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Abstract. The electronic states of theRTiO3 (R = La, Ce, Pr, and Nd) perovskite system
with Ti3+ ions have been explored through measurements of x-ray diffraction, transport, and
magnetization. La compounds with small oxygen deficiencies, LaTiO2.96 and LaTiO2.98, have
a negative temperature derivative of magnetic susceptibility at high temperatures as expected
from a free-electron-like model with a large reduction of the Fermi energy. On the other
hand, La compounds with excess oxygen have an anomalous positive value, suggesting the
existence of a pseudogap in the density of states. The dominant contribution to transport at low
temperatures of LaTiO2.96, LaTiO2.98, and CeTiO3.00 may be by extended states on account of
a lack of stoichiometry and/or of a comparability of the bandwidth and the correlation energy.
In CeTiO3.00, PrTiO3.03, and NdTiO2.97, the remanent magnetization at low temperatures is
qualitatively understood in terms of the molecular field of the canted moment of Ti ions acting
on the 4f spins ofR ions.

1. Introduction

Perovskite systems with the chemical formulaRTiO3 or RVO3, whereR is a rare-earth
element, have been studied in order to elucidate peculiar properties for the correlated 3d
electrons [1–12]. Here, Ti3+ and V3+ ions of these systems have 3d1 and 3d2 configurations,
respectively. The structures at room temperature are basically of GdFeO3 type with
a ' b ' √2ac andc ' 2ac, whereac is the simple cubic perovskite dimension as applied
to SrTiO3 with Ti4+ or SrVO3 with V4+.

TheR1−xSrxTiO3 system has been considered to change from a Mott–Hubbard insulator
with x = 0 to a band insulator withx = 1 as a function ofx. However, in the case of
R = La, it is difficult to determine whether the stoichiometric compound withx = 0 is an
insulator, because the bandwidth is expected to be larger than those of other compounds.
As x approaches zero, the effective mass of the conduction electrons has been revealed to
increase dramatically with a constant Wilson ratio of about 2 from the magnetic susceptibility
and specific heat measurements [8]. Since the paramagnetic susceptibility below room
temperature depends little on temperature, in spite of the large mass enhancement, the
metallic phase ofR1−xSrxTiO3 is suggested to be essentially like a Fermi-liquid. Of course,
due to the large reduction of the Fermi energy, the susceptibility above room temperature
may be expected to show a significant temperature dependence. Thus, the susceptibility
measurement in a wide temperature region will allow us to estimate the precise Fermi
energy and a band form.

Magnetic transitions exist at low temperatures inRTiO3. The antiferromagnetic or
ferromagnetic properties come from the superexchange coupling via Ti–O–Ti linkages which
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are correlated with the ionic radii ofR [3, 4]. However, an analysis of the remanence due
to the magnetic transition is not complete owing to the lack of experiments.

In order to clarify the above properties, we have measured x-ray diffraction, electrical
resistivity, thermoelectric power, and magnetization of theRTiO3 system (R = La, Ce,
Pr, and Nd) that is located near the boundary between a Mott–Hubbard insulator and a
correlated metal.

2. Experiments

Polycrystalline specimens of theRTiO3 system were prepared from a congruent melt with
Ar arc furnace. Here, starting materials were TiO2 (99.9% purity), Ti metal (99.9% purity),
R2O3 (99.99% purity) forR = La and Nd, CeO2 (99.9% purity) forR = Ce, and Pr6O11

(99.99% purity) forR = Pr. Thermogravimetric analysis was performed to estimate the
oxygen concentration.

An x-ray powder diffraction pattern was taken with Cu Kα radiation at 290 K by a two-
circle diffractometer. Electrical resistivity was measured with a DC four-terminal method in
the temperature region below 300 K. Thermoelectric power was measured by a DC method
below 350 K. Magnetization was taken by a Faraday method from 4.2 K to 1100 K for
R = La, to 800 K forR = Ce, and to 300 K for the other compounds, where the field
of up to about 8 kOe was applied. The magnetic susceptibility was estimated from the
linear coefficient of magnetization against field (M–H ) curve in the decreasing process of
the field.

3. Results and discussion

3.1. Lattice constant and oxygen concentration

La compounds with oxygen concentrations of 2.98, 2.96, and larger than 3, hereafter
called LaTiO3d1, LaTiO3d2, and LaTiO3e, respectively, have been prepared. The oxygen
concentrations for the Ce, Pr, and Nd compounds are estimated to be 3.00, 3.03, and 2.97,
respectively. Here, each accuracy to the oxygen concentration is 0.01. For these compounds,
let us use the nominal composition as the compound name.

Table 1. Lattice constants of theRTiO3 system at 290 K.

R a (Å) b (Å) c (Å) r

La-d1 5.623(1) 5.597(1) 7.902(3) 0.996
La-d2 5.626(1) 5.600(4) 7.922(4) 0.998
La-e 5.569(4) 5.567(2) 7.875(5) 1.000
Ce 5.596(1) — 7.858(1) 0.993
Pr 5.534(4) 5.598(4) 7.822(5) 0.994
Nd 5.520(1) 5.651(1) 7.787(1) 0.986

The lattice constants are determined as listed in table 1. Only CeTiO3 is tetragonal or
pseudotetragonal, while the others are orthorhombic. As the ionic radius ofR decreases, the
volume decreases due to the tilting of TiO6 octahedra. These data are almost consistent with
previous works [3–6]. The lattice constant ratior defined asr = c/√2aav, aav being the
tetragonal lattice constant or the average ofa andb in the orthorhombic symmetry, is found
to decrease with decreasing ionic radius, except for PrTiO3 having excess oxygen. This
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(a)

(b)

Figure 1. Temperature dependence of the electrical resistivityρ of RTiO3 with R = La, Ce, Pr,
and Nd (a) logρ againstT −1/4 and (b) logρ againstT −1 based on a variable-range-hopping
model.

tendency has also been confirmed for the vanadium perovskitesRVO3 [11]. Goodenough
has pointed out that this distortion, which allows the 3d1 electron to occupy the dxy orbital
in the dε state, is caused by the Jahn–Teller effect [13].

3.2. Transport properties

In figure 1(b), the electrical resistivityρ of all the compounds is plotted as a function
of the inverse temperature. The temperature dependence ofρ for LaTiO3e nearly follows
T 2 as indicated by the full curve, supporting the fact that this compound is a correlated
metal. LaTiO3d1 and d2 are neither simple metals nor semiconductors. They would be
defined as poor metals and have small anomalies at about 130 K, which is close to the
onset temperature of the cant-magnetism (or spin order) as will be described later. The
resistivities of CeTiO3 above 100 K and those of NdTiO3 are both semiconductor-like. The
energy gapsEg/k defined asρ = ρ0 exp(Eg/kT ), whereρ0 is assumed to be a constant
and k is the Boltzmann constant, are estimated to be 500 K for CeTiO3 and 1300 K for
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NdTiO3, from the full lines in figure 1(b). The resistivity data of LaTiO3d1, d2, and CeTiO3
at low temperatures are still small and bend down with decreasing temperature, suggesting
the existence of a low-lying excited state. In PrTiO3, the resistivity of about 10 m�cm
depends little on temperature. This may remind us of scattering by impurities [14], where
the mean free path of carriers introduced by the excess oxygen (or cation deficiencies)
would be comparable to the Ti–Ti distance. Such a behaviour has also been observed
in the Ce1−xSrxTiO3 system with 0.5 6 x 6 0.9 [15]. The above results for the nearly
stoichiometric and oxygen deficient compounds may be correlated with the change in the
bond angle of Ti–O–Ti, such as to reduce the dε–pπ–dε interactions, or in the bandwidth,
with a decrease of the ionic radii ofR.

The low-lying excited state in LaTiO3d1, d2, and CeTiO3 is likely to be caused by
a slight deviation from the stoichiometric ratio with respect to the atomic concentration
and/or by a comparability of the bandwidth and the effective electron–electron correlation
energy. Figure 1(a) provides a plot based upon a variable-range hopping (VRH) model,
ρ = ρ ′0 exp[(T0/T )

1/4], whereρ ′0 is a constant andT0 is equal toα3/n, α andn representing
the envelop of the wavefunction as exp(−αr) and the density of states for the hopping,
respectively [16]. There is no linear relation in a wide temperature region. However, as
pointed out above, the anomaly that is probably related to the appearance of the cant-
magnetism exists in LaTiO3d1 and d2. The plot for CeTiO3 also suggests the existence of a
magnetic transition, but it appears unclear in the semiconductor plot. This may be due to the
location of LaTiO3d1, d2, and CeTiO3 near the metal–insulator boundary as described above.
Therefore, it is difficult to reach a definite conclusion regarding the transport mechanism
from the resistivity results alone. From the VRH viewpoint, the wavefunction of the carriers
is expected to extend as the ionic radii ofR increase, becauseT0 appears to decrease. For
NdTiO3, the semiconductor model is considered to be more appropriate than the VRH
model, since the correlation energy may be appreciably larger than the bandwidth.

Figure 2 shows the temperature dependence of the thermoelectric powerS. In PrTiO3,
S is negative, but the others have a positive sign. The large value 103 µV K−1 of NdTiO3

and its temperature dependence indicate that this compound is a semiconductor and the
hole in the lower Hubbard band is responsible for the transport. Except for NdTiO3, S has
a tendency to vanish at 0 K. The results of LaTiO3d1, d2, and CeTiO3 are likely to be
interpreted as a characteristic of the electron tunnelling between states at the Fermi energy
EF as suggested from the low-temperature behaviour of the resistivity. SinceEF lies in a
region where the density of states is finite, the thermoelectric power at low temperatures may
be identical to the equation for metallic conduction [17]. The positive sign for LaTiO3d1,
d2, and CeTiO3 suggests that the major contribution to the current lies belowEF. At high
temperatures, the temperature variation ofS is relatively weak, suggesting that the dominant
contribution to transport comes by hopping. Therefore, the poor metal phase of LaTiO3d1,
d2, and CeTiO3 is defined as a kind of VRH-type insulator.

The result for PrTiO3 may be consistent with the fact that the resistivity is relatively
small. By assuming a temperature-independent mean free path of electron carriers, the
thermoelectric power is simplified asS = −(3e)−1π2k2T/EF. From the full line in figure 2,
EF is estimated to be 1900 K.

3.3. Magnetic properties

3.3.1. Paramagnetic susceptibility.The magnetic susceptibilityχ of the La compound
as a function of temperature is shown in figure 3. In LaTiO3e, χ is relatively small and
paramagnetic in the measured temperature region. It decreases with decreasing temperature
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Figure 2. Temperature dependence of the thermoelectric powerS of RTiO3 with R = La, Ce,
Pr, and Nd.

above 100 K and then has a slight upturn probably due to a lattice imperfection and/or a
magnetic impurity that cannot be detected by standard x-ray powder diffraction. However,
LaTiO3d1 and d2 have sharp susceptibility peaks atTc ' 126 K and 138 K, respectively,
indicating magnetic transitions. BetweenTc and 300 K,χ is nearly constant as reported by
several groups [5, 6, 8], but above 300 K it decreases with increasing temperature. Therefore,
a clear difference exists between the susceptibilities of LaTiO3e and LaTiO3d1, d2. Such a
behaviour has also been confirmed in the La1−xSrxTiO3 system [18].

In La compounds,χ is expressed byχ = χd+χ0, whereχd is the d spin susceptibility
andχ0 is the temperature-independent contribution from the Van Vleck paramagnetism and
diamagnetism. Using a free-electron relationship,χd corresponds to a Pauli paramagnetic
susceptibility, χP = Nµ2

B(kT)−1F ′1/2(ξ)/F1/2(ξ), whereN and µB are the number of
electrons and Bohr magneton, respectively, andF1/2(ξ) =

∫
x1/2/[exp(x − ξ) + 1] dx

with ξ = EF/kT [17]. The full curves in figure 3 are based upon the following parameters
of EF, N , andχ0: for LaTiO3d1, 1030 K, 0.96 mol, 2× 10−5 emu/mol; for LaTiO3d2,
960 K, 1.02 mol, 2× 10−5 emu/mol. The contribution from Landau diamagnetism is not
significant. The agreement between experimental and calculated results suggests that, even
in the VRH-type insulator phase of La compounds, the free-electron model is applied and
the Wilson ratio is nearly unity. Therefore, the Wilson ratio in the poor metal phase would
be different from the correlated metal phase [8]. However, there exists another possibility
that the temperature dependence of a Stoner-type enhancement factor cancels that of the
mass enhancement effect, because the present analysis has assumed the latter is constant.
In order to clarify this point, further experimental and theoretical works are necessary.
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Figure 3. Temperature dependence of the magnetic susceptibilityχ of LaTiO3. The full curves
are the calculated result from the Fermi-liquid model.

Table 2. Parameters for the magnetic susceptibility and the remanent magnetization of the
RTiO3 system.

C TW χ0 Tc, Tc1 σ0 Hm D

R (emuK/mol) (K) (emu/mol) (K) (µB) (G) (K)

La-d1 — — — 126 6.0× 10−3 — 2.5× 10−1

La-d2 — — — 138 9.1× 10−3 — 4.1× 10−1

Ce 0.71(1) 14(3) 5.8(2)× 10−4 124 1.2× 10−1 1.1× 105 4.8× 100

Pr 1.44(9) 21(9) 4.8(28)× 10−4 90 1.4× 10−2 −6.0× 103 4.2× 10−1

Nd 1.51(2) 1.1(9) 4.4(5)× 10−4 107 1.3× 10−3 −9.8× 102 4.7× 10−2

Although LaTiO3e is a metal, the temperature dependence ofχ is clearly different from
that of χP based on a free-electron relationship. This suggests that the density of states at
EF is not of the formE1/2, but has a pseudogap.

The inverse ofχ of CeTiO3, PrTiO3 and NdTiO3 as a function of temperature is shown
in figure 4. At high temperatures,χ of all the compounds is found to be expressed
approximately as a superposition of the Curie–Weiss and constant susceptibilities. The
full curves in this figure are based on the Curie constantC, the Weiss temperatureTW, and
the constant susceptibilityχ0 listed in table 2. The Curie constants listed in this table are
mainly attributed to those of 4f spins ofR3+ ions. They are approximately 10% smaller
than those of freeR3+ ions due to the crystalline electric field effect. The temperature
dependence ofχd in the Ti3+ ions is negligibly small as compared with that ofχf and may
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Figure 4. Temperature dependence of the inverse magnetic susceptibilityχ−1 of RTiO3 with
R = Ce, Pr, and Nd. The full curves are the calculated results from the Curie–Weiss law.

be regarded as a constant, which is consistent with the results below room temperature for
La compounds. Thus,χ0 listed in table 2 contains the contribution fromχd in the Ti3+ ions
in addition to those from the Van Vleck paramagnetism and diamagnetism.

The Curie–Weiss law is not valid at low temperatures. In CeTiO3, a sharp peak at
Tc1 = 124 K exists and belowTc2 ' 50 K, χ becomes almost constant. In NdTiO3, a sharp
edge ofχ−1 and another anomaly appear atTc1 = 107 K andTc2 ' 40 K, respectively. In
the case of PrTiO3, below Tc ' 90 K, χ becomes larger than the extrapolated value from
the high-temperature region. The anomaly atTc or Tc1 can be related with the occurrence
of the remanent magnetization as will be discussed below.

3.3.2. Cant-magnetism.At Tc or Tc1 with the susceptibility anomaly, the remanent
magnetizationσ , defined asM = χH+σ , appears in all the compounds and its temperature
dependence is shown in figure 5. As pointed out previously [4],σ in LaTiO3 is considered
to originate from the cant-magnetism through an antisymmetric interaction between the
Ti3+ ions [17, 18]. The temperature dependence ofσTi is expressed by the relation,
σTi/σ0 = tanh[σTiTc/(σ0T )], whereσ0 is the value at 0 K. The full curves for LaTiO3d1,
d2 in figure 5 provide the values listed in table 2. Here, a slight disagreement between the
experimental and calculated results aroundTc may be attributed to a short-range ordered
effect. In this table, the antisymmetric interaction parameterD is also listed, using the
exchange constantJ for the d spins estimated throughTc or Tc1 from the localized electron
model for simplicity.
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Figure 5. Temperature dependence of the remanent magnetizationσ of RTiO3 with R = La,
Ce, Pr, and Nd. The full curves are the calculated results from the antisymmetric interaction
and molecular field parameters listed in table 2.

The temperature dependence ofσ in CeTiO3, PrTiO3, and NdTiO3 is complex and
roughly similar to that in theRVO3 system [11], where the cant-magnetism originating
from the V3+ lattice forms the molecular fieldHm on theR3+ ion. By analogy,σ of RTiO3

may be expressed as a superposition ofσTi andσR, these being the cant-magnetism of the
Ti3+ ion and the magnetization ofR3+ ion caused viaHm from Ti3+, respectively. The
temperature dependence ofσ may be calculated fromσ = σTi(1+ σfHm). Based onσ
betweenTc (Tc1) andTc − 50 K, the results listed in table 2 and the full curves shown in
figure 5 are obtained, whereχf is assumed to be the same withχ below Tc. In CeTiO3

and NdTiO3, the agreement between experimental and calculated results is satisfactory.
However, the data below 40 K for PrTiO3 are not explained, suggesting a change in the
canted spin orientation around theR ion. It may also be necessary to consider the effect of
magnetic anisotropy.

The onset temperature of cant-magnetism is found to decrease with the decreasing ionic
radii of R for the nearly stoichiometric and oxygen deficient compounds. This may be
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attributed to the change in the exchange constant between 3d spins, that is, the bond angle
of Ti–O–Ti.

The coupling between the canted moment and the 4f spin is found to be ferromagnetic
for CeTiO3, but antiferromagnetic for PrTiO3 and NdTiO3. The molecular field on the Ce3+

ion is much larger than those of the other ions and comparable to those of the rare-earth
iron garnets [19]. The field on the Pr3+ and Nd3+ ions may correspond to the dipolar field
of 3d spins. It is difficult to discuss the origin ofHm in detail without a knowledge of the
crystal structures and the canted spin orientation around theR ion at low temperatures. In
order to understand the magnetic properties at low temperatures, measurements for single
crystals are necessary. Theg-shift 1g due to the spin–orbit coupling effect is less than
10−1 as found in table 2. This is a reasonable value for 3d1 electrons [22].

4. Conclusion

We have studied the electronic states of theRTiO3 (R = La, Ce, Pr, and Nd) perovskite
system with Ti3+ ions through measurements of x-ray diffraction, transport, and magnetic
properties.

The dominant contribution to transport of the nearly stoichiometric and oxygen deficient
La and Ce compounds may be by hopping at high temperatures and by extended states at
low temperatures due to the existence of a finite density of states at the Fermi level. This is
likely to originate from an inhomogeneity in atomic concentration and/or a comparability of
the correlation energy and the bandwidth characterized by a change in the transfer integral
of the Ti–O–Ti pathway due to TiO6 tilting. The La and Pr compounds with excess oxygen
are metals which may belong to highly- and weakly-correlated regimes, respectively. The
Nd compound is a semiconductor due to the relatively small bandwidth.

The oxygen deficient La compounds have a negative temperature derivative of magnetic
susceptibility at high temperatures with a large reduction of the Fermi energy, while the
compounds with excess oxygen have an anomalous positive value. Thus, the existence of
a pseudogap in the density of states is postulated. In CeTiO3, PrTiO3, and NdTiO3, the
remanent magnetization at low temperatures is qualitatively understood from the molecular
field of the canted moment of Ti ions acting on the 4f spins ofR ions. TheR dependence
of the onset temperature may be correlated with the significant variation in the bandwidth
suggested by the transport measurements.
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