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Abstract. The metal–insulator crossover of the perovskite-type La1−xSrxTiO3 system near
x = 0 has been explored through measurements of the x-ray diffraction, electrical resistivity,
thermoelectric power, Hall effect, and magnetization. This system ranges from being a highly
correlated metal phase forx > 0.05 to being an antiferromagnetic metal-like phase for
0.01 6 x 6 0.05 and then to being a variable-range hopping-like insulator phase for the
composition LaTiO3 with a bandwidth comparable to the electron correlation. The phase for
x 6 0.05 may be characterized in terms of local electron correlations as well as antiferromagnetic
spin fluctuations.

1. Introduction

Metal–insulator transitions, hereafter referred to as MITs, in 3d-transition-metal ternary
oxide systems have recently been investigated intensively in order to clarify the anomalous
properties of correlated electrons [1, 2]. One of the most prototypical systems is the
perovskite-type one with the chemical formula MTO3, where M is an alkaline- or rare-
earth element and T is a transition metal element such as Ti or V. In this system, the
electron concentration and/or bandwidth can be controlled by the partial substitution of M
ions. However, since MITs have often been accompanied by a structural distortion, it is not
easy to clarify the driving force for the transition.

On the basis of transport, magnetic, thermal, and spectroscopic measurements for
the La1−xSrxTiO3 system [2–14], it has been considered that LaTiO3 is a Mott–Hubbard
insulator, and that the compounds with concentrations in the rangex > 0.05 are located
in a highly correlated metal phase, in which the carrier mass increases critically with a
constant Wilson ratio as the composition LaTiO3 is approached [2, 8–12]. The transport
properties of RTiO3 (R = La, Ce, Pr or Nd) depend on the inhomogeneity of the atomic
concentration and/or the comparability of the electron correlationU and the bandwidthW
[14]: oxygen-deficient La and the nearly stoichiometric Ce compounds are like variable-
range hopping (VRH) insulators with a finite density of states at the Fermi levelEF, while
the compounds with excess oxygen (or cation deficiency) are highly or weakly correlated
metals whose behaviour depends on their magnitudes ofW as well as random potentials.
The existence of a pseudogap in the density of states for the highly correlated metals has
also been suggested [14].

Systematic investigations of the Ce1−xSrxTiO3 and CeTiO3+y/2 systems, where 06
x 6 1 and−0.366 y 6 0.44, have revealed that for the crossover from correlated metals
for 0.046 x 6 0.4 to VRH-like insulators forx < 0.02, the system is accompanied by a

0953-8984/98/051003+09$19.50c© 1998 IOP Publishing Ltd 1003



1004 M Onoda and M Kohno

Figure 1. The x-dependences of the lattice constants and the lattice constant ratio 2−1/2c/aave

for La1−xSrxTiO3, whereaave is an average ofa andb: open symbols, this work; full symbols,
after reference [6].

Jahn–Teller effect, a band dispersion anomaly, and canted magnetism forx 6 0.1 [15]. The
variations of the properties of CeTiO3+y/2 with y are rather similar to those of Ce1−xSrxTiO3

with x. Thus, not only a carrier mass enhancement but also the antiferromagnetic correlation
effect have been considered to contribute to the metallic state near the boundary between
the VRH-like insulators and metals.

It is expected that La1−xSrxTiO3 also experiences similar antiferromagnetic correlation
effects to those that occur in Ce1−xSrxTiO3 and CeTiO3+y/2, because these systems have
similar crystal structures. On the basis of our preliminary data for La1−xSrxTiO3, we have
already pointed out that this expectation may well prove correct [15]. This paper describes
a detailed experimental study for La1−xSrxTiO3 nearx = 0 through measurements of the
x-ray diffraction, electrical resistivity, thermoelectric power, Hall effect, and magnetization.
Section 2 describes the experimental methods, and section 3 presents the experimental
results, referring appropriately to previous analysis procedures [14, 15]. Section 4 presents
a unified discussion on the structural, transport, and magnetic properties clarified by this
work, and section 5 is devoted to conclusions.

2. Experiments

Polycrystalline specimens of LaTiO3 were prepared according to the same procedure as
described in reference [14], and those of SrTiO3 were obtained by the solid-state reaction
method in air with TiO2 (99.9% purity) and SrCO3 (99% purity) at 1373 K for 12 hours.
From an appropriate mixture of LaTiO3 and SrTiO3, the specimens of La1−xSrxTiO3 with
0 6 x 6 0.4 were prepared finally with an Ar arc furnace. Electron-probe microanalysis
(EPMA) was performed to estimate the cation concentration ratio.
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Figure 2. The temperature dependence of the electrical resistivityρ of La1−xSrxTiO3;
(a) logρ againstT −1 for 0 6 x 6 0.03 and (b) ρ − ρ0 againstT 2 for 0.01 6 x 6 0.07,
ρ0 being the residual resistivity.

X-ray powder diffraction patterns were obtained with Cu Kα radiation at 290 K by
a two-circle diffractometer. The four-terminal electrical resistivity and the thermoelectric
power were measured by a DC method between 4.2 and 300 K. The Hall coefficient was
measured at 290 K using a field of up to 15 kOe. The magnetization was obtained by
the Faraday method with an applied field of up to 10 kOe between 4.2 and 1000 K, and
the magnetic susceptibility was determined from the linear coefficient of the magnetization
versus field (M–H ) curve with a decreasing field.

3. Results

3.1. Lattice constants and the cation ratio

The cation concentration ratio estimated by EPMA is nearly the same as the nominal value.
Thus, the following discussion treats the nominal composition as that of the compound.

The powder diffraction patterns for all of the specimens indicate a single phase with an
orthorhombic symmetry. The lattice constantsa, b, andc are shown as functions ofx in
figure 1. The full symbols in this figure represent previous data [6]. They are consistent
with our results for the range ofx 6 0.2, but a significant difference arises forx > 0.2.
The cause of this discrepancy is not clear. The lattice constants arenot linear in x; i.e. a
simple Vegard rule is not valid for this system, which contrasts with the results for the
spinel-type LixMg1−xV2O4 system, which exhibits an Anderson-type MIT atx ' 0.4 [16].
The lattice constant ratio 2−1/2c/aave, whereaave is the average of thea- and b-values,
plotted againstx at the bottom of figure 1, deviates significantly from unity forx 6 0.05,
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while for x > 0.05, it is nearly unity. This may indicate that forx 6 0.05, a d electron
occupies the dxy orbital due to the Jahn–Teller distortion [17] which is consistent with the
results of structure analysis of LaTiO3 [3, 6], but for x > 0.05 it occupies the degenerate
orbitals.

Figure 3. The phase diagram of La1−xSrxTiO3 with 0 6 x 6 0.1: ◦, magnetic transition
temperaturesTc; 4, temperaturesT1 above which dρ/dT is positive;�, temperaturesT2 above
which ρ has aT 2-dependence. ‘Metal’ indicates the highly correlated metal phase; ‘AFM’
indicates the antiferromagnetic metal-like phase; ‘VRH’ indicates the variable-range hopping-
like insulator phase; ‘WF’ indicates the phase with canted magnetism. The full curve, and the
dashed and dotted lines are drawn as guides to the eye.

3.2. Transport properties

The electrical resistivityρ against the inverse temperature for 06 x 6 0.03 is shown in
figure 2(a). As previously reported [14], the conduction of LaTiO3 at high temperatures
is by hopping. On the other hand, at low temperatures, it is by means of extended
states, although the temperature dependence does not follow a simple VRH conduction
law; ρ ∝ exp[(T0/T )

1/4] with T0 = α3/D, whereα andD represent the envelope of the
wavefunction, as exp(−αr), and the density of states for the hopping, respectively [18]. The
resistivities forx = 0.01 and 0.03 are metallic above certain temperaturesT1 but, belowT1,
they increase gradually with decreasing temperature. As shown in figure 2(b), the metallic
resistivity for x > 0.01 approximately follows the relationρ − ρ0 = AT 2 over a certain
temperature region aboveT2, which may be one of the characteristics for a Fermi liquid
[19], where the residual resistivitiesρ0 for x = 0.01, 0.03, 0.05, and 0.07 are 51, 0.77,
0.43, and 0.14 m� cm, respectively, andA is a constant. Here, forx = 0.05, A for the
rangeT > 170 K appears to be larger than that forT < 140 K. While ρ0 for x > 0.1 is
nearly independent ofx [9], it appears to correlate withA for x < 0.1. Figure 3 showsT1

andT2 againstx below x = 0.07, as open triangles and squares, respectively.
The temperature dependence of the thermoelectric powerS of La1−xSrxTiO3 is shown

in figure 4. The positive thermoelectric power of LaTiO3 suggests that a major contribution
to the current lies belowEF. The result at low temperatures is characteristic for electron
tunnelling between states atEF, while at high temperatures, a dominant contribution to
transport comes from hopping [14]. The data withx = 0.01 above 75 K are positive but,
below this temperature, they are nearly zero. On the other hand, the data withx > 0.03



AF correlation effects in the M–I crossover of La1−xSrxTiO3 1007

Figure 4. The temperature dependence of the thermoelectric powerS of La1−xSrxTiO3.

are negative, suggesting an electron carrier. The thermoelectric power for thisx-region
is approximately linear in temperature. By assuming that the effective massmeff is twice
the free-electron mass and that the carrier densityn follows the free-electron relationship
nfree ' 1.6× 1022(1− x), the experimental results forx > 0.05 are roughly explained by
the relationS ' −(3e)−1π2kT /EF, wherek is the Boltzmann constant [20]. However, it is
known that, in thisx-region, themeff-values estimated from the magnetization measurements
significantly depend onx [9]. Therefore, it is necessary to obtain a precise expression for
the thermoelectric power on the basis of the actual band structure.

Figure 5. Thex-dependence of the apparent carrier densityn of La1−xSrxTiO3 estimated from
the Hall coefficient with a one-band model, where the full line shows the carrier concentration
calculated from a free-electron relationship.

The Hall coefficients of La1−xSrxTiO3 at 290 K for x > 0.01 show a negative sign,
suggesting an electron carrier. Theapparentcarrier concentrationn estimated from a one-
band model is shown as a function ofx in figure 5. The full line shows the carrier
concentrationnfree defined above. Forx > 0.05, n agrees roughly withnfree [9] but, for
x = 0.01 and 0.03,n is significantly smaller thannfree.
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Figure 6. The temperature dependence of the magnetic susceptibilityχ of La1−xSrxTiO3,
where the full curve for LaTiO3 shows the calculated Pauli paramagnetic susceptibility, the
arrows indicate the positions of the susceptibility maxima, and the dotted line is drawn as a
guide to the eye.

3.3. Magnetic properties

The temperature dependence of the magnetic susceptibilityχ of La1−xSrxTiO3 is shown in
figure 6. Here, thex-dependence of the susceptibility at room temperature is fairly consistent
with previous data forx > 0.05 [9]. For x 6 0.05, a susceptibility peak or upturn at low
temperatures exists, which may be related to the occurrence of a remanent magnetization
basically due to an antisymmetric interaction as will be described later. The data for the
paramagnetic region of LaTiO3 have apparently been explained in terms of the free-electron
model withEF = 984(5) K and the constant paramagnetismχ0 = 2× 10−5 emu mol−1 as
shown by the full curve, because, in this compound, there is a finite density of states atEF

[14] andU/W ' 1 [21]. The susceptibility for the paramagnetic region, wherex > 0.01,
has a broad peak atT ∗, which is marked by the arrows in figure 6.T ∗ increases with
increasingx and has a tendency to saturate at largex. From the viewpoint of the band
theory, the part of the bandwidth with a width of aboutkT aroundEF is responsible for
the susceptibility atT . Thus, the present results indicate that the density of states atEF has
a pseudogap as has been already pointed out for the highly correlated metal phase of La
compounds with excess oxygen [14], andEF approaches a valley in the density of states as
x increases. Unfortunately, it is difficult to estimate the actual band form from the present
data alone.

The remanent magnetizationσ defined asM = χH + σ for LaTiO3 is due to the
antisymmetric interaction between the Ti3+ ions [3, 14]. This appears forx 6 0.05 [11].
The temperature dependence ofσ is shown in figure 7, and the transition temperatureTc

is plotted in figure 3 as the open circles. With increasingx, σ decreases rapidly, but the
decrease inTc is small. The data forx = 0 and 0.01 are explained approximately in terms
of the relationσ/σ0 = tanh[σTc/(σ0T )], whereσ0 is the value at 0 K [14]. From the full
curves in figure 7,Janis/J or σ0/µB, whereJ and Janis are the isotropic and anisotropic
exchange constants, respectively, andµB is the Bohr magneton, is 9.3× 10−3 for x = 0
and 7.1× 10−3 for x = 0.01 [22, 23]. A slight discrepancy between the full curve and the
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Figure 7. The temperature dependence of the remanent magnetizationσ of La1−xSrxTiO3,
where the full curves forx = 0 and 0.01 indicate the calculated results.

data at aroundTc may be due to short-range-ordered effects. This result may indicate that
the density of states atEF below Tc is reduced due to the magnetic transition or band-gap
formation, although it is still finite [14]. The data forx = 0.03 and 0.05 have a maximum
at temperatures belowTc, which cannot be explained using the above relation.

4. Discussion

The properties of La1−xSrxTiO3 clarified by this work are summarized as follows.

(i) The Jahn–Teller distortion may lead to occupation of the dxy orbital for x 6 0.05;
outside this range the ground-state orbitals are degenerate.

(ii) For the electrical resistivity of the compounds withx = 0.01 and 0.03, the relation
ρ = ρ0+ AT 2 is still valid above certain temperatures.

(iii) The thermoelectric power is positive forx 6 0.01; outside this range it is negative
and varies linearly with temperature.

(iv) The Hall coefficient has a negative sign forx = 0.01 and 0.03, and the apparent
carrier concentration with a one-band model is smaller than the value derived from the
free-electron relationship.

(v) Except LaTiO3, the compounds have a pseudogap in the density of states atEF.
(vi) The temperature dependence of the remanent magnetization forx = 0.03 and 0.05

is different from that forx = 0 and 0.01.

For x > 0.05, the electronic state is considered to be basically a highly correlated Fermi
liquid [2, 8–12, 24]. However, it should be noted that for 0.016 x 6 0.1, the enhancement
of A is much stronger than that ofχ2. This appears to be inconsistent with the usual
Fermi liquid theory, in whichA and χ are expected to be proportional tom2

eff andmeff,
respectively [19]. Thus, an increase inA through an antiferromagnetic correlation may also
be expected forx 6 0.1, and in particular forx 6 0.05 as described below.

For x = 0.05, the compound is metallic over the whole temperature range, though
remanent magnetization appears belowTc. The band gap that originates from the magnetic
transition may be very small. This transition seems to be correlated with the change inA:
i.e., A for temperatures belowTc is slightly smaller than that for temperatures aboveTc.
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For x 6 0.05, A is expected to increase significantly due to the greater strength of the
antiferromagnetic instability. These properties suggest that the compound is roughly similar
to an antiferromagnetic metal.

The compound withx = 0.03, where the bandwidth may be reduced due to a significant
Jahn–Teller distortion, is still metallic aboveTc, while belowTc, dρ/dT is negative. Since
the thermoelectric power indicates that there is a finite density of states atEF, the band
gap due to the magnetic transition should still be small. The difference betweenn andnfree

aboveTc indicates an anomaly in the band dispersion. Thus, an antiferromagnetic semimetal
model is inferred to be applicable, in which the current should be carried by electrons and
holes. The anomalous temperature dependence of the remanent magnetization forx = 0.03
and 0.05 has to be explained not in terms of a localized electron model but in terms of a
band theory.

The results forx = 0.01 may be interpreted as indicating a crossover between the
antiferromagnetic semimetal-like phase forx = 0.03 and the VRH-like insulator phase for
the composition LaTiO3. Here, there exists a discrepancy between the signs for carriers
obtained from the thermoelectric power and Hall coefficient measurements. If the two-band
model described above is applied, this discrepancy may be explained by considering the
conductivity weight and the band form for each carrier.

These considerations provide the phase diagram shown in figure 3. Here, ‘Metal’
for x > 0.05 indicates the highly correlated metal phase with a small degree of
antiferromagnetic correlation in the magnetic properties; ‘AFM’ for 0.01 6 x 6 0.05
denotes the antiferromagnetic metal-like phase; ‘VRH’ for LaTiO3 indicates the variable-
range hopping-like insulator phase; ‘WF’ indicates the phase with canted magnetism. The
existence of the antiferromagnetic metal phase located near the Mott–Hubbard insulator
has been predicted qualitatively [1, 21]. For example, Mott has postulated a degenerate
gas of spin polarons, in which a carrier tends to orient the moments of neighbouring atoms
antiparallel to its own spin [1]. To achieve a quantitative understanding, further experimental
and theoretical investigations are necessary. The VRH-like phase is different from the pure
antiferromagnetic insulator phase that has been discussed theoretically, because the density
of states atEF is finite and the susceptibility above the magnetic transition temperature is
of the Pauli type as indicated by the comparability ofU andW [14].

5. Conclusions

Through measurements of the lattice constant, electrical resistivity, thermoelectric power,
Hall coefficient, and magnetization, this work has revealed that La1−xSrxTiO3 with 06 x 6
0.4 undergoes successive transitions from the highly correlated metal phase forx > 0.05
to the antiferromagnetic metal-like phase for 0.01 6 x 6 0.05 and then to the variable-
range hopping-like insulator phase for the composition LaTiO3. The latter transition may
be closely related to the Mott–Hubbard-type one that appears as a band-crossing transition.
For the highly correlated metal phase, the bandwidth may be controlled by the GdFeO3-
type distortion, while for the antiferromagnetic metal-like and variable-range hopping-like
insulator phases, it may be reduced due to the Jahn–Teller distortion.

The phase forx 6 0.05 should be described in terms of local electron correlations as
well as antiferromagnetic spin fluctuations. Here, an electron–phonon interaction through
the Jahn–Teller distortion may be also significant due to the carrier mass enhancement.
Since the correlation effect and the electron–phonon interaction do not compete with each
other, it is difficult to determine quantitatively the driving force for the transition from
the highly correlated metal phase to the antiferromagnetic metal-like phase. The electronic
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states of La1−xSrxTiO3 wherex 6 0.05 are comparable with those of Ce1−xSrxTiO3 and
CeTiO3+y/2 wherex, y 6 0.1 [15].
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