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The carrier-doping (or band-filling) dependence of electronic states has been investigated in the
perovskitelike titanate compounds, La,_,Sr,TiO; and Y,_,Ca,TiO;, by measurements of the specific
heat. The linear temperature coefficient of the electronic specific heat, v, is enhanced significantly near
the metal-insulator phase-transition boundary, indicating a divergent increase of the effective electron
mass due to the strong electronic correlation on approaching the metal-insulator transition boundary.
The result is argued in comparison with that of the high-T, cuprates.

I. INTRODUCTION

After the discovery of high-T, cuprate compounds,
much effort for understanding the mechanism of high-T,
superconductivity has revealed a number of unusual
features in strongly correlated electron systems.! The cu-
prate oxides as well as most of late-3d transition-metal
(TM) oxides have been described as charge-transfer-type
(CT) insulators with d-p band gaps, whereas some light
transition-metal oxides with strongly correlated d elec-
trons are known as Mott-Hubbard insulators with d-d
band gaps.? For both types of insulating TM oxides, a
metallic state can be achieved through band-gap closure
or valence (band-filling) control.® The change of the Cu
valence of cuprates, for example, provides a transitional
nature from the antiferromagnetic insulating to metallic
state through the high-T . superconducting state.'

The Mott-insulator—metal phase transition is investi-
gated mostly with the Hubbard model.# This model is
also regarded as one of the relevant models for high-T,
superconductivity. However, a rigorous prediction based
on the Hubbard model has not been given as to how the
system evolves from a paramagnetic metal to an antifer-
romagnetic insulator as U/W is changed (U: intra-
atomic Coulomb energy; W: one-electron bandwidth) or
as the band filling is changed. Thus, extensive investiga-
tions from both experimental and theoretical viewpoints
on an evolution of the electronic structure with carrier
doping will be currently required to shed light on the
problem of highly correlated d-electron systems. Fur-
thermore, the study of the doped Mott-Hubbard com-
pounds may bring about information complementary to
that of the high-T, cuprates which are assigned to the
doped CT insulators.

Perovskite oxides R;_, A, TiO; recently have been of
renewed interest because of their physical and chemical
properties changing with the filling of d electrons.’ '3
The formal valence of titanium can be changed from
+3(3d!) to +4(3d°) by alloying the R-site cations with
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trivalent rare-earth ions (Y, La) and the A-site cations
with divalent alkali-earth ions (Ca, Sr). One of the end
compounds of SrTiO; (CaTiO;) has no d electron and is
assigned to a band insulator.'* The other end insulating
compound LaTiO; (YTiO;) has been reported to be in a
magnetically ordered state with a Mott-Hubbard gap at
low temperature. >%7

In this paper, we report on changes of the electronic
state induced by carrier doping (or band filling) for
La,_,Sr, TiO; and Y,_,Ca,TiO; by measurements of
low-temperature heat capacity. A critical behavior of the
electronic specific heat observed near the metal-insulator
boundary is of particular interest for understanding the
low-energy electronic state in the doped Mott-Hubbard
systems with strong electron correlation. We discuss also
a clear difference in the doping dependences of the elec-
tronic states between the high-T, cuprate and the doped
titanate systems.

II. EXPERIMENT

Samples were melt grown by a floating-zone method in
a reduced or inert-gas atmosphere and the details have
been reported elsewhere.'>!>!5 Careful attention to the
oxygen stoichiometry was paid to in the synthesis of the
samples close to x=0. Thermogravimetric analysis
showed that the off stoichiometry of oxygen in the sam-
ples was fairly small (6 <0.01 in the formula of LaTiO; , 5
and 6 <0.03 for YTiO;,5). X-ray-diffraction patterns in-
dicated that all the samples were of the single phase of
the orthorhombically distorted perovskite-type
(GdFeO;-type). The temperature dependences of the
electrical resistivity show that the metal-insulator bound-
ary is near x=0 for the La-Sr system'>!3 and near x=0.4
for the Y-Ca system.!'> The electronic and magnetic
phase diagram for the R,_, 4, TiO; system'® is shown
schematically in Fig. 1. In the metallic region, the mag-
netic susceptibility is nearly temperature independent,
typical of the Pauli paramagnetism and is free from im-
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FIG. 1. Electronic and magnetic phase diagram in
R,_, A, TiO; (R=La,Y and 4=Sr, Ca) from Ref. 16.

purities with localized moments.!>!> The heat capacity
was measured by a conventional adiabatic heat-pulse
method with the use of calibrated Ge thermometers down
to 1 K.

III. RESULTS AND DISCUSSION

A. La,_,Sr, TiO; system

Figure 2 shows heat capacity divided by temperature
(C/T) as a function of the square of the temperature for
La,_,Sr, TiO;.!"” The heat capacity at low temperature
is in good agreement with the relation, C =y T +B8T3,
where the first term is ascribed to the electronic contribu-
tion with ¥ =1/37? kg >N(0) and the second term to the
lattice contribution with 12/57* kzN(1/@®,)°. Here
N(0) is the renormalized electronic density of states at the
Fermi level, N is the number of atoms in a unit cell, and
®) is the Debye temperature. Neither upturn nor down-
turn behavior for the C /T vs T? plot is observed down to
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FIG. 2. C/T as a function of T2 for La,_,Sr, TiO;.
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1 K, which enables us to determine the y value unambi-
guously. The Debye temperature obtained is 450-550 K
and does not depend very much on the composition.

Figure 3 shows the band-filling (n =1—x) dependence
of the y values of La,_,Sr, TiO;. Here, the ¥ values are
determined by the least-squares fitting in the low-
temperature region (7<10 K). For a parabolic band,
N(©) is given by N(0)=(4w/h*)2m*)*?E}?, and
Er=(h*/2m*)(37*ny)*%. Thus, y <m*n,'?, where
m* is the effective electron mass and n, is the carrier
density. A solid line in Fig. 3 represents the band-filling
(n =1—x) dependence of the ¥ value (xn!/3) for the
noninteracting electron case. Here a bare value for a
free-electron model is assumed to be 2.8 mJ/mol K? for
n=0.1 (x=0.9), which is a value expected for the reason-
able bandwidth (~1 eV). In the low-r (high-x) region,
the n dependence of y seems to obey this relation well,
implying that the picture of band filling in the band insu-
lator may be valid, as the 3d band is filled up from the
band bottom with increasing » from n=0 (or decreasing
x from x=1). On the contrary, on approaching the
metal-insulator phase boundary, i.e., x =0 (n=1) for
La,_,Sr,TiO;, the y values are largely enhanced com-
pared to the values expected for the simple rigid-band
picture with band filling.

As the Hall coefficient varies linearly as a function of n
(n =1—x) up to at least n=0.95 for La,_,Sr, TiO3,? the
3d band filling gives a precise measure of the carrier den-
sity even in the composition region close to the insulating
end (x ~0). Therefore, the divergent increase of the y
value shows that the effective d-electron mass at the Fer-
mi level is critically enhanced on approaching the metal-
insulator phase boundary. The large enhancements of
specific heat and magnetic susceptibility have been re-
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FIG. 3. Filling (n=1—x) dependence of y (0O) for
La,_,Sr,TiO;. The symbol (M) represents the ¢ value obtained
for the antiferromagnetic LaTiO;. The solid line shows the
band-filling, n (=1—x)!"3, dependence of 7.
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ported in the vanadium oxide family, V,0,,_;,'* al-
though detailed carrier-number dependence of the
enhanced effective mass has not been clarified in the pre-
vious studies.

The end member compound, LaTiO; undergoes an an-
tiferromagnetic transition around T,=120-145 K.°
Some experiments on LaTiO; have indicated that electri-
cal and magnetic properties are highly sensitive to oxy-
gen stoichiometry.’ Because of an uncalibrated Ge ther-
mometer above 100 K, we did not measure the heat capa-
city of LaTiO; in the high-temperature region across a
magnetic transition temperature, but we obtained the
low-temperature heat capacity in the magnetically or-
dered state, which disclosed a much reduced y value (~5
mJ/molK?). As the Mott-Hubbard antiferromagnet
with the exact n=1 filling is expected to have no carriers
because of the existence of the Mott-Hubbard gap (~0.1
eV),!? the finite y value of the present LaTiO; may be at-
tributed to a contribution from residual carriers due to
the unavoidable off-stoichiometry of oxygen in the
present sample.

B. Y,_,Ca,TiOj; system

Within the family of RTiO; (R is any of the rare-earth
ions from La to Lu), the electrical and magnetic proper-
ties depend systematically on the ionic radius of R3*.1
The RTiO; crystal can be viewed as an orthorhombically
distorted perovskite structure (so-called GdFeO;-type
structure) where the TiO; octahedron tilts alternatively.
The ionic radius of Y (and Ca) is smaller than that of
La(Sr), which affects the one-electron bandwidth due to a
larger deviation of the Ti-O-Ti bond angle from 180°.%°
Therefore, the electronic correlation strength U/W of
the Y-Ca system is large compared to that of the La-Sr
system. In fact, the measurements of the electrical resis-
tivity show that the insulating behavior appears near
x=0.4 (n=0.6), which is far from the n=1 filling.'*> In
contrast to the antiferromagnetic ground state of the in-
sulating LaTiO;, YTiO;, with a relatively narrower 3d
bandwidth, is a ferromagnetic insulator with a Mott-
Hubbard gap of ~1 eV.!> The ferromagnetic ground
state may arise from the orbital degeneracy in the 3d
states, although details of the microscopic origin are left
to be clarified. The magnetic and electronic phase dia-
gram described here is depicted schematically in Fig. 1.
Comparison of transitional behavior across the electronic
evolution in La,_,Sr TiO; and Y,_,Ca,TiO; also will
be interesting.

The heat capacity of Y, _,Ca,TiO; is shown in Fig. 4.
The heat capacity obeys the relation C/T =y +BT? for
the metallic region of x>0.5. As no upturn or downturn
behavior for the C/T vs T? plot are observed down to
near 1 K in the metallic state, the ¥ values can be deter-
mined unambiguously in this case, similar to the metallic
La,_,Sr, TiO; case. In the insulating region of x <0.4,
however, the heat capacity is largely enhanced and does
not obey the linear relation C /T vs T2 plot as seen in Fig.
4(b).

In Fig. 5, we show the x dependences of y obtained in
the metallic region of Y,;_,Ca,TiO; as well as

K. KUMAGAI et al. 48

La,;_,Sr,TiO;. Here the y values are determined by the
least-squares fitting of the experimental data obtained by
the relation of C/T =y +BT? in the low-temperature re-
gion (T'<10 K). The x dependences of the Pauli
paramagnetic susceptibility ¥ of both systems!>!3 are also
shown in Fig. 5. It should be noted that the doping (or
filling) dependences of the electronic specific heat show
quite a parallel behavior with the magnetic susceptibility
in the metallic region for the both systems. Magnetic
susceptibility in the metallic region shows a nearly
temperature-independent behavior which is typical of the
Pauli paramagnetic susceptibility.'>'® As yp,.; is pro-
portional to the density of states at the Fermi level, i.e.,
Xpauti =245 N(0), the observed parallel change of ¥ and
Xpaui With x demonstrates clearly a critical enhancement
of the effective electron mass as the metal-insulator tran-
sition boundary is approached. The Wilson ratio y /¥ in
units of 3u} /7’kpu} is nearly constant (~2) over the
whole range of x. This result indicates the absence of the
Stoner enhancement even near the metal-insulator
boundary. This is in contrast to the system with the
predominant paramagnon interactions, where Y is ex-
change enhanced and y is mass enhanced so that the Wil-
son ratio diverges as the onset of itinerant ferromagne-
tism is approached. 2°

The present study on the critical enhancement of
effective mass may suggest the importance of the single-
site electron correlation in driving the metal-insulator
transition in accord with the Brinkmann-Rice picture,21
which indicates that the effective mass relevant to both
the electronic heat capacity and the spin susceptibility
diverges as m*/m =[1—(U/U,)*]"!, where U, is the
critical value for the intra-atomic Coulomb interaction.
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FIG. 4. C/T as a function of T? for Y,_,Ca,TiO;. (a) for
the metallic region (x =0.5), (b) for the barely metallic or insu-
lating region (x <0.5). The result for x=0.5 is shown in both
figures.
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FIG. 5. x dependences of ¥ (@,M) and the Pauli paramagnet-
ic susceptibility ¥ (0,0) in the metallic region of La, _,Sr, TiO;
and Y,;_,Ca,TiO;. The vertical dotted lines show the metal-
insulator phase boundary determined by electrical resistivity
(Refs. 13 and 15) and the solid line shows the (1—x)'/® depen-
dence of y.

In terms of the Fermi-liquid picture extended to the bare-
ly metallic region close to x=0, the enlarged ¥ and y are
ascribed to the formation of heavy-electron liquid by
strong correlation. In accord with this picture, the ratio
of the coefficient of the 7% dependence of electrical resis-
tivity and the y value for La,;_, Sr, TiO; in the vicinity of
the metal-insulator phase boundary was found to agree
quite well with the universal value'? reported for the
heavy-fermion systems. 22

In order to see the detail of the electronic contribution
for x <0.4 (insulating region) in Y,_,Ca,TiO;, we show
the electronic specific heat by subtracting the lattice con-
tribution obtained for x=0.9 in Fig. 6. The electronic
specific heat changes significantly with temperature, im-
plying that the coefficient of the electronic specific heat y
is temperature dependent as opposed to that in a simple
metallic picture. The electronic heat capacity for
x =0.2-0.4 seems to increase logarithmically and then
decreases with decreasing temperature. The characteris-
tic temperature T, giving the maximum heat capacity,
increases gradually with decreasing x, i.e., T(=2, 2.5,
3.5, and 5.5 for x=0.4, 0.3, 0.2, and 0.1, respectively.
The maximum electronic contribution is as large as 140
mJ/mol K? for x =0.2-0.1. This value is exceptionally
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FIG. 6. Electronic heat capacity divided by temperature as a
function of logT in the insulating region of Y,_,Ca, TiO;. The
lattice contribution is subtracted by using 8=0.065, obtained
for the x=0.1 data.
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FIG. 7. x dependence of ¥ value (@) in the insulating region
(x <0.4) of Y,_,Ca,TiO;. The maximum values of the elec-
tronic contribution of C,/T are plotted. The y values in the
metallic region of x > 0.4 (of which detail is shown in Fig. 5) are
also shown. The y value (O) for x=0.4 is determined by fitting
to the C/T=y+pBT? relation in the temperature range of
100 < T? < 500 and use of the same S value obtained for x=0.5.

large for the 3d electron systems. '®

The maximum 7 linear coefficient y of the electronic
heat capacity obtained from the C, /T plot (Fig. 6) is also
shown in Fig. 7. This y value is enhanced significantly
with x for x <0.4, where the electrical resistivity shows
an apparent insulating (or semiconducting) behavior in its
temperature dependence. 15 Therefore, the metal-
insulator phase transition near x=0.4, which is far from
the n=1 filling condition in Y, _,Ca,TiO;, may be attri-
buted to the large enhancement of the renormalized elec-
tron mass due to strong electron correlation. As the
long-range spin order seems to vanish for x>0.1 in
Y,_,Ca,TiO;, the metal-insulator transition near x=0.4
in Y, _,Ca,TiO; is not simply related to the presence of
the magnetically ordered phase. The nonmetallic
behavior in electrical resistivity for x<0.4 may be
characterized by a combined effect of the electron corre-
lation and random potential arising from the ionic Y and
Ca mixture. When the enhanced mass exceeds some crit-
ical value, the localization of the carrier appears.

We would like to stress again that the barely metallic
behavior for x <0.4 in Y,;_,Ca,TiO; is not characterized
by the decrease of carrier density but by the increase of
the effective mass of carriers. Namely, the electrical con-
ductivity of the doped Mott insulator, given by
ox<n/m*, becomes vanishingly small as m* tends to
diverge, while n is not changed as much. Such a critical
filling dependence of m * has been predicted by the recent
theoretical investigations of the one-,?® two-,>* and
infinite->> dimensional Hubbard models.

C. Ferromagnetic transition YTiO;

As described in Sec. III B a ferromagnetic order of 3d
electrons of Ti ions has been observed in the vicinity of
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FIG. 8. Magnetic heat capacity of YTiO; as a function of
temperature. The lattice contribution is subtracted by using the
result of x=0.9. The inset shows the detail of the low-
temperature part as a function of 7372,

the n=1 filling condition of Y,_,Ca,TiO;.%” Figure 8
shows the magnetic heat capacity of YTiO; as a function
of temperature. Here the magnetic heat capacity is ob-
tained by subtracting the lattice contribution, using the
result for x=0.9. A steep peak is observed at 25 K which
coincides with the transition temperature for the long-
range magnetic ordering of Ti spins. The magnetic entro-
py at T, is 60% of that expected for the spin freedom of
S =1. Some amount of the magnetic contribution above
T, exists due to short-range spin fluctuations in the
present system. As the magnetic nature may be sensitive
to slight off stoichiometry of the sample, !* details for the
magnetic contributions above T, will be required for fur-
ther discussion.

It should be noted that the low-temperature part of the
magnetic heat capacity obeys quite well the 7°3/? relation,
which is expected for the contribution from the spin-
wave excitations in the ferromagnetic case. According to
the simple spin-wave approximation for the three-
dimensional ferromagnetic case, the magnetic heat capa-
city is given by?®

C =B RESNKT /87JS)*?T3/% ,

spin wave

where £ is Riemann’s zeta function and §(3) is 1.341, R is
the gas constant, S is the spin of an ion, and the exchange
constant J is given by the dispersion relation of ho, =
2JSq? for small q. The coefficient of the T°/? term was
found to be 3.73X 1073 (in units of R) from a root-mean-
square fitting. Thus, a value for the exchange constant J
was found to be 3.32X 10™ % eV. This value seems to be a
reasonable one in comparison with those reported in typi-
cal ferromagnets. 27 The ratio kT, /J is 6.5, which may be
compared with a value for a simple single-exchange
Heisenberg model.”® We may conclude from a thermo-
dynamic viewpoint that the magnetic order is a ferromag-
netic one in accord with the magnetization measure-
ments.

D. Comparison with the result in La,_, Sr, CuO,

It is interesting to compare the carrier-doping effect on
the evolution of electronic states between cuprates with
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FIG. 9. x dependence of y for La,_,Sr,CuQ,. The solid cir-
cle is obtained from the low-temperature fitting (7'< 0.5 K) with
C=yT+ A/T? (Refs. 30 and 31), where the second term is the
nuclear Schottky contribution. The open circle is obtained by
the fitting to C/T=y+BT? in the high-temperature range
(2<T<10 K) (Ref. 29). The open square is obtained from the
jump of heat capacity at 7., and the BCS relation of
AC/yT.=1.43.

the charge-transfer gap and titanates with the Mott-
Hubbard gap. The hole-doping dependence of y in the
doped Mott system is quite in contrast to that obtained in
high-T, cuprates.”® 3! For a clear demonstration of the
situation, we show the x dependence of ¥ in
La,_,Sr,CuQO, in Fig. 9. (The figure is redrawn from the
ones reported originally in Refs. 29 and 31.) From the
electrical resistivity measurement, the electronic state is
found to be insulating for x<0.06 and metallic for
x>0.06 in La,_,Sr, CuO,.3*

In the superconducting region (0.06 <x <0.25), the ¥
value at low temperatures becomes vanishingly small due
to the opening of the superconducting energy gap. In
this case, the coefficient of the electronic specific heat of
the normal state, y,, has been estimated from the heat-
capacity jump AC at the superconducting transition tem-
perature 7,.°' These estimated y, values of the normal
state are shown in Fig. 9 with the open square, assuming
the BCS-type relation, AC/y,T,=1.43. The y value is
nearly zero (or less than 1 mJ/mol K?) for x <0.02, where
the long-range antiferromagnetic order exists. ¥, in-
creases gradually with increasing x from x=0.02 to 0.15
across the metal-insulator boundary. In other words, the
decrease of ¥ seems to be accompanied with decreasing
carrier doping for x<0.15. Signs of the divergent
behavior of ¥ do not appear around x=0.06. The es-
timated y, value (9 mJ/molK?) near x=0.15 becomes
almost comparable to the ¥ value in the normal metallic
region of x>0.3. The gradual decreases of y, with de-
creasing x from the metallic region have been similarly
observed in the electron-doped cuprates of
Pr,_,Ce, Cu0,.3%3*

Thus, it may be a characteristic feature in the doped
cuprates that the divergent behavior in the mass enhance-
ment of the correlated electrons is absent across the
metal-insulator boundary. The gradual decrease of the
electronic specific heat toward the metal-insulator bound-
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ary in the doped cuprates is rather surprising, consider-
ing that the electronic correlation should increase sub-
stantially on approaching the insulating state.3® This re-
sult in the cuprates is in striking contrast to those of the
doped titanates presented here.

IV. CONCLUSION

The band-filling-induced change of electronic states
have been investigated for the perovskite titanate com-
pounds, La;_,Sr,TiO; and Y,_,Ca,TiO;. From the
C/T vs T, plot without any upturn or downturn
behavior down to 1 K, the ¥ values in the metallic region
have been determined unambiguously in both systems.
Together with the results of the magnetic susceptibility
and Hall effect,>!315 the present study on the electronic
specific heat indicates clearly that the effective mass of 3d
electrons in the doped Mott-Hubbard system is enhanced
critically (or divergently) on approaching the metal-
insulator phase boundary. Quite a parallel behavior of ¥
and the Pauli paramagnetic susceptibility Y with carrier
doping (or band filling) in the metallic region indicates
that the heavy-electron liquid state is formed through the
development of local spin fluctuations with a dominant
single-site correlation.

For the rather strongly correlated system
Y,-,Ca,TiO;, the electronic heat capacity is extremely
enhanced and its temperature dependence is not simply
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characteristic of metallic behavior for x <0.4 (n>0.6).
The significantly enhanced electron mass as well as the
random potential, which arise mainly from the ionic Y-
Ca mixture, causes the localization of the electronic state
at the composition far from the n=1 filling condition.
The metal-insulator transition in the doped Mott-
Hubbard system is not driven by the decrease of carrier
density but by the divergent enhancement of the renor-
malized electron mass due to electron correlations.

Finally, we would like to remark that the carrier-
doping effect on the electronic specific heat is clearly
different between the cuprate (charge-transfer-type) and
the titanate (Mott-Hubbard-type) compounds. The
metal-insulator transition without a notable enhancement
of electron mass with carrier doping in high-T. cuprates
may be characterized by a decrease in the carrier densi-
ty,32 which is in contrast to the present titanate case.
These findings on the distinctly different types of evolu-
tion of the electronic structures in these highly correlated
systems may be crucial for understanding the mechanism
of high-T, superconductivity.
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