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Small polarons in La 2Õ3TiO3Àd
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The thermoelectric power and dc conductivity of La2/3TiO32d (d50.057, 0.07, and 0.16! were
investigated. The thermoelectric power is negative between 80 and 350 K. The measured
thermoelectric power of La2/3TiO32d increases linearly with temperature, in agreement with the
model proposed by C. Wood and D. Emin@Phys. Rev. B29, 4582~1984!#, and represented byA1
BT. This temperature dependence indicates that the charge carrier in this material is a small polaron.
There exists a linear relation between log(sT) and 1/T in the range of 200–300 K, the activation
energies for small polaron hopping were 0.15, 0.21, and 0.24 eV ford50.16, 0.07, and 0.057,
respectively. These properties are discussed in terms of a hopping process involving small polarons.
This conclusion is confirmed theoretically. Based upon polaron energies obtained experimentally,
several parameters relevant to small polaron transport in this material are estimated. ©2000
American Institute of Physics.@S0021-8979~00!10117-3#
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I. INTRODUCTION

Recently perovskite RTiO3 ~R: rare earth element! and
its hole doped analog, R12xMxTiO3 ~M: Ca and Sr!, have
been proposed as appropriate systems for experimenta
vestigations on the doping-induced insulator–me
transition.1–9 The end compound RTiO3, where the Ti atom
is in the 3d1 electron configuration, is a Mott insulator irre
spective of the species of the rare earth R. On the other h
the substitution of the trivalent R ion by the divalent M io
decreases the number of electrons per Ti from 1~a nominal
hole doping!, and drives the system metallic.1–9 A detailed
understanding of the nature of these insulator–metal tra
tions are still lacking, however, and a through experimen
and theoretical study of the properties of many different s
tems is needed to gain further understanding.

As one of the open questions, in this paper, we focus
the problem of carrier localization in the perovskite-type 3d1

localized insulator La12xSrxTiO3. An important manifesta-
tion of the carrier localization enhancement in t
perovskite-type light 3d transition metal oxides has bee
given by Tokura and co-workers.1,3,7 For smallx, the system
behaves as a variable range hoppinglike insulator, while
xc;0.05, a metal–insulator transition accompanied by a
nificant Jahn–Teller effect takes place. In a real syst
however, it is very difficult to finely control the band filling
without introducing any random potential for electrons.
most cases a hole-doped system remains insulating u
some critical filling level. This may be ascribed to the carr
localization effect arising from the combined effect of t
correlation-enhanced effective mass and the random po

a!Electronic mail: phdjung@sunny.howon.ac.kr
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tial, though little is known so far about the detailed nature
such a metal–insulator transition.

As a different approach to these systems, in the pres
work, we prepared La2/3TiO32d to elucidate the insulating
properties of R12xMxTiO3. A unique feature of the presen
system is that both the bandwidth and band filling can
chemically controlled by the degree of oxygen deficien
La2/3TiO32d was first investigated by Abe and Uchino.10 Un-
der their experimental conditions, they found that with i
creasingd the system changes from an orthorhombic dou
perovskite to cubic structure via the tetragonal dou
perovskite.10,11With rising oxygen deficiency, the formal va
lence of titanium is changed from 41 ~3d0) to 31 ~3d1).
Also the Ti–O–Ti bond angle increases, which leads to
increase of the one-electron bandwidth of the conduct
band.1–9

The electronic configurations and magnetic properties
La2/3TiO32d resemble those of electron-doped MTiO32d .
Electronic doping is known to transform the insulatin
MTiO3 to a metallic phase, even when the degree of dop
is very small.9,12 However, a similar situation does not aris
in the present case.13,14 Thus, the study of the La2/3TiO32d

series can provide important clues to the understanding
the basic electronic properties in Ti-based oxides.

In this report, the thermoelectric power, dc conductivi
and magnetic properties of sintered La2/3TiO32d, with a con-
trolled oxygen off-stoichiometryd, are reported, togethe
with some discussion on the nature of the insulating pha

II. EXPERIMENT

All samples were prepared by the conventional ceram
method, using dried La2O3 and TiO2 ~3N! powders as star
0 © 2000 American Institute of Physics
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2561J. Appl. Phys., Vol. 88, No. 5, 1 September 2000 Jung et al.
ing materials. The amount of metal in La2O3 was determined
by quantitative analysis with EDTA. The mixture was pr
heated at 1073 K in air for 12 h, and then pressed into pe
and sintered at 1723 K for 24 h in an appropriate CO2, H2

gas mixture. Thermogravimetric analysis and electron-pr
microanalysis~EPMA! were done to estimate the oxyge
concentration and cation concentration ratio of t
La2/3TiO32d system, respectively. The cation concentrat
ratio estimated by EPMA nearly agrees with the nomi
value. All of the sintered pellets were analyzed, using
x-ray diffractometer with a graphite monochromator and
Ka radiation with step scanning. Powder diffraction patte
were taken for 60°,2Q,140° with 0.01° step scanning fo
precise lattice parameter measurements. Silicon pow
~5N! were used as an internal standard.

The thermoelectric power was measured with a precis
digital multimeter in the temperature range of about 80–3
K in a home made device. Both ends of the specimen w
placed between two blocks machined from oxygen-free h
conductivity copper; a temperature difference of 5–8 K w
set up between the two electrodes. Copper–constantan
mocouples were welded to the reverse side of each co
plate to measure both the temperature and the thermoele
voltage. A Keithley 619 Resistance Bridge, an Advantest
6871 digital multimeter, and an Advantest R6161 power s
ply were used for the conductivity measurement by the fo
probe method. dc magnetization measurements were
tained using a superconducting quantum interference de
magnetometer~Quantum Design MPMS!. Susceptibility–
temperature (x –T) curves were measured under zero-fie
cooled condition. The magnetic susceptibility was measu
between 4.2 and 300 K at an applied field of 1 T.

III. RESULTS AND DISCUSSION

Figure 1~a! shows the x-ray diffraction pattern of th
La2/3TiO32d . In addition to lines expected for the fundame
tal perovskite structure, several superstructure lines can
seen. The unit cell changes from the double orthorhom
perovskite to the pseudo-cubic perovskite configuration, w
increasing oxygen deficiency. This change is evidenced
the disappearance of some diffraction peaks, which are c
acteristic of double perovskites. The profiles of the fund
mental 200 lines are shown in Fig. 1~b!. As shown in Fig.
1~b!: the fundamental~200! line of the d 5 0.057 sample
splits into three lines corresponding to~200!, ~020!, and
~002!. This indicates that the crystals experience an ort
rhombic distortion to the double perovskite structu
(Pmmm).10,11With increasingd in La2/3TiO32d the intensity
of superstructure reflection lines gradually decreases.
d50.160, all of the superstructure lines disappeared,
shown in Fig. 1~a!. The crystal structure finally changes
the pseudocubic perovskite (d50.16! through the intermedi-
ate tetragonal double perovskite (d50.07!. From the least-
squares fitting method, we obtained the lattice paramete
be a53.876 Å, b53.886 Å, andc57.786 Å for d50.057,
a5b53.8980 Å,c57.774 for d50.07, anda53.899 Å for
d50.16, respectively.
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The magnetic susceptibilityx measured between 4.2 an
300 K on different samples leads to nearly the samex val-
ues, independent of the oxygen deficiency. Thex curves for
d50.16 and 0.057 are reported in Fig. 2. We do not show
magnetic susceptibility data ford50.07 because they ar
nearly the same as ford50.057. Below 50 K there is shar
upturn which might be due to the presence of a localiz
electron parameter center. Magnetic susceptibility meas
ments by Onoda and Yasumoto5 show that LaTiO3 exhibits
canted magnetism. Below;126 K, an additional magnetic
anomaly due to a magnetic transition is also observed. H
ever, the magnetic susceptibility of La2/3TiO32d exhibits a
very simple temperature dependence.

FIG. 1. ~a! X-ray diffraction patterns of the La2/3TiO32d system. Closed
circles show the superstructure reflection lines originating from the dou
perovskite structure.~b! X-ray diffraction profile of the 200 line.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The thermoelectric power ofa of La2/3TiO32d as a func-
tion of temperature is shown in Fig. 3. The negative sign
a indicates that La2/3TiO32d is ann-type semiconductor ove
the measured temperature range. We should noted
La2/3TiO32d has a significant concentration of cation vaca
cies or lattice imperfections. The large random potential fl
tuations induce carrier localization, which eventually leads
the formation of small polarons.13,15,16The randomness ma
be due to the La deficiencies and to 3d electrons themselve
~Ti31). Thus, the temperature dependence of La2/3TiO32d

may be due to the hopping motion of a localized electron
one Ti ion.

The thermoelectric power associated with small pola
hopping in transition metals is generally assumed to dep
on the carrier concentration and is given by one of
temperature-independent expressions derived in the
temperature limit.17,18However, the measured thermoelect
power of the present material increases linearly with te
perature, as shown in Fig. 3. Wood and Emin19 derived an
expression fora for a localized electron system as follows

a5A1BT, ~1!

whereA is the usual entropy contribution toa andB depends
on the hopping between inequivalent sites. If the charge
riers are small polarons, the vibration energy term (B term!
is important.19 The values ofB determined from a leas

FIG. 2. Magnetic susceptibility vs temperature for La2/3TiO32d .

FIG. 3. Thermopower for La2/3TiO32d as a function of temperature. Th
straight lines are the Emin and Wood relation fitted to data between 150
300 K.
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means squares fit of Eq.~1! to our data are 0.139mV/K2

(d50.16!, 0.449 mV/K2 (d50.07!, and 0.586 mV/K2

(d50.057!. Here, the value ofB5(kB
2zJ2)/(2qEb

3), wherez
is the number of nearest neighbors,kB is the Boltzmann con-
stant, q is an electronic charge,J is the intersite transfer
energy, andEb is the small polaron binding energy. From th
experimental results,J2/Eb

3 assumes the values 2.2931013

(d50.16!, 7.5231013 (d50.07!, and 9.8531013 (d50.057!
erg21.

Although the experimental results of thermoelect
power measurements suggest a high degree of small pol
hopping, further detailed experimental confirmation is
quired. If the conductivity data of La2/3TiO32d can be inter-
preted in terms of a phonon-assisted hopping model, the
dicted temperature dependence of the conductivity due
small polaron hopping takes the form13,14,16,20–22

sT}s0 exp~2WH /kBT!, ~2!

whereWH is hopping energy of small polaron. The Arrhe
ius relation ofsT against 1/T in the high temperature rang
from above 200 to 300 K plotted in Fig. 4 yields goo
straight lines with hopping energies of 0.15, 0.21, and 0
eV for d50.16, 0.07, and 0.057, respectively.

Small polaron binding energy was given byEb

'2WH .23 Then, J can be estimated from theB. Take the
hopping energyWH from the fits to the measured conducti
ity data ~see Fig. 4!. From this relation, the values ofJ are
calculated to be 0.35, 1.0, and 1.47 eV ford50.16, 0.07, and
0.057, respectively; they decrease with increasingd.

The decrease inJ with increasingd is expected becaus
the tolerance factor (t) increases asd increases. The conduc
tion band of this system may be composed of Ti 3d t2g and
O 2pp orbitals; its bandwidth is governed by the Ti–O–Ti
bond angle.1–9 Since to our knowledge the Ti–O–Ti bond
angle of La2/3TiO32d with a finite value ofd has not been
determined, we estimated the changes of tolerance fact
instead of the bond angle. The tolerance factort describes the
relation between the electronic structure and lattice struct
An increase in the tolerance factor facilitates delocalizat
of charge carriers, enhancing the bandwidth. This means
a decrease in the tolerance factor enhances localizatio
charge carriers. The cubic perovskite adjusts to at,1 by a

nd

FIG. 4. Arrhenius relation betweensT and 1/T for La2/3TiO32d . The
straight lines represent the linear portions in Arrhenius plots.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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cooperative rotation of the TiO6 octahedra that buckles th
Ti–O–Ti bond angle from 180° to~180°-Q), whereQ in-
creases with decreasingt so as to lower the space grou
symmetry from cubic to tetragonal, rhombohedral,
orthorhombic.24 Thus, with increasingd the mean separatio
between Ti atoms increases, and the characteristic tran
energyJ decrease. The relative magnitudes of these tran
energiesJ indicate that the charge carriers are localized
La2/3TiO2.943 more deeply than La2/3TiO2.84. Then, the stron-
gest electron–phonon interactions must work in La2/3TiO2.943

~orthorhombic perovskite! while the electron–phonon inter
actions working in La2/3TiO2.84 ~cubic perovskite! must be
the weakest ones. A strong electron–phonon interaction
duces large displacement of ions, which localizes electr
more deeply and consequently results in a large value for
polaron binding energy.

In order to understand the real feature of a small pola
in La2/3TiO32d , it is of interest to estimate several importa
relevant physical parameters. The value of a small pola
coupling constant,gp , which is a measure of the electron
phonon interaction in La2/3TiO32d , can be estimated from
the relationgp52WH /hnph.23 Values ofgp for La2/3TiO32d

are found to vary from 7.24 to 12.06. Austin and Mot23

suggested that a value ofgp.4 usually indicates strong
electron–phonon interaction in solids. From the values
gp , an estimate of the polaron effective mass,mp , is ob-
tained, using the relationmp5m* exp(gp), wherem* is the
rigid lattice effective mass. The calculated values ofgp and
mp /m* are found to be quite large, indicating stron
electron–phonon interaction in these materials, which a
supports the formation of a small polaron. Thus, our m
surements of the dc conductivity and the thermoelec
power on a variety of oxygen deficient suggests that cond
tion is subject to the hopping of small polarons between
sites.

IV. CONCLUSION

We have studied the transport properties of double p
ovskite La2/3TiO32d by measurements of electrical condu
tivity and of thermoelectric power. The measured therm
electric power of La2/3TiO32d increases linearly with
Downloaded 06 Nov 2002 to 133.34.24.197. Redistribution subject to A
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temperature, in agreement with the model proposed by E
and Wood, as represented byA1BT. The electrical conduc-
tivity of these materials, which involves electron transfer b
tween Ti31 and Ti41 ions, has been analyzed in the light
a small polaron hopping mechanism. This conclusion is c
firmed theoretically. Based upon polaron energies obtai
experimentally, several parameters relevant to small pola
transport in this material are estimated.
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