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Abstract

The systematic variation of the transport properties of Y , A JiO=@a, Sr and Ba) was explored as a function of 3d band filling
n(=1-x) by measurement of X-ray diffraction, resistivity and thermopower. The end compound,YTiO is a Mott—Hubbard insulator

with 3d" configuration for Ti and is converted into strongly correlated metallic state by substitufing Y *by A

ions. The X-ray

diffraction data reveal that Y, Ga TiD and low doped_Y ,Sr JiO are orthorhombic and high doped Y $r TiO are pseudo
tetragonal whereas the compounds of the Y , Ba,liO series are cubic. The resistance measurement shows that in the tolerance facto
range 0.93=t=1.02, the Y,_, A TiQ, are metallic but beyond the range they are insulating. The normalised resistance of the correlated
metallic samples is proportional 6> similar to the behavior of a Fermi liquid. In the insulating phase the activated type hopping
mechanism is observed in the high temperature region. For all the samples the therm@)ofobows a relationS= S, + BT in the

linear region where th&-linear term corresponds to Mott's relation for metals. The thermopower results indicate that the metal—insulator

transition occurs due to the enhancement of the effective mass.
O 2003 Elsevier B.V. All rights reserved.
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1. Introduction

occupied oxygen O2p band and the upper Hubbard band

[2]. A Mott—Hubbard insulator can be transformed into a

Recently the 3d transition metal oxides with a strong
electron correlation effect have attracted much attention
because they exhibit a variety of interesting electrical and
magnetic properties [1,2] such as metal—insulator (Ml)
transition [3], charge ordering phenomenon [4], colossal
magnetoresistance [5,6], antiferromagnetism [7], ferromag-
netism, high temperature superconductivity, etc. [8—10]. In
these oxides the conduction electron often becomes local-
ized by the strong electron—electron interaction and the
system tends to be an insulator (a Mott insulator). For
some transition metal oxides a slight change of some
parameters may introduce a transition between an insulator
and a metal (a Mott transition). According to the Zaanen—
Sawatzky—Allen scheme [11,12], the correlated insulator
in transition metal oxides can be classified as the Mott
insulator and the charge transfer insulator. In the case of
the Mott insulator, a metal—insulator (Ml) transfer takes
place due to transition between the lower and upper
Hubbard band (d-electron band) whereas for the charge
transfer insulator the insulating gap is formed between the

correlated metal by enhancing the one electron transfer
interaction, i.e. reducing the relative strength of the
electron correlation effect by application of external pres-
sure or internal pressure by varying the chemical com-
position. In addition to such a band controlled Ml transi-
tion at a fixed band filling, an MI transition can be
introduced by hole doping (filling controlled MI transi-
tion). In the case of carrier doping it often becomes very
difficult to tune the band filling without introducing any
random potential for the electrons and up to a critical
doping concentration the system behaves like an insulator
which can be attributed to the localization due to the
combined effect of the random potential and the correla-
tion enhanced effective mass.

With the 3d configuration for Ti, the parent compound
RTiG-réRe-earth) represents a very suitable candidate

for studying Ml transition. RTiO behaves like a Mott

insulator where the insulating charge gap appears between
the correlated states. The physical properties of,the RTiO
series depend on the ionic radius &f the R ions or in

other words vary as a continuous function of the tolerance
factor of the compound [13,14]. The crystal structure of
the RTiO, system belongs to the orthorhombically dis-
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torted perovskite structure (GdFgO -type) [15]. The JiO
octahedron tilts along the orthogonal direction wih=
b~+/2a_andc = 2a_ wherea, corresponds to the simple
cubic perovskite dimension similar to that of SrgiO with
Ti*". As the ionic radius of R decreases, the lattice
structure becomes more distorted and the Ti—-O—Ti bond
angle suffers a greater departure from °L805]. As a
result the conduction band of the titanate is formed by the
Ti 3d t,, and O2p orbitals and the decrease of the bond 3. Results and discussions
angle causes a decrease of the one electron band width of
the conduction band. YTiQ is a ferromagnetic insulator
with Mott—Hubbard gap of 1 €V [16]. Now the hole doping

ferential techniqgue where a temperature gradient is created
across the sample and the voltage developed between the
hot and cold ends of the thermocouple formed by the
sample and Cu wires is measured. The details of the set-up
and measurement technique have been reported earlier
[17].

Fig. 1 depicts a representative X-ray diffraction pattern
of Sr doped YJiO . Analysis of the X-ray data of the
compounds shows that the samples studied are of single

may be carried out by the partial substitution of'Y by the
divalent alkali earth metal A<{Ba, Ca and Sr) ion and in
the Y,_,ATiO, system the doping concentratiorn) (
represents a nominal hole concentration per Ti site or the
3d band filling given byn =1 —x. Here doping changes
the Ti valence from 3 x=0)to 4" &=1) and transforms
the Mott insulator (YTiQ ) with one 3d electron to a band
insulator (ATiO,) with no 3d electron. Thermoelectric
power (TEP,S) measurement is a powerful tool to study
the transport properties of a system. Though the titanates
were probed by various experimental tools, the TEP
information is still lacking. We have studied the doping
induced MI transition in Mott—Hubbard system
Y,_,/ATiO,; as a function of band filling with X-ray
diffraction, resistivity and thermoelectric power measure-
ments and tried to correlate the different properties with

phase. The Ca doped Y,TiO shows a perovskite crystal

structure with orthorhombic distortion (GdFgO -type)
throughout the concentration range studied. The unit cell

parameters qf Y ,Ca JTiO are plotted as a function of

in Fig. 2a. The nature of the curves indicates the formation
of a continuous solid solution over the whole concentration
region fronx0.3 to x=0.9. Fig. 2b presents the con-
centration dependence of the

1—x Yy Sy TiO . This figure shows thatxup0id the

X

compounds have the orthorhombic structure whereas from

x=0.6 tox=0.9 they adopt a pseudo tetragonal structure.
In between0.5 andx=0.6, a structural phase transition

occurs. The X-ray pattern of Y ,Ba JiO can be well

fitted with cubic symmetry and Fig. 2c shows the cubic

cell parameter versus doping concentration. Thus it is

lattice constants of

found that the incorporation of the small siZé Qa, =(
1.48 A) ion produces an orthorhombic distortion through-
out the whole concentration range. Comparatively the large
size SF* ion Kg, =1.58 A) produces an orthorhombic
distortion for low doping and tetragonal distortion for
higher doping whereas the largest Ba g € 1.75 A)
produces cubic symmetry.
Fig. 3a presents the variation of the normalized resist-
ancB, (=R/R,,,) of Y, Ca TiO, with temperature.

the existing theories.

2. Experimental

TiO, powder was prefired at 100C for 24 h. Poly-
crystalline ATiQ, (A=Ca, Sr and Ba) was prepared by
heating the mixture of Ti@ and ACO (ACa, Sr and Ba)
in air at 1000—1200C for 48 h with intermediate grind-
ings and pelletization. The structure of ATJO was con-
firmed by X-ray diffraction. Yttrium oxide (Y Q ) was
heated at 1000C in air for 12 h prior to use. The
stoichiometric mixture of prefired ATiQ , prefired Y O
and Ti,O, was mixed homogeneously and pressed into
pellets. The pelletized mixture was then melted in an arc
furnace in argon atmosphere with repetitive turnings. To —~
obtain a single phase the samples were remelted severalc
times with intermediate grindings. The final samples were &
preserved in a dessicator purged with argon gas to avoid
oxidation.

The crystal structure and the phase purity of the samples
were checked by powder X-ray diffraction with CuaK
radiation using a Philips APD 1877 X-ray diffractometer.
Temperature dependence of the electrical resistance and
thermopower were measured using methods as described
elsewhere [17]. The dc electrical resistivity measurements
were performed following the four-probe technique. The
thermopower of the samples was measured using a dif-
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Fig. 1. X-ray diffraction pattern for Y, Sy, TiQ sample.

T
50

T
60

—T
0 70 80 90



S Das et al. / Journal of Alloys and Compounds 358 (2003) 17-22 19

03 04 05 06 07 08 09 802 100 150 200 20
5.60 — — T T 7.75 T T T T T
5.55 . Y1_XCaxTi03 -
] o b—
47 B
5.50 . &
__ 5.454 . . 40
< " x * s 765 g
5 540 . 5 z’
© . 2
535 . - - 20+
. - - 7.60
| 09
5.30 o g-g
| 04
0F o6
5.25 T T T T T T T T T T T 7.55
03 0.4 0.5 0.6 0.7 0.8 0.9 — e T
50 100 150 200 250 300
T(K)
5.9 T T T T T T T T T T 7.80 (a)
Orthorhombic Tetragonal
[ e . * - 7.79 T T T T T T T T T 1.1
. L x
58 | ‘— 0.3 4 1.0
4 7.78 3
x sl 04 -4 09
. H 777 ]
~ 57 » . 4 o8
< < 5 4
g 17w 407
© 4 g, 0.5 ]
56 Y,SrTiO, - 775 o -1 06
* ~
o 0.7 1
4 774 3F o6 108
- -
551 . . [ . - 04
- 4 7.73 2L 09
. | L 1 1 ! 1 0.35 4 03
0.3 0.4 05 0.6 0.7 0.8 0.9
X 1F 0.98 4 02
T T T T T T T T T T T M T
0 50 100 150 200 250 300
T T T T T T T T T T T
3.995 4 T(K)
L]
’ (b)
3.990 Y, BaTiO, .
1 26 T T T T T T T T T T
3.985 -
| . i
3.980 .
< 3.975 ° _
@ 4
3.970 . —
e (=]
3
3.965 — CE
] J 14
3.9604 4
3.955 — . T —
0.60 0.65 0.70 0.75 0.80 0.85 0.90
X
0.8 1 " 1 " 1 " 1 n 1 n 1 n 1 0.0

Fig. 2. (a) Lattice parameters of,Y, Ca TjO as a functiorx.ofb) Unit
cell parameters of Y., Sr TiQ versus doping concentratiohs(€) Plot
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The x=0.3 sample shows a semiconductor-like nature Fig. 3. (@) The temperature dependence of the normalized resistance
' (R/Rypo=R,) for Y ,_ Ca, TiO, with differentx. (b) Thermal variation of

since the resistance increases monOtom,Ca”y as the tem'Rn of Y, ,Sr,TiO, for various doping concentrations. (c) The normalized
perature decreases. For the samples with0.4 R,(T)

resistanceR/R,,,) of Y ,_,Ba, TiO, is plotted as a function of tempera-
displays a metallic behavior whet®, increases rapidly ture for differentx.
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with T. For thex=0.4 sampleR, reaches a maximum and
then decreases thereby making a met&, (diT > 0) to
insulator (dR,/dT <O0) transition at the peak. Fig. 3b
shows theT dependence oR, for Y, Sr,TiO; with
different doping concentrations, which are similar to Ca
doped YTiQ,. Forx=0.3 andx=0.35 the samples are
insulators whereas they are metallic far=0.4. The
temperature at which a temperature induced MI transition
occurs is difficult to detect for the Sr doped YTjO . A
similar behavior was also found for,Y, Ba TijO which is
presented in Fig. 3c. In the metallic regid®), shows a
quadratic dependence oh following the relationR, =
R.,+ AT?, whereR, is the residual normalized resistance
and A is a constant. In Fig. 4a we have plott&] of
Y,_,Sr,TiO, as a function off >. The curves are linear in
nature. This behavior is reminiscent of the electron—elec-

T T T T T T
0 20000 40000 60000 80000 100000

tron scattering process in a strongly correlated metal and is
one of the characteristic features of a Fermi liquid [18,19].

As Y is replaced by @, of the insulating YTiQ
decreases with the MI transition a&0.4. The lowest R

is observed-&t6 thenR, again increases as the doping
drives the samples gradually towards the band insulator
CaTiQ . But in the case of Sr dopiRy decreases as the
band insulator $SrTiO is approached. For Ba doping,
single phase compounds are not obtained<fnsb.

Metallic behavior is obtained«f00.8 while forx> 0.8
the semiconducting nature is found. In the insulating or
semiconducting phask, follows an activated type hop-

ping mechanism in the high temperature region. The
thermally activated type hopping model offers the expres-

SidR, = R, expE/kT) whereR ,is a constant and the

activation eigrgyay be obtained from the gradient of
In R, versus 10007 curves (Fig. 4b). The values d&,
along with the temperature range of validity are given in
Table 1.

In order to separate the metallic phase from the insulat-
ing one as a function of dopant concentration we have
calculated the tolerance factdt (defined ast = (r, +rg)/
V2(rg + o) wherer, andr, represent the six coordina-
tion B site T#" /Ti*" radius and the average 12 coordina-
tion A site radius, respectively, and, is the effective
oxygen radius) using the ionic radii given in the table of
Shanon [20]. In Fig. 5 we have plottedas a function ok
for Y,_,ATiO, (A=Ca, Sr and Ba) with a marking to
separate the metallic phase from the insulating one. It is
found that the metallic behavior is observed whéies in
the range 0.93=t = 1.02, while on either side of this range
semiconducting nature is observed.

The thermal variation of the thermoelectric powsy ¢f
Y,_Ca,TiO, is presented in Fig. 6a for differentvalues.

For x=0.3 andx=0.4 asT decrease$ remains positive

up to a certain temperature and then becomes negative. For
x> 0.4 the observed negative values $throughout the
whole temperature range, suggest an electron carrier. It is
worth mentioning here that in this region of the
resistivity shows a correlated metallic behavior. At low
temperaturess approaches zero. Th§T) dependence of

Y, SrTiO, and Y,_, Bg TiQ, are plotted in Fig. 6b and
6¢c, respectively, for different band filling. The curves are
similar in nature to those in Fig. 6a. For metals, Mott has

Table 1
Values of the activation energ¥() along with the temperature range of
validity

T 2
(a)
45 5.0 55 6.0 6.5 7.0 75
0.9 T T T T T T T T T T T
0.8 A..-L—"_ H25
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0.7 0.7 0.3 :i““‘ _.,’
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0.5 -
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1000/T(10°K™)
(b)
Fig. 4. (@ T’-dependence of the normalised resistand®) ( of
Y, ,Sr,TiO,. (b) Variation of InR, as a function of reciprocal tempera-

1-x~"x

ture (10007) for Y, .Ca, ;TiO,, Y, Sr,TiO ;and Y, Ba,  TiO ;.

Sample Activated type hopping
Values ofE; (eV) Temperature range (K)
Y, Ca,,TiO, 0.08 142-222
Y Sro,T10, 0.03 170-300
Y 065035110 5 0.02 173-300
Y, BaygliO, 0.03 183-300
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Fig. 5. The plot of the tolerance factot) (as a function ofx in
Y, ,ATiO, (A =Ca, Sr and Ba) indicating the metallic and semiconduct-
ing-insulating regions.

given an expression [21,22] for the diffusion thermopower
as

ST) = — (#2K2T/39[5 In p(E)/OE] . _¢. (1)

S(uVIK)

Assuming that the conductivity is proportional to the
energy and that there isTaindependent mean free path of
carriers, expression (1) becomes

ST)= — 7°k2T/3eE, (2)

whereE; is the Fermi energy. From the above relati®is
linear with T. Experimental data for the linear region of
ST) curve fits well with an expressio§T) =S, + BT,
where §, and B are constants. Th&-linear term corre-
sponds to Mott’s relation for metals for which the coeffi-
cientB is identical with7°kZ /3eE,. According to the free
electron theoryE, is given by E.=#%/2m*(37°n,)*"®
where 4 =h/27, h being Planck's constantm* the
effective mass andh, the free electron density. We have
estimatedn; using values of the mass density obtained
from X-ray diffraction data under the assumption of four
formula units per cell [15]. ForY , Sr TiQ n, is taken as
1.665.16° (:-x). In Fig. 7 we have plottedB as a
function of the doping concentration It is observed that
the calculated curve witm* = 2m, (wherem, is the free
electron mass) agrees satisfactorily with the experimental
curve. The fitted values ah* are in consonance with the
value predicted by the band calculation for SrTiO [23].
Such an enhancememh{/ m~ 2) was also observed in the
case of Sy, La TiQ [24,25]. From the thermoelectric
power measurement Onoda and Kohno [26] found that the
effective massm* is twice the free electron mass for
La,_,Sr TiO,. Tokura et al. [27] observed an increase of

S(uVIK)
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Fig. 6. (a) Variation of the thermopowerS) in Y, Ca,TiO, with
temperature for different. (b) The temperature dependence of thermo-

the T-linear term in the low temperature specific heat with power ) in Y, Sr.TiO, for different compositions. (c) Thermopower

band filling near the MI transition of La, $r TiO

versus temperature for,Y, Ba TiOx€0.6, 0.7, 0.75, 0.8 and 0.9).
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T T T T T r T T enhancement of the effective mass of the carriers. How-

0007 o ] ever, it is felt that in the absence of a true expression based
005 | * **2e2 ¢ 4 on the proper electronic structure an actual explanation of
' X ) the TEP behavior is not possible.
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