APPLIED PHYSICS LETTERS

VOLUME 76, NUMBER 5

31 JANUARY 2000

Drift mobility of semiconductive La0.5Sr0.5CoO3 films measured
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The conductivity and the drift mobility of La0.5Sr0.5CoO3 films deposited on fused silica substrates
at 650 °C by pulsed-laser deposition have been measured by using the traveling-wave method. At
room temperature, La0.5Sr0.5CoO3 films with semiconductivity have a hole density of 1
⫻1021 cm⫺3, and drift mobility of 0.01 cm2/V s. The films underwent a paraferromagnetic transition
around 240 K. The hopping process and tunneling effect of small polarons may be responsible for
the conductive behavior above the Curie temperature. © 2000 American Institute of Physics.
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The observation of giant magnetoresistance 共GMR兲 has
attracted great interest in studies on the electronic properties
of doped La1⫺x Ax MnO3 (A⫽Sr,Ca,Ba,Pb) and other
transition-metal
oxides
having
strong
electron
correlations.1–3 The substitution of La3⫹ by Sr2⫹ ions produces holes in the e g orbitals which are strongly hybridized
with oxygen 2p states. The ferromagnetic interaction between localized t 2g spin 共spin quantum number S⫽3/2) is
mediated by itinerant e g electrons 共double-exchange
interaction兲.4,5 The transfer integral t of an e g carrier is significantly affected by spin alignment as
t⫽t 0 cos共 ⌬  /2兲 ,

共1兲

where t 0 is the bare-transfer integral and ⌬ is the relative
angle of the neighboring t 2g spins.6 The magnetoresistance
共MR兲 phenomena are explained in terms of reduction of the
spin scattering of the e g carriers by the forcibly aligned t 2g
spins (⌬  →0). Besides the large MR effect, a variety of
magnetic-field-induced phenomena were also observed such
as the magnetostructure phase transition,7 magnetovolume
and
magnetic-induced
insulator-to-metal
effect,8
transition.9,10
The large MR effects are not restricted to manganese
oxides. La0.5Sr0.5CoO3 共LSCO兲 also shows large
magnetoresistance.11,12 Substitution of Sr2⫹ for La3⫹ in
La1⫺x Srx CoO3 also causes the low-spin 共LS兲 to high-spin
共HS兲 or intermediate-spin 共IS兲 of the Co site and produces
carriers in a strongly hybridized band of 3d and oxygen 2p
states. The carriers in La1⫺x Srx CoO3 may be much more
itinerant, due to the increased hybridization between the Co
3d and O 2p states, than in the Mn oxides, but the strong
coupling between the carriers and t 2g spins is similarly
present, resulting in ferromagnetic metal state through the
double-exchange interaction.
Although many works have been carried out to understand the physics in Mn and Co oxides, the characteristics of
a兲
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the charge carriers are still not very clearly understood such
as the carrier mobility, especially around the Curie temperature. The mobility and the carrier density in these types of
materials are known to be quite low,13 so the magnetic-field
H needed in Hall experiments is quite large,14,15 where the
results of the conductivity and the mobility will be affected
by the strong magnetic fields.
Recent works also show that La1⫺x Cax MnO3 and
La1⫺x Srx CoO3 are good candidates for the semiconductive
channel layer in ferroelectric field-effect transistors
共FeFETs兲.16,17 So, in view of understanding the underlying
and applied physics, revealing the carrier characteristics is
quite important. In this letter, we report the conductivity and
the drift mobility measurement of LSCO films prepared by
pulsed-laser deposition by using the traveling-wave method.
The LSCO targets were prepared using the citrate
process18 with starting materials of La2O3, SrCO3 and Co
powder. The sintering temperature was 1100 °C. The LSCO
films were prepared on fused silica substrates at 650 °C by
pulsed-laser deposition using a KrF excimer laser 248 nm in
wavelength. The laser energy was 200 mJ, and the flowing
oxygen pressure of the chamber was 20 Pa. Finally, the
LSCO films were in situ annealed at 650 °C in the chamber
with pure oxygen of 0.5 atm. The structures of the LSCO
films were studied by the x-ray  ⫺2  scan pattern as shown
in Fig. 1. The LSCO films are well crystallized with a cubic
structure (a⫽0.381 nm), as reported in Ref. 19, and strongly
oriented along the 具110典 direction. The chemical composition
of the La0.5Sr0.5CoO3 films, except the oxygen, was analyzed
by an inductively coupled plasma 共ICP兲 quantemeter, according to which the La0.5Sr0.5CoO3 films show a chemical
stoichiometry of 1.0:0.99:2.0 except the oxygen 共the experimental error was within ⫾2%). The morphology and thickness of the LSCO films were examined by scanning electron
microscopy 共SEM兲. The average grain size of the LSCO
films is about 40 nm, and the thickness is about 700 nm. We
also find that the interface between the film and the substrate
is quite sharp, indicating no serious interdiffusion occurs.
This means that the interfacial defects will not affect the
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FIG. 1. X-ray  ⫺2  scan pattern for the LSCO films deposited on fused
silica.

properties of the LSCO films obviously. The magnetic moment M of the sample, as a function of temperature T, is
measured by using an Oxford vibrating sample magnetometer 共VSM兲.
The theory of the drift-mobility measurements for the
semiconductor films using the traveling-wave method was
described in Refs. 20 and 21. It was schematically shown in
Fig. 2. The LSCO films were placed 12 m above the surface of the LiNbO3 piezoelectric single crystal. A surface
acoustic wave generated by the transducers propagates
through the surface of LiNbO3, supposed to be along the z
direction. An electric field generated by LiNbO3 can be
coupled into the LSCO films, which results in a dc acoustoelectric current. The drift mobility  and the conductivity 
can be determined by measuring the open-circuit acoustic–
electric voltage V av and the short-circuit acoustic–electric
current I ae. 20–22
The LSCO films were placed in a vacuum chamber
cooled by liquid nitrogen. The acoustic–electric current and
voltage were recorded by digit voltmeters. The dielectric
constant of the LSCO film 共about 5兲 was estimated by
Kramers–Kronig 共KK兲 analysis of the far-infrared reflective
data of the LSCO film.23
Figure 3 shows the temperature dependence of the magnetization for the LSCO films. The Curie temperature is
about 240 K, on which the LSCO film undergoes a paraferromagnetic phase transition. This result is well in agreement
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FIG. 3. Temperature dependence of the magnetization of the LSCO films.

with that of the LSCO ceramics.24 Figure 4 presents the temperature dependence of the resistivity for the LSCO films
measured by using the traveling-wave method in Arrhenius
form: Ln(  T)⬃1/T. The LSCO film behaves like a semiconductor in all the temperature regions, as shown by the
inset, similar to that reported in Ref. 25. The resistivity of the
LSCO film at room temperature is about 1 ⍀ cm. An
anomaly due to the paraferromagnetic phase transition could
be observed around T⫽240 K, as indicated by the arrow. It
means that the high deposition temperature which results in a
semiconductor-like behavior in the resistivity does not
change the spin states of the electrons in the LSCO films,
which are responsible for the magnetic characteristics. The
curve shows an approximately linear relationship between
Ln(  T) and 1/T above the Curie temperature, a thermally
activated behavior, indicating that the conductive mechanism
in the paramagnetic state of the LSCO film may be dominated by the small polarons. The dc conductivity due to a
small-polaron-hopping process should be expressed as
follows:26,27

⫽
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共2兲

where e denotes the electronic charge, n 0 exp(⫺Eg/2k B T) is
the number of hopping small polarons per unit volume, n 0
being the number of low-spin Co sites per unit volume,  LO
is the optical-phonon frequency, a is the characteristic inter-

FIG. 4. Temperature dependence of the conductivity of the LSCO films, as
measured by the traveling-wave method.
FIG. 2. Schematic drawing of the experimental configuration.
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FIG. 5. Temperature dependence of the drift mobility of the LSCO films.

site hopping distance, and W H is the hopping energy of a
polaron. In LSCO, the band-gap E g can be neglected in the
above equation due to the higher hybridization between the
Co 3d and O 2p states (E g /2ⰆW H ). From Fig. 4, the thermally activated energy W H of small polarons is estimated to
be about 0.075 eV, which is quite small. This result is well in
agreement with that of studies on the far-infrared reflective
spectra in La1⫺x Srx CoO3, 28 where the relative small constant
of the electron-lattice interaction was obtained. The deviation of the dc conductivity from the linear behavior may be
ascribed by the following reason. According to Holstein,29
small polarons can penetrate to neighboring sites by the
phonon-induced tunneling effect in addition to the hopping
process. Then, the conductivity of small polarons,  is the
sum of the hopping conductivity  h and the tunneling conductivity  t . On the other hand, the tunneling effect of holes
through the grain boundaries may give an obvious amendment to the conductivity due to the relatively small grain
size. The temperature dependence of the drift mobility of the
LSCO films is shown in Fig. 5. The drift mobility of the
LSCO film at room temperature is about 0.01 cm2/V s
(Ⰶ1 cm2/V s), well in agreement with the common value of
polarons in a general ionic solid.26 Below the Curie temperature, the drift mobility decreases with decreasing temperature
due to the ionized-impurity scattering. Above the Curie temperature, the drift mobility decreases with increasing the
temperature. In the polaronic state, the carriers are selflocalized on the lattice. With decreasing temperature, the polaronic lattice collapses, and the charge carriers move easily.
On the other hand, due to the paraferromagnetic phase transition at T C , the carrier scattering by thermal fluctuation of
the local spins decreases. Thus, the ferromagnetic spin configuration reduces the randomness of the transfer interaction,
and hence, increases the carrier mobility. The I ae sign obtained in this work shows that holes are the majority carrier
in LSCO films. Simply based on the equation  ⫽ne  h , the
hole density of the LSCO films can be estimated to be about
1⫻1021 cm⫺3 at room temperature, which has the same order
of lanthanum manganites.14 The LSCO films have a much
lower crystallizing temperature than that of lanthanum man-

ganites 共higher than 750 °C, not compatible with semiconductor technology兲. So, in view of semiconductor technology, LSCO films are more suitable for application as the
channel layer in the FeFETs.
In conclusion, the conductivity and the drift mobility of
LSCO films have been effectively measured by using the
traveling-wave method. The temperature dependence of the
resistivity and the drift mobility show that in the paramagnetic state the conductive mechanism of LSCO films may be
dominated by the hopping process and tunneling effects. The
LSCO films deposited in this work have a drift mobility of
0.01 cm2/V s and a hole density of 1⫻1021 cm⫺3 at room
temperature.
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