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Thermally activated drift mobility and small polaron conduction in La 0.75Sr0.11Ca0.14MnO3 thin
films investigated by the traveling wave method

Li Wang, Jiang Yin, Shaoyun Huang, Xinfan Hunag, Jun Xu, Zhiguo Liu, and Kunji Chen
National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093,

People’s Republic of China
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We have clearly observed the thermal activation of the drift mobility in La0.75Sr0.11Ca0.14MnO3 thin films
above the Curie temperature. The drift mobility rises from 2.231022 cm2/Vs at 300 K to about 9.2
31022 cm2/Vs at 410 K with activation energy of 171 meV. The measurements of the drift mobility were
made using the traveling wave method. Our results are in agreement with small polaron theory, which indicates
that the conduction in the paramagnetic-insulator state of manganite films is dominated by thermally assisted
hopping of small polarons.@S0163-1829~99!50934-X#
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The transport mechanism in the paramagnetic-insul
state of the manganites initially was considered to be do
nated by spin-disorder scattering. Recently, it is gener
realized that the presence of polarons in doped lanthan
based transition-metal oxide perovskites plays an impor
role in the transport properties of these materials.1–6 A stable
polaron in an ionic solid may be either a large polaron o
small polaron. Lattice distortion is associated with a lar
polaron that moves itinerantly extending over a wide spa
range. In contrast, small polarons move only by tunneling
thermally activated hopping and the lattice distortion exte
over only one or few atomic sites.7 The formation and trans
port properties of small polarons in strong electron-phon
coupled system were first discussed in disordered mater8

and later extended to crystals.9 Recently, Hall and ther-
mopower measurements10–14 have been used to investiga
the transport properties in lanthanum-based transition-m
oxide perovskites. Although the Hall-effect sign anomaly h
been taken as evidence for small polaron conduction in
manganites,11 the most distinctive character of small polaro
hopping conduction is the thermal activation of the drift m
bility as pointed out by Emin and Holstein.15

In order to gain insight into the nature of the transp
mechanism, we adopt the traveling wave~TW! method to
investigate the transport properties of La0.75Sr0.11Ca0.14MnO3
thin films. Since it was introduced by Adleret al.,16 the TW
method has been utilized to investigate transport process
amorphous semiconductors for several years.17–19One of the
characteristics of this method is the possibility to get inf
mation on the transport mechanism in materials that h
high resistance and low mobility.

In this paper, we used the TW method to measure c
ductivity and drift mobility in the paramagnetic-insulato
state of La0.75Sr0.11Ca0.14MnO3 thin films at different tem-
peratures. Thermal activation of the drift mobility i
lanthanum-based manganites is clearly observed, which
powerful evidence for thermally assisted hopping conduct
of small polarons.

The samples were fabricated by pulsed laser depos
method using La0.75Sr0.11Ca0.14MnO3 ceramic target. A 248
nm KrF excimer laser source with 5 Hz in repetition rate a
PRB 600163-1829/99/60~10!/6976~4!/$15.00
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30 ns in pulse width was used. The average laser ene
density was 2.5 J/cm2. The target and the substrate hold
were rotated during the deposition. The films were depos
on fused silica substrates, with a thickness of 500 nm
800 °C in 30 Pa of oxygen. Immediately after the deposit
the films werein situ annealed at 850 °C in pure oxygen
0.5 atm for 1 h. A more detailed description on samp
preparation procedure has been published in our prev
work.20 The chemical composition of the films was analyz
by inductively coupled plasma quantemeter~ICP!. The re-
sults of ICP measurement show that the films are stoichio
etry. The samples are single phase, as checked by x-ray
fraction. The Curie temperatureTC of the target used in this
paper is 280 K. To meet the need of the TW measureme
coplanar electrodes with a distance of 1 mm were depos
by evaporation. The measurements were carried ou
vacuum.

A schematic diagram of the traveling wave experimen
shown in Fig. 1. The sample is placed above the surface
LiNbO3 single crystal plate with a gap of 12mm. The trans-
ducers on the LiNbO3 generate a surface acoustic wa
~SAW! that propagates along the surface of the LiNbO3 plate
in 1z direction. Due to the piezoelectric properties
LiNbO3, an electric field associated with the SAW coupl
into the sample to bunch the carriers into charge packets
drifts these carriers through the material, consequently
acoustic electronic direct current is produced and can
measured from two electrodes. Fritzsche and Chen
co-workers17–19 have derived the relationship between dr
mobility and the acoustic-electric current or the acous
electric voltage, as the following:19

FIG. 1. A schematic diagram of the traveling wave experimen
R6976 ©1999 The American Physical Society
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whereI ae is the short-circuit acoustic electronic current,Vae
the open-circuit acoustic-electronic voltage,k the wave vec-
tor of the SAW,ys the velocity of the SAW,d the thickness
of the sample,L the distance between the electrodes,w the
width in thex direction of the sample. The symbolF0 is the
potential at the surface of the piezoelectric plate and is
culated from the power of the SAW.21

The coefficientsA andB depend on the conductivity an
the dielectric constant of the sample and the substrate. T
can be described as

A5@cosh~kh!1e* ~B/A!sinh~kh!#21, ~3!

B/A5~es1e* kd!/~e* 1eskd!, ~4!

e* 5e2 i4ps/v, ~5!

whereh is the gap between the sample and the piezoelec
plate,es the dielectric constant of the substrate,e the dielec-
tric constant of the sample,v the frequency of the SAW.

TW method can be used to investigate the transport p
cess in the materials with high resistivity and low mobilit
for which Hall measurement meets some difficulties. T
transport process in doped La-based manganites in the p
magnetic state is semiconductorlike, and these mate
have high resistivity and the mobility is rather low. At th
case, TW method is suitable and advantageous to be us
investigate these materials. Therefore we can obtain con
tivity and drift mobility with I ae andVae from Eqs.~1! and
~2!, as all the other quantities are either known or meas
able. The sign ofI ae depends on the type of majority carrie
and the direction of the SAW. Since the direction of t
SAW is controlled by the experiments, the type of major
carriers can be directly determined from the sign ofI ae .

The conductivity of the films was measured by T
method over the temperature range from 300 to 400 K. T
conductivity obtained by TW method is in good agreem
with that derived from normalI -V measurements. The valu
from TW method is 1.631022 S/cm and the value from
I -V measurement is 1.831022 S/cm at room temperature
The temperature dependence of the conductivity is show
Fig. 2~a!. The conductivity increases with increasing tem
perature and extends from 1.631022 S/cm at 300 K to
9.631022 S/cm at 400 K, which shows that the conducti
property of the samples aboveTc is semiconductorlike. This
conduction behavior is consistent with that previously
ported. We plot ln(sT) vs 1000/T in Fig. 2~b!. It is obvious
that there is a well linear relationship between ln(sT) and
1/T, which means thats}(1/T)exp(E/T).

In a small polaron model, the dominant transport mec
nism at high temperatures is the thermally activated hopp
of the carriers, with the conductivity and the mobility10
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c~12c!e2

\a S T0

T D s

expS 2
E01~WH2J322s!

kBT D , ~6!

m5
c~12c!ea2

\ S T0

T D s

expS 2
WH2J322s

kBT D , ~7!

wherea is the hopping distance,J the transfer integral,c the
polaron concentration,E0 the energy difference betwee
identical lattice distortions with and without the hole or ele
tron, andWH is one half of the polaron formation energyEp .
When the adiabatic limit is kept,s is equal to 1 andkBT0

FIG. 2. ~a! The resistivity vs temperature.~b! The resistivity
plotted in the adiabatic limit. The fine line is a linear fit indicatin
an activation energy of 219 meV.



ll
ed

e
a

y
ed
n
s
n

in
n

es
ro
er

th
he
b
la

e

-

n
e

n

h
lm
rif
n
c
n
s

ro
m

mi-

d
d

a-

t

RAPID COMMUNICATIONS

R6978 PRB 60WANG, YIN, HUANG, HUNAG, XU, LIU, AND CHEN
5hv0/2p, wherev0 is the optical phonon frequency.22 In the
nonadiabatic limit, s53/2 and kBT05(pJ4/4WH)1/3. As
shown in Fig. 2~b!, our finding is consistent with a sma
polaron hopping model in the adiabatic limit. The activat
energy of the conductivityEs is obtained to be 219 meV.

The drift mobility of the films in the temperature rang
from 300 to 410 K was also measured by TW method,
shown in Fig. 3~a!. The drift mobility at 300 K is about 2.2
31022 cm2/Vs, which approaches to the mobilit
(0.03 cm2/Vs) given in Refs. 11 and 23. The value obtain
for the drift mobility in our samples is much smaller tha
1 cm2/Vs, which is a distinct character of small polaron
The drift mobility increases with increasing temperature a
extends to 9.231022 cm2/Vs at 410 K. We plot the ln(mT)
vs 1000/T in Fig. 3~b!. The thermal activation of the mobility
is clearly observed and the activation energyEd is 171 meV,
which is also evidence for the thermally assisted hopp
conduction of small polarons. The purely magnetic polaro
also can be formed and may affect the transport process
the manganites. The mobility of the purely magnetic pola
is diffusive in nature, it has a power law rather than th
mally activated temperature dependence.24 However, from
Fig. 3, it is obvious that the temperature dependence of
mobility is thermally activated. This result shows that t
polarons in manganites are not purely magnetic polarons
lattice polarons that are the carriers self-localized by the
tice distortions.

From Eqs.~6! and ~7!, the energyE0 and the polaron
formationEp are obtained to be 48 meV and 342 meV, r
spectively. The energyE0 is significantly smaller than the
activation energy of the conductivityEs ~219 meV!, which
can be taken as evidence of the small polaron motion.11 The
energyEd ~171 meV! is much larger than the activation en
ergy of the Hall coefficient ~91 meV! from Hall
measurements.11 In the small polaron model, the activatio
energy of the drift mobility is always more than that of th
Hall mobility EH .11 The sign ofI ae in our work shows that
the behavior of the majority carriers in the films is electro
like, and the carrier concentration is about 4.531018/cm3 at
room temperature.

In conclusion, we have investigated the transport mec
nism in the paramagnetic-insulator state of manganite fi
by the traveling wave method. The conductivity and the d
mobility of the manganite films were measured at differe
temperatures. The drift mobility at room temperature is mu
smaller than 1 cm2/Vs as predicted by a small polaro
model. Thermal activation of the drift mobility in manganite
has been clearly observed. This means that lattice pola
are present in the manganites and the transport mechanis
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the paramagnetic-insulator state of the manganites is do
nated by thermally assisted hopping of small polarons.
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FIG. 3. ~a! The drift mobility vs temperature.~b! The drift mo-
bility plotted in the adiabatic limit. The fine line is a linear fi
indicating an activation energy of 171 meV.
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