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Abstract. The electronic states of thRTiO3 (R = La, Ce, Pr, and Nd) perovskite system

with Ti®+ jons have been explored through measurements of x-ray diffraction, transport, and
magnetization. La compounds with small oxygen deficiencies, Ladg@nd LaTiQ gg, 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 LaTighs, LaTiOz 98, and CeTiQ oo 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 CeTiOz 0, PrTiOzp3, and NdTiQ g7, 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 formwdiOs or RVOg3, whereR is a rare-earth
element, have been studied in order to elucidate peculiar properties for the correlated 3d
electrons [1-12]. Here, ¥ and \A* ions of these systems have'athd 3d configurations,
respectively. The structures at room temperature are basically of GdBg®@ with
a ~ b~ «/2a; andc ~ 2a¢, whereq, is the simple cubic perovskite dimension as applied
to SrTiO; with Ti*t or SrvO; with V4.

The R1_, S, TiO3 system has been considered to change from a Mott—Hubbard insulator
with x = 0 to a band insulator withh = 1 as a function ofc. However, in the case of
R = La, it is difficult to determine whether the stoichiometric compound witk 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 oR;_, Sr, TiO3 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 RifiO3;. 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 @@ [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 RiEO3; 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 thRTiO3 system were prepared from a congruent melt with
Ar arc furnace. Here, starting materials were 7i®9.9% purity), Ti metal (99.9% purity),
R,03 (99.99% purity) forR = La and Nd, Ce® (99.9% purity) forR = Ce, and PyOy;
(99.99% purity) forR = Pr. Thermogravimetric analysis was performed to estimate the
oxygen concentration.

An x-ray powder diffraction pattern was taken with Cu Kadiation 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€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 LaTiQd1, LaTiG:d2, and LaTiQe, 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 th&TiO3 system at 290 K.

R a (A) b (A) c (&) r

La-dl 5.623(1) 5.597(1) 7.902(3) 0.996
La-d2 5.626(1) 5.6004) 7.922(4) 0.998
La-e  5569(4) 5.567(2) 7.875(5) 1.000
Ce 5596(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 GdSi€@tragonal or
pseudotetragonal, while the others are orthorhombic. As the ionic radiRgletreases, the
volume decreases due to the tilting of FiGctahedra. These data are almost consistent with
previous works [3-6]. The lattice constant ratialefined as- = ¢/+/2aay, aav being the
tetragonal lattice constant or the average @indb in the orthorhombic symmetry, is found
to decrease with decreasing ionic radius, except for PyTi@ving excess oxygen. This
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Figure 1. Temperature dependence of the electrical resistpitf RTiO3 with R = La, Ce, Pr,
and Nd (a) logp againstT—¥4 and (b) logp againstT ~! based on a variable-range-hopping
model.

tendency has also been confirmed for the vanadium perovskRi¥€¥; [11]. Goodenough
has pointed out that this distortion, which allows thé &tkctron to occupy the,d orbital
in the & state, is caused by the Jahn-Teller effect [13].

3.2. Transport properties

In figure 1), the electrical resistivityo of all the compounds is plotted as a function

of the inverse temperature. The temperature dependenpeafLaTiOse nearly follows

T2 as indicated by the full curve, supporting the fact that this compound is a correlated
metal. LaTiQdl 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 CeTi@ above 100 K and those of NdTiGire both semiconductor-like. The
energy gapsEg/k defined aso = poexp(Ey/kT), where po is assumed to be a constant
and k is the Boltzmann constant, are estimated to be 500 K for Ce@@ 1300 K for
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NdTiOg, from the full lines in figure 1§). The resistivity data of LaTigul, d2, and CeTi@

at low temperatures are still small and bend down with decreasing temperature, suggesting
the existence of a low-lying excited state. In PrijGhe resistivity of about 10 facm
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 Ce_,Sr, TiO3 system with 6 < x < 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-gr—de interactions, or in the bandwidth,

with a decrease of the ionic radii d.

The low-lying excited state in LaTi§d1, d2, and CeTi@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 H) provides a plot based upon a variable-range hopping (VRH) model,

p = pyexpl(To/ T)¥*], wherep| is a constant and is equal tox®/n, & andn representing

the envelop of the wavefunction as &xwr) 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 LaTi§d1 and d2. The plot for CeTigalso suggests the existence of a
magnetic transition, but it appears unclear in the semiconductor plot. This may be due to the
location of LaTiQd1, d2, and CeTi@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 Bfincrease, becausk 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 SowePrTiO;,

S is negative, but the others have a positive sign. The large valigXYCK ~* of NdTiO;

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 NdJiBas

a tendency to vanish at 0 K. The results of Lajd®@, d2, and CeTi@are likely to be
interpreted as a characteristic of the electron tunnelling between states at the Fermi energy
Er as suggested from the low-temperature behaviour of the resistivity. &indies 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 LaliQ

d2, and CeTi@ suggests that the major contribution to the current lies belipwAt high
temperatures, the temperature variatior$ @ relatively weak, suggesting that the dominant
contribution to transport comes by hopping. Therefore, the poor metal phase of3d4TiO

d2, and CeTi@ is defined as a kind of VRH-type insulator.

The result for PrTiQ 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 &= —(3¢)"172k?T/ E;. From the full line in figure 2,

Er is estimated to be 1900 K.

3.3. Magnetic properties

3.3.1. Paramagnetic susceptibility. The magnetic susceptibility of the La compound
as a function of temperature is shown in figure 3. In LaBQOy 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 pdnveir RTiO3z 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,
LaTiOzd1 and d2 have sharp susceptibility peakgat 126 K and 138 K, respectively,
indicating magnetic transitions. Betwe&pnand 300 K,y 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 Lgdi@hd LaTiQd1, d2. Such a
behaviour has also been confirmed in the_L&r, TiO3 system [18].

In La compoundsy is expressed by = x4+ xo0, Wherexq is the d spin susceptibility
and yo is the temperature-independent contribution from the Van Vleck paramagnetism and
diamagnetism. Using a free-electron relationship,corresponds to a Pauli paramagnetic
susceptibility, xp = N,ué(kT)—lFl’/z(S)/Fl/z(S), where N and ug are the number of
electrons and Bohr magneton, respectively, dngh(¢) = [x?/[exp(x — &) + 1]dx
with & = Eg/kT [17]. The full curves in figure 3 are based upon the following parameters
of Er, N, and xo: for LaTiOzd1, 1030 K, 0.96 mol, X 10~°> emu/mol; for LaTiQd2,
960 K, 1.02 mol, 2< 10-° 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 susceptikilidy 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 X0 Tc, Tex 00 Hm D
R (emuK/mol) (K) (emu/mol) (K) (uB) (G) (K)
La-dl — — — 126 0x10°% — 25x 101
La-d2 — — — 138 9ax10°% — 41x101
Ce 0.71(1) 14(3) B(2) x 10°* 124 12x101  11x10° 48x 1
Pr 1.44(9) 21(9) 8(28) x 1074 90 14%x 102 —60x10° 42x101t
Nd 1.51(2) 1.1(9) 4(5) x 1074 107 13x 103 —98x10° 47x1072

Although LaTiGse is a metal, the temperature dependencg of clearly different from
that of xp based on a free-electron relationship. This suggests that the density of states at
EF is not of the formEY/2, but has a pseudogap.

The inverse ofy of CeTiO;, PrTiO; and NdTiQ as a function of temperature is shown
in figure 4. At high temperaturesy 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 cons@nthe Weiss temperaturgy, and
the constant susceptibilityo listed in table 2. The Curie constants listed in this table are
mainly attributed to those of 4f spins @3+ ions. They are approximately 10% smaller
than those of freeR3t ions due to the crystalline electric field effect. The temperature
dependence ofq in the TE* ions is negligibly small as compared with that gfand may



Electronic states of perovskite-type titanium oxides 3867

4 v T ¥ I ' 1
CeTiO,
3 — —
£}
g PrTiO,
L
o Z .
< '
= - NdTiO,
T o7
= .
-/ :
5‘; g
1 I s i 5 1 L
0 100 200 300 400

T (K)

Figure 4. Temperature dependence of the inverse magnetic susceptjpilityof 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. Thusy listed in table 2 contains the contribution froxg in the TP ions
in addition to those from the Van Vleck paramagnetism and diamagnetism.
The Curie—Weiss law is not valid at low temperatures. In CgJTi® sharp peak at
Tcp = 124 K exists and belowW;, >~ 50 K, x becomes almost constant. In NdEiG sharp
edge ofy ! and another anomaly appearZat = 107 K andT, ~ 40 K, respectively. In
the case of PrTi@ below Tz ~ 90 K, x becomes larger than the extrapolated value from
the high-temperature region. The anomalyTabr T;; can be related with the occurrence
of the remanent magnetization as will be discussed below.

3.3.2. Cant-magnetism.At T, or T;; with the susceptibility anomaly, the remanent
magnetizatiorw, defined asf = x H + o, appears in all the compounds and its temperature
dependence is shown in figure 5. As pointed out previouslyd4h LaTiOs is considered

to originate from the cant-magnetism through an antisymmetric interaction between the
Ti%* ions [17,18]. The temperature dependenceogf is expressed by the relation,
oT1i/og = tanhpTiT;/(00T)], Where oy is the value at 0 K. The full curves for LaTia1,

d2 in figure 5 provide the values listed in table 2. Here, a slight disagreement between the
experimental and calculated results arouikdmay be attributed to a short-range ordered
effect. In this table, the antisymmetric interaction paramddeis also listed, using the
exchange constant for the d spins estimated throu@h or T.; from the localized electron
model for simplicity.
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Figure 5. Temperature dependence of the remanent magnetizatiohRTiOz 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 ofin CeTiO;, PrTiO;, and NdTIQ is complex and
roughly similar to that in theRVO3; system [11], where the cant-magnetism originating
from the \B* lattice forms the molecular fiel#,, on the R** ion. By analogyo of RTiOs
may be expressed as a superpositiomffandog, these being the cant-magnetism of the
Ti®* ion and the magnetization a®** ion caused viaH,, from Ti*, respectively. The
temperature dependence @fmay be calculated frona = ovi(1 + otHpn). Based ono
betweenT, (T;1) and T, — 50 K, the results listed in table 2 and the full curves shown in
figure 5 are obtained, wherg is assumed to be the same withbelow 7;. In CeTiO;
and NdTIQ, the agreement between experimental and calculated results is satisfactory.
However, the data below 40 K for PrTiCare not explained, suggesting a change in the
canted spin orientation around ttReion. 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 CeTiOs, but antiferromagnetic for PrTiand NdTiQ. The molecular field on the Ce
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 Prand N&* ions may correspond to the dipolar field
of 3d spins. It is difficult to discuss the origin &, in detail without a knowledge of the
crystal structures and the canted spin orientation aroundrtien at low temperatures. In
order to understand the magnetic properties at low temperatures, measurements for single
crystals are necessary. Tlheshift Ag due to the spin—orbit coupling effect is less than
10! as found in table 2. This is a reasonable value for @ectrons [22].

4. Conclusion

We have studied the electronic states of RiIEO3; (R = La, Ce, Pr, and Nd) perovskite
system with T# 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 Tigxilting. 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 GeR@IO;, and NdTIQ, the
remanent magnetization at low temperatures is qualitatively understood from the molecular
field of the canted moment of Ti ions acting on the 4f spinkdbns. 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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