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Doping- and pressure-induced change of electrical and magnetic
properties in the Mott-Hubbard insulator LaTiOs
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A perovskitelike compound LaTi03 shows insulating or barely metallic behavior depending on
a slight (( 0.04) deviation of the Ti valence (+3) arising from nonstoichiometry of La and/or
oxygen. In order to investigate electronic properties of the specimens in the very vicinity of the
Mott insulator-metal phase boundary, we have measured the doping- and pressure-induced effects
on the electrical and magnetic properties. The results have indicated a crossover behavior from
localized to itinerant nature of the electronic state with increase of the doping level and one-electron
bandwidth.

I. INTRODUCTION

Change of the band Ailing in Mott-Hubbard insulators
leads, in general, to the metallic states via collapse of the
spin-ordered phase at low temperatures. One of the pro-
totypical examples is the layered cuprates, which show a
transitional behavior of the electronic ground state from
the antiferromagnetic insulator to normal metal via the
high-T superconductor when the band filling is changed
from half-filling. ' Apart from recent extensive studies
on these doped cuprates, however, not so much has been
known about the doping-induced insulator-metal tran-
sition in Mott-Hubbard systems. The LaTi03 system
investigated here may be one of the most appropriate
systems for such a study, as demonstrated in the follow-
ing.

According to the Zaanen-Sawatzky-Allen scheme, cor-
related insulators in transition metal oxide systems can
be categorized to either the Mott insulator or the charge-
transfer (CT) insulator, in which the minimum charge
gap is formed between the lower and upper Hubbard
bands (d electron band) or between the occupied 0 2p
band and upper Hubbard band, respectively. The parent
compounds of the cuprate superconductors are typical
CT insulators with 3ds configuration (i.e. , one d hole per
Cu site). By contrast, the LaTiOs system can be viewed
as a Mott insulator with 3d configuration (i.e. , one d
electron per Ti site). In fact, a fairly stoichiometric com-
pound of LaTi03 shows an insulating behavior accompa-
nying the antiferrromagnetically spin-ordered phase be-
low ca. 140 K. Such an insulating and spin-ordered
phase is unstable against the carrier doping (or change of
the band filling), as reported previously4 and also here
in detail, which is analogous to the case of the doped
cuprate compounds. Therefore, it is interesting to com-
pare the electronic and magnetic phase diagrams as a
function of the doping level for the titanate and cuprate

systems. In addition to the nature of the charge gap
(Mott vs CT type), there may be important differences
in electronic structures and properties which originate
from the dimension (D) of the systems (3D vs 2D).

In this paper, we report on the doping- and pressure-
induced changes of electrical and magnetic properties in
the LaTi03 system. The band Ailing or the concentra-
tion of the nominally doped "holes" can be finely varied
by controlling slight nonstoichiometry or composition of
Sr-doped LaTi03. We have clarified the electronic and
magnetic diagram in the LaTi03 system as a function
of the "hole" concentration. To see the dependence of
the electronic properties on electron correlations, the ef-
fect of high pressure has been also investigated for the
compounds near the Mott insulator-metal phase bound-
ary. Application of high pressure tends to increase the
one-electron bandwidth and hence decrease the electron
correlation effect, while keeping the band filling. On the
basis of these experimental data, we can argue the criti-
cal change of electronic and magnetic states in the Mott-
insulating and barely metallic compounds as a function of
both parameters, i.e., the correlation strength and band
Ailing.

II. EXPERIMENTAL

All the samples investigated were prepared by the
Hoating zone method. Starting materials were Ti, Ti02,
La203, and SrTiOq. La203 and Ti02 were well dried
by firing at 1000 C in air before their use. As a dopant
source, SrTi03 was synthesized by firing stoichiometric
mixture of SrCO3 and TiO2 at 1150 C in air for 24 h.
Ti, Ti02, La203, and SrTi03 were weighed to a pre-
scribed ratio of LaTi02 94 and Lap g5SIp p5TiO~ g4. Each
mixture was pressed into two rods (5 mm in diameter
and 20 mm and 100 mm in length). The bar-shaped in-
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TABLE I. Characterization of each sample La& Sr Ti03+y

u
"hole" conc. b

T. (K)
p (Oem) at 5 K

at. 300 K

Insulating
Sample A Sample B

0 0
0.007 0.02p
0.01 0.04
138 118

2x10 jx10
4 x 10 2 x 1Q

0
0.023
0.05
114

3x10
] x]0

0
0.03
0.06
93

4 x 10
2 x 10

Metal-insulator Metallic
Sample C

0.05
0.04
0.13

6 x 10
5 x 10

The errors are about +0.003.

gredients were melted (without further sintering) under
Ar/H2 atmosphere with use of a floating zone furnace
equipped with two halogen incandescent lamps and dou-
ble focusing mirrors. Nominally stoichiometric LaTi03
compounds (hereafter referred to as samples A and B)
were synthesized in different reducing conditions: in gas
flow of 30% H2/Ar for sample A and of 18% H2/Ar for
sample B. On the other hand, the 5% Sr-doped sample
Lao 95 Sro p5 TiO& (referred to as sample C) was synthe-
sized in gas flow of 7% H2/Ar. The feed rod and melt-
grown part were rotated at 30 rpm and 20 rpm in oppo-
site directions. The traveling speed of the melted zone
was set rather high, at ca. 30 mm/h for samples A and
B, and at ca. 60 mm/h for sample C to avoid a possible
gradient of the composition due to the segregation effect.

All the samples show an orthorhombically distorted
perovskite structure, or the so-called Gdpe03-type
structure. "' Difference in lattice parameters of samples
A and B (both nominal LaTiOs) is hardly discernible
within the resolution ( 0.002 A) of the present x-ray
powder diffraction measurement. The stoichiometry of
each sample was examined by thermogravimetric analy-
sis (TGA). The results are shown in Table I together with
electrical and magnetic properties (vide infra) for each
sample. In the table, nonstoichiometry is assumed to
be due to the oxygen nonstoichiometry in the formula of
Lai Sr TiOs+„. (The TGA measurements alone can-
not determine whether the deviation of the Ti valence is
due to oxygen nonstoichiometry or La deficiency. ) Note
that sample A (x = 0, y = 0.007 + 0.003; denoted here-
after y = 0.00') which was synthesized in a stronger re-
ducing condition is better stoichiometric than sample B
(x = 0, y = 0.02). The effective Ti valence (v) and the
filling (n) of the 3d electron band can be given by the
relations, v = 3+ x + 2y and n = 1 —x —2y, respec-
tively. In other words, nonstoichiometry as well as Sr
doping can nominally introduce "holes" with concentra-
tion b (= x+2y) in the Mott-Hubbard insulator LaTiOs.

Resistivity measurements were carried out for each
sample for the temperature range from 4.2 K to room
temperature at various pressures up to 2.0 GPa. The
pseudo-hydrostatic pressure was generated in a TefIon
cell with a pressure transmitting fluid (Fluorinert No.
FC70) using a WC piston-cylinder apparatus. The pres-
sure was changed at room temperature, and held con-
stant in the whole range of temperature with use of the
constant load generating system. The pressure was de-
termined by measuring the shift of the superconducting

transition temperature of the lead manometer. The tem-
perature was measured with a calibrated platinum-cobalt
resistance thermometer attached adjacently to the sam-
ple cell. The temperature sweeps were set at a rate slower
than 0.4 K/min to ensure thermal equilibration of the
pressure apparatus.

Magnetic measurements were carried out with a super-
conducting quantum interference device (SQUID) mag-
netometer at ambient pressure. The magnetic suscepti-
bility was measured in a Geld-cooled run with an applied
field of 10 Oe down to 5 K. Then, the field was reduced
to 100 Oe and the magnetization was measured in the
heating run to determine the critical temperature for the
weakly ferromagnetic phase transition.

III. DOPING-INDUCED CHANGES IN
RESISTIVITY AND MAGNETIC

SUSCEPTIBILITY

We show in Fig. 1 the temperature dependence of (a)
resistivity and (b) magnetic susceptibility for LaTi03
(samples A and B) and partly Sr-substituted crystal
Lao ssSro 05TiOs (sample C).

The difference in the electronic and magnetic proper-
ties of these samples likely arises from a slight difference
in the effective Ti valence or the band Glling due to a
change in stoichiometry, as indicated in Table I. (In the
table, we include the parameters for the samples other
than the A, B, and C samples. ) Hereafter, we will refer
to each sample also by its deviation (h) of the Ti-valence
(3+ 8) or the concentration of nominally doped "holes"
per Ti site. The band Glling is given by the relation
n = 1 —8. LaTiOs (A) with b = 0.01 shows a semicon-
ducting behavior at all temperature below room temper-
ature. On the other hand, sample B with b = 0.04 shows
a metallic behavior, i.e. , dp/dT ) 0, above ca. 140 K,
and then its resistivity shows an upturn below ca. 140 K.
Such an apparent metal-semiconductor transition can be
ascribed to the onset of the magnetically ordered phase,
as will be shown later. Contrary to these cases, the 5%
Sr-doped sample (C) with b' = 0.13 shows a metallic be-
havior down to the lowest temperature. The temperature
dependence of resistivity below ca. 170 K in sample C
well obeys the T-squaric relation, p = po + AT, where
the coefflcient A is ca. 2.3 x 10 Acm/K (vide infra,
see also Fig. 5). Such a T2 dependence of resistivity at
low temperature is observed in the whole metallic phase
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FIG. 1. Temperature dependence of (a)
resistivity and (b) magnetic susceptibility
in LaTiOg+~~g (samples A and B) and
Lag gsSrp pg TiOg, p4 (sample C). The nominal
hole concentration 6 is 0.01 (A), 0.04 (B), and
0.13 (C).

of Laq Sr Ti03 for x & 0.05.
A drastic change in electronic states with the filling

also manifests itself in the change in magnetic proper-
ties. The magnetic susceptibility for the respective sam-
ples A, B, and C [Fig. 1(b)] was measured for the same
specimens that were investigated by transport measure-
ments [Fig. 1(a)]. For the metallic sample C (8 = 0.13),
a nearly temperature-independent susceptibility was ob-
served over the whole temperature region, being reminis-
cent of the Pauli paramagnetism. For samples A and B,
a nearly temperature-independent susceptibility is also
observed above ca. 150 K with an enhanced magnitude
as compared with that of sample C. However, an abrupt
increase in the susceptibility is observed with lowering
temperature below ca. 138 K and ca. 118K, respectively.
This has been attributed to the phase onset of the weak
ferromagnetism, in which the spins on the Ti sites order
antiferromagnetically with a small canting angle (( 1 ).
Judging from the M-H curve at low temperatures, the
magnetization is nearly saturated at 1 T for samples A
and B. Assuming that the canting angle is unchanged in
samples A and B, a difFerence in saturated moments in
the respective samples at the lowest temperature may be
due to a doping-induced change in the magnitude of the
efFective moment in the antiferromagnetic phase.

We show in Fig. 2 and Fig. 3 observed correlations
between the critical temperature (T,) for the magnetic
phase transition and the resistivity behavior for samples
A and B, respectively. To determine T, accurately, the
magnetization (M) was measured with a weak field (100
Oe). The onsets of M are quite clear-cut for both cases,
as shown in Figs. 2 and 3, which ensures that each com-
pound is fairly homogeneous and nearly free from a phase
mixture. The observed T 's are 138 K and 118 K for sam-
ples A and B, respectively (see Table I). These values
are consistent with those in the literature, ' which
are ranging from 120 K to 150 K perhaps depending on
the b value of the sample investigated. Concerning the
stoichiometric homogeneity of the presently synthesized
samples, it is worth mentioning the fact that the T val-
ues were well controllable and reproducible as far as the
synthetic atmosphere, i.e. , the [H2]/[Ar] ratio, was accu-
rately controlled.

The magnetically ordered spins and the charge carri-
ers arise from the identical Ti 3d electrons and hence the

transport properties should be strongly correlated with
the magnetic phase transition. In accord with this expec-
tation, the infiection point of the p-T curve, e.g. , a peak
position of the d p/dT curve, coincides quite well with
T for all the samples with the spin-ordered phase listed
in Table I. (The example is later shown in Fig. 3 for
sample B.) For the insulating sample LaTiOs po, (sam-
ple A, 8 = 0.01), however, we would rather use here the
quantity d(ln o)/d(1/T) to show the correlation between
0 and T„since the quantity can stand for the apparent
activation energy of the electrical conduction in the form
of cr exp(A/k~T). The result is shown in Fig. 2 in
comparison with the magnetization curve. The apparent
activation energy for the electrical conduction above T
is 450—480 K ( 0.04 eV), but shows an abrupt change
around T . Below T„ the electrical conduction cannot
be described by the activation-type formula, since the
quantity, d(ln p)/d(1/T), remarkably decreases with low-
ering temperature. Reversibly, we can determine T by
monitoring a jump of the apparent activation energy, as
indicated by a vertical dotted line in Fig. 2.

For sample B (8 = 0.04), which undergoes the metal-
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FIG. 2. Correlation between the resistivity change and
magnetic phase transition in sample A (b = 0.01). The
nominal activation energy A in units of K determined by
d(ln p)/d(1/T) is plotted to be compared with the onset of
the magnetization in the weak field (100 Oe) due to the
spin-canted antiferromagnetic phase transition.
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FIG. 3. Correlation between the resistivity change and
magnetic phase transition in the sample B (b = 0.04). The
second temperature derivative of resistivity is plotted to com-
pare the onset of the magnetization in the weak field (100 Oe)
due to the spin-canted antiferromagnetic phase transition.

nonmetal transition around 120 K, the second tempera-
ture derivative of resistivity d p/dT is plotted in Fig. 3
to detect the anomaly upon the magnetic phase transi-
tion. A sharp peak of d2p/dT2 indicates a well-defined
infiection point of the p-T curve, which precisely agrees
with T, (=118 K), as indicated by a vertical dotted line
in Fig. 3. In previous papers, it was argued that the
resistivity upturn was nothing to do with the magnetic
phase transition. The temperature at which the resistiv-
ity shows the minimum (i.e. , dp/dT = 0) does not pre-
cisely coincide with T,(=118 K), but the inflection tem-
perature does. Thus, the transport properties in both
the insulating and barely metallic LaTi03 compounds
are strongly correlated with the spin states.

We have made similar measurements of transport and
magnetic properties for the other LaTi03 samples with
various b values which were synthesized in different con-
ditions, i.e. , with varying [H2]/[Ar] ratio. Part of these
results are also included in Table I. On the basis of
the experimental data, we have drawn the electronic
phase diagram in Fig. 4 as a function of 8 (i.e. , devi-
ation of the band filling from n = 1). As seen in the

figure, T decreases gradually with b and then steeply at
b = 0.06 0.08. We should note that the magnetically
ordered phase below T changes its character critically
with increase of b. In particular, a remarkable reduc-
tion of the resistivity value in the magnetically ordered
phase is observed with increase of 6 as shown in Fig. 1
and Table I. For example, see the resistivity value at 5 K
listed in Table I which changes from p(5 K) = 4 x 10
0cm for b = 0.06. This may indicate that the nature of
the magnetism transits from localized to itinerant with
increase of b.

It is worth noting here that the observed phase dia-
gram in carrier-doped titanates shows several common
features to that for the cuprate superconductors, e.g. ,
La2 ~Sr~Cu04 and Nd2 ~Ce~CuO4 systems. ' They
are, for example, presence of the antiferromagnetic spin
(s=l/2) ordered phase at the end insulator, collapse of
the magnetic phase and the insulator-metal transition
with doping (change of the filling), etc. Apart from
presence or absence of the superconducting phase, how-
ever, we should note an important difference between the
doped titanates and cuprates: To be precise, b in the
case of the "doped" titanates cannot be interpreted as
concentration of doped holes, since the Hall coefFicient is
always a negative characteristic of electron-type carriers
and furthermore its magnitude is not so large as b in
the whole metallic region even very close to the metal-
nonmetal phase boundary. This is in contrast with the
fact that in the low-b region(& 0.1) the layered cuprate
compounds always show a positive (for the hole-doped
case) or negative (for the electron-doped case) Hall coef-
6cient of the order of b . Further detailed discussion of
the barely metallic phase in comparison with the case of
the cuprates mill be published elsewhere, and in the fol-
lowing let us focus on the pressure effect on the electronic
phase diagram shown in Fig. 4.

IV. VAMATIGN OF PKESSUKE EFFECT WITH
THE DOPING LEVEL

A. Pressure efFect in the duping-induced metallic
phase

300-

200-
Insulator =- Metal

0.05 0.10

FIG. 4. Electronic and magnetic phase diagram in
LaTi03+by2 against change in the band filling (b being the
nominal hole concentration per Ti site). A.F. stands for the
antiferromagnetically spin-ordered phase.

First, let us discuss the effect of the hydrostatic pres-
sure on the metallic sample C (Lap gsSrp os Tios g4,
0.13) to see what kind of electronic parameter is af-
fected by the applied pressure. Temperature depen-
dence of resistivity (p) is shown in Fig. 5(a) under vari-
ous hydrostatic pressures, where p is plotted against the
square of temperature (T2). At least up to ca. 170 K
(T 30000 K2), the resistivity can be well character-
ized by the relation, p = po + A T2, under high pres-
sure as well, implying the strong electron-electron scat-
tering process. However, the coefBcient A decreases con-
spicuously with increasing pressure (dA/dP = —2.8 x
10 i 0cm/K2 GPa), as shown in Fig. 5(b).

In previous studies, ' ' we have observed the crit-
ical enhancement of the effective mass of carriers as
the metallic Lai Sr TiO3 approaches the end insula-
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Namely, m* decreases as much as 6.2% when the pres-
sure of 1 Gpa is applied. Such a pressure-induced de-
crease in m* is attributable to the decrease in the ef-
fect of the electron correlation, which can be measured
typically by the quantity U/W. (Here, U is the intra-
atomic Coulombic repulsion and W the one-electron
bandwidth. ) The band filling n(= 1 —b) is another im-

tor (x ~ 0). In particular, the T-linear coefficient (p) of
the low-temperature specific heat becomes large in the
metallic region vicinal to the end insulator. It has been
found in a previous study that the empirical relation,
A = bp, holds quite well in the metallic La~ ~ Sr Ti03
compounds (0.7 ( z ( 0.95), as in the other strongly
correlated metals such as the heavy fermion systems.
The constant 5 is ca. 1.0 x 10 Q cmK mo]. J 2 and
coincides with the value reported for the heavy fermion
systems. The results indicate that both the carrier mass
and scattering rate are critically enhanced as b decreases
and the system approaches the end Mott-Hubbard insu-
lator.

Assuming that the above empirical rule (A = bp2)
holds good under pressures as well, we can estimate the
pressure-induced change of p or equivalently of the carrier
efFective mass (m*):

portant parameter which governs the effective strength of
the electron correlation, yet b is kept constant during the
pressure measurement. Therefore, the most plausible ef-
fect of the applied pressure is to increase the one-electron
bandwidth W and hence decrease the U/W value, since
the pressure-induced change in lattice parameters is fa-
vorable for increasing the hopping interaction of the 3d
electron.

B. Pressure effect on the magnetic phase transition

A similar increase in the one-electron bandwidth TV

is expected for sample A (8 = 0.01) and sample B
(8 = 0.04) under pressure, since the lattice properties are
expected to be nearly the same as sample C. The temper-
ature dependence of the resistivity is plotted in Fig. 6(a)
and Fig. 7(a) for samples A and B, respectively. For the
insulating sample A, the resistivity is slightly decreased
with pressure, yet remains still large under pressure. To
see the change in more detail, we have plotted the quan-
tity d(ln p)/d(1/T) as a function of T in Fig. 6(b) as was
done in Fig. 2. A conspicuous shift of the A-shaped fea-
ture is observed with pressure. As discussed in Fig. 2, the
A-shaped anomaly corresponds to the onset of the anti-
ferromagnetic phase. Taking the positions of the anoma-
lies shown in Fig. 6(a), we could accurately determine
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detailed analysis of the present result, we would need a
theoretical model which can quantitatively describe the
change of T, in the parameter space of both W/U and b.

V. CONCLUSION

We have investigated the doping- and pressure-induced
change of electronic and magnetic properties in the Mott-
Hubbard system LaTi03. Defining b as the nominal hole
concentration [or n(= 1 —h) as the band filling], we have
clarified the electronic and magnetic phase diagram as
a function of b in the LaTi03 system. Carrier doping
(h) or variation of the band 61ling (n) was done by con-
trolling the slight nonstoichiometry or Sr doping. The
Mott-insulating state is converted to the barely metal-
lic state at high temperature () 150 K) for the doping
level above b = 0.02, yet the magnetically ordered low-
temperature phase persists up to h = 0.08 (see Fig. 4).

However, the spin-ordered phase itself appears to grad-
ually acquire the itinerant character with increase of b,
as revealed by the measurements of resistivity as well
as of the pressure coefficient of the transition tempera-
ture. The situation is analogous to the doped cuprate
compounds, in particular the electron-doped compounds
Nd2 Ce Cu04, ' in which a similar crossover behav-
ior of the magnetic properties has been observed with
increasing doping level x.
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