =120-150 K [5,6].

However, the insulating state associated with the magnet-
ically ordered phase is easily broken and transformed to
the metallic state with a slight increase (~ 0.05) of the
Ti valence from + 3.0 ("hole-doping" procedures) by
La/0 off-stoichiometry or by Sr doping onto the La sites
[5-8]. Furthermore, the Ti sites form a nearly simple cu-
bic lattice in such a perovskite-related crystal, which is

expected to show almost isotropic electronic properties.
Therefore, Sr1 La, Ti03 may be one of the most desir-
able systems in which critical dependence of physical pa-
rameters on the band filling can be investigated in the vi-

cinity of the Mott-Hubbard transition. The behavior
near the metal-nonmetal phase boundary in the "hole-
doped" Mott system is of particular interest in compar-
ison with the case of high-T, cuprates.

Samples of Sr1 —„La Ti03 were melt grown in a reduc-
ing atmosphere by the Aoating zone method, details of
which were reported previously [8]. Special attention was

paid to synthesis of the samples with x close to 1 includ-
ing the sample LaTi03, since even a slight oA'-stoichiom-
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etry will change electronic properties near the metal-
nonmetal phase boundary [5-8]. Careful precalcining of
La203 (source of La) and a fairly strong reducing condi-
tion (40% H2i'Ar) prevented the La deficiencies and extra
oxygen. The presently prepared LaTi03 shows a nonme-
tallic behavior over all temperatures below 300 K, as
shown in the inset of Fig. -1, with T~ =138 K. Thermo-
gravimetric analysis showed the effective Ti valence of
3.02 for the insulating x =1 sample and the oxygen off-
stoichiometry less than 2% of the total oxygen content for
the Sr-substituted samples. The insulating state in La-
Ti03 was confirmed to be amenable to the hole-doping
procedure by the partial substitution with Sr as seen in
the metallic behavior (the inset of Fig. 1) of
Sro o5Lao 95Ti03 (x =0.95).

Temperature dependence of the resistivity (p) in me-
tallic compounds Srl —,La Ti03 is shown in Fig. 1, where

p —
po is plotted against the square of the temperature

(T ). The residual resistivity po in the metallic com-
pounds is ca. 2x10 Qcm for the x=0.5 sample and
(5-7) && 10 0 cm for 0.6 (x (0.95. The metallic be-
havior persists in the samples with the lower filling of
x (0.5 (not shown in the figure), yet the samples with
x (0.1 show some carrier localization eA'ect [7], perhaps
due to poor shielding of the impurity (La +) potential by
low carrier density. Notably, the temperature dependen-
cies of resistivity in the metallic region are well charac-
terized by the relation p =po+AT, over a wide tempera-
ture region (at least up to 200 K). The quadratic tem-

perature dependence of resistivity is reminiscent of the
strong electron-electron scattering process which seems to
predominate the electron-phonon scattering process. The
coeScient A increases conspicuously with filling as the
x =1 Mott insulator is approached in spite of comparable
values of po. Such a filling-dependent behavior signals a
systematic change of the scattering rate and the effective
mass of carriers (vide infra). Incidentally, the increase in
the T coe%cient of the resistivity as the metal-insulator
transition is approached has also been observed in V203
(Ref. [9]) where pressure rather than the filling control
was used to drive the system through the transition.

To estimate the carrier concentration and its filling
dependence in Sr i — La Ti03, we have measured the
Hall coeScient. The inverse of the Hall coe%cient RH '

is plotted against x in Fig. 2. In the metallic region, at
least for 0. 1 ~ x ~ 0.95, the Hall coe%cient was observed
to be negative (i.e., of electron type) and nearly tempera-
ture independent as exemplified by respective values mea-
sured at 80 K (closed circles) and 173 K (open circles) in

Fig. 2. The absolute value of RH varies linearly with x
up to at least x =0.95. Thus estimated carrier density as
a function of x is in excellent agreement with the simple
prediction (indicated by a straight line) assuming that
each substitution of a Sr + site with La + supplies one
electron-type carrier per Ti site. [The change of unit cell
volume Srl — La„Ti03 is small (less than 4%) and may
be neglected in the following discussion. ] In other words,
the 3d band filling x gives a previse measure of the car-
rier density in the metallic phase of Sr~ La Ti03 even
in the composition region close to the insulating end
(x =1). The observed behavior implies existence of the
Fermi surface which satisfies the Luttinger sum rule. In
particular, in the metallic region near x =1, the com-
pound must show a large Fermi surface as expected for
the noninteracting electrons and not the small one typical
for holes doped in the insulator. The simple behavior of
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FIG. 1. Temperature (T) dependence of resistivity (p) in

Srl —„La„Tio3. p is plotted vs T . The inset shows p vs T plots
in the nonmetallic x =I (LaTi03) and metallic x =0.95 sam-
ples.

FIG. 2. The filling (x) dependence of the inverse of Hall
coetlicient (RH ) in Srl —„La„Ti03. Open and closed circles
represent the values measured at 80 K and 173 K, respectively.
A solid line indicates the calculated one based on the assump-
tion that each substitution of a Sr + site with La + supplies the
compound with one electron-type carrier per Ti site.
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FIG. 3. The filling (x) dependence of the T linear coefficient
of low-temperature specific heat (y, closed circles) and nearly
temperature-independent spin susceptibility (g) at 300 K (open
circles). In the upper part, the Wilson ratio, g/y normalized by
3pjf/z kp, is plotted vs x.

RH observed in Sr~ La Ti03 implies that the Fermi
liquid picture [10] may be applied up to the verge of the
metal-insulator transition in this three-dimensional sys-
tem. The observed filling dependence of R~ in Sr~ —-
La Ti03 is in contrast with the case of hole-doped lay-
ered cuprate compounds, e.g. , La2 Sr Cu04, where the
Hall coefticient remains positive in the region of
0 & x &0.2 (or the filling range, 0.8 & 1

—x & 1.0) [11].
That the system verges on the metal-insulator transi-

tion with x manifests itself in other measurable quanti-
ties. In Fig. 3 we show x variation of the T linear slope
(y) of electronic specific heat in Sri — La„Ti03 by closed
circles. The heat capacity (c) in the sample was mea-
sured by the adiabatic heat pulse method with a calibrat-
ed Ge thermometer. The values of y could be unambigu-
ously determined from the well-defined intercepts of the
c/T vs T plots which show straight lines without any up-
turn or downturn behavior as T 0. Then, the renor-
malized density of states at the Fermi level N(EF) can be
deduced using the relation y=(x /3)kliN(EF). As is
evident in the figure, N(EF) in Sri-„La„Ti03 increases
with x and shows a critical enhancement as the end
(x = I ) insulator is approached.

Spin susceptibility (g) data at 300 K in the metallic
phase are also plotted in Fig. 3 by open circles. (The con-
tribution due to the core diamagnetism was subtracted
from the raw data of magnetic susceptibility. ) g in the
metallic phase is nearly temperature independent typical
of Pauli paramagnetism. It is remarkable that data of
both y and g show quite a parallel behavior. In fact, the
Wilson ratio (g/y in units of 3pii/x kii) is nearly con-

stant (-2) against x, as shown in the upper part of Fig.
3. The results indicate absence of Stoner enhancement
even when the system approaches the Mott insulator with
increase of x. This may be in accord with the Brink-
man-Rice picture [12] for the half-filled Hubbard model.

According to the Fermi liquid model (FLM) [13], y
and g can be expressed by the relations

y=(m*/mg) y+1

and

g=(m*/m )g /(1+Fthm) .

Here, m~, y, and g represent the respective values
for a noninteracting electron system and Fo the standard
notation of the Landau parameter [13]. In the case of
the isotropic (spherical) Fermi surface, p for the
noninteracting system (and hence both of y and g )
scale(s) with the filling such as ccx'~. A solid line
shown in Fig. 3 represents the reference for x' . Devia-
tion of the observed N(EF) from this reference line be-
comes readily appreciable above x =0.5 and increases
with x as the Mott insulator (x =1) is approached. This
is in contrast with the fact that the Hall coe%cient (RH)
shows the filling dependence (ixx ') which is identical
with the uncorrelated case. In terms of FLM the filling-
dependent increase of y and g is ascribed to enhancement
of the eA'ective mass m* of correlated electrons [13]. [In
this case, Fr'i must be nearly constant ( ——0.5) against
the filling x.] The critical mass enhancement as observed
is obviously due to the eAect of electron correlation which
becomes significant with x and causes the Mott-
Hubbard-type insulation at the end (x =1) filling. In
other words, the barely metallic behavior near x =1 is
characterized not by decrease of the carrier density but
by increase of the elTective mass (and perhaps also the
scattering rate) of carriers.

The enhancement of m * with the band filling in

strongly correlated electron systems has been theoretical-
ly asserted on the basis of the exact solution of the one-
dimensional Hubbard model [14] and numerical studies
on the two-dimensional Hubbard model [15] as well as
the slave boson approach for the three-band (Cu-0
plane) Hubbard model [16]. To the best of our know-

ledge, however, the present result is the first experimental
confirmation of such a critical behavior for the real
three-dimensional Mott-Hubbard system. The theories
[13,14] have predicted the critical behavior that m *
ix (1 —x) '. The observed enhancement of m* above
x =0.6 appears not to be as steep as by the theoretical
predictions for the one- or two-dimensional Hubbard
model.

Keeping the above in mind, we may argue the trans-
port data shown in Fig. 1 in terms of FLM. The efIect of
electron correlation also causes the increase of the
scattering rate of quasiparticles near FF. For a large
class of metals with strong correlation, in particular
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FIG. 4. The T coefficient of resistivity (A) plotted vs the
square of the T linear coefficient of low-temperature specific
heat (y ) for the metallic Sri —„La„Ti03 near the metal-
nonmetal phase boundary (x) 0.7). The notation x =I* indi-
cates the nominally x = l sample which is barely metallic
perhaps due to a slight amount (ca. 2%) of La deficiencies.

heavy fermion systems, the empirical relation that 4 ~ y
has been reported to hold well [17,18]. In Fig. 4 we have
plotted 2 against y for several samples of Sri „La„Ti03
near the metal-insulator phase boundary. As expected,
the above relation that 2 ~ y holds approximately also
in this system, which again ensures that the steep increase
of 2 in resistivity with x originates from the strong elec-
tron correlation on the verge of Mott-Hubbard transition.
It is worth noting that the A/y ratio [ca. 1.0x10
f) cm (mol K/mJ) ] observed in the present titanate com-
pounds agrees quite well with the universal value reported
for the heavy fermion system [17], though y values for
the latter are larger by 1 or 2 orders of magnitude than
those for the present system. This may signal an underly-
ing common mechanism for the constant 2/y ratio in
these strongly correlated electron systems [18].

In conclusion, we have investigated the filling (x)
dependence of the metallic properties in Sri „La Ti03
with strong electron correlations. With the 3-site substi-
tution in the perovskite-like ternary system, we could
comprehensively investigate a systematic behavior of
electronic properties over a wide range of the band filling,
which would be difficult with the use of the binary oxide
systems (e.g. , Tiz03 and V203). Up to the vicinity of the
metal-Mott-insulator phase boundary, the behavior can
be well described by the Fermi liquid model. The
effective mass of carriers is critically enhanced by the
effect of electron correlation as the end Mott insulator is
approached. Such a mass enhancement effect has also
shown up in the optical spectra [8]: As the compound
approaches the x = 1 insulator, the plasma frequency
[ce(x/m*)'t ] has been observed to be conspicuously
suppressed, indicating again the critical increase of m*.
Therefore, the metal-nonmetal phase transition in this
system may be characterized by divergence of effective
mass of carriers. The Fermi-liquid-like behavior up to
the vicinity of the metal-insulator phase boundary ob-

served in these titanates is contrasted by a filling-
dependent behavior of the unconventional normal-state
properties of high-T, cuprates. The difference may come
from the dimensionality (3D vs 2D) or more likely from
the nature and magnitude of the charge gap in the parent
insulators (the charge-transfer-type gap of 1.5-2 eV [19]
for the Cu02-layered compounds and the Mott-Hubbard
gap of ca. 0. 1 eV [6] for LaTi03).
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