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Electronic transport by small polarons in La 0.5Sr0.5MnO3
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Electrical conductivity measurements on La0.5Sr0.5MnO3 ~LSM5! thin films as a function of
temperature are presented. These are used to demonstrate that the electronic transport in LSM5 is
well described by the Emin–Holstein adiabatic small polaron model. Measurements have also been
performed on bulk samples. Even if the conductivity behaves somewhat differently in the latter case,
the same polaronic model still applies. The polaron densities extracted from conductivity
measurements are very similar, ranging from 7 to 831021cm23 for thin films and are 9.1
31021cm23 for bulk samples. These results agree quite well with the nominal polaron density for
LSM5, 8.431021cm23. We have also derived important quantities for transport in LSM5. For thin
films, we obtained hopping energies,WH , ranging between 73 and 99 meV and almost constant, at
34 meV, for bulk samples. By fitting conductivity measurements from 50 to 1123 K, we also find the
zero point interaction constant,g0 , to be 0.35 in thin films. These conductivity results are compared
with the literature. ©2001 American Institute of Physics.@DOI: 10.1063/1.1385356#
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I. INTRODUCTION

Lanthanum manganite doped with either calcium
strontium has received much attention in recent years, du
the large magnetoresistance observed in many of th
perovskites.1–3 Most studies have concentrated on thin fi
samples at low temperatures. La12xSrxMnO3 has proved to
be an efficient cathode material for solid oxide fuel cells4,5

In this case, most of the present knowledge relates to
degrees of strontium substitution withx<0.3. Reequilibra-
tion in these cation-defective materials with the surround
atmosphere often proceeds slowly even at rather high t
peratures. Hence, the use of thin films is useful for the st
of physical properties in conditions close enough to chem
equilibrium. La0.5Sr0.5MnO3 ~LSM5! is an appropriate com
position for such studies. Pulsed laser deposition followed
annealing transfers composition from target to film, prod
ing LSM5 films with the desired chemical composition a
film morphology.6,7

There have been few reports on LSM5 electrical prop
ties in bulk samples8–11 and in thin films.12,13 The electronic
transport in bulk samples and in polycrystalline thin films a
investigated here. To obtain the most information from
conductivity measurements on LSM5, it is important to d
termine the main transport mechanism responsible for
high electrical conductivity in this material. For similar com
pounds, it has been shown from various measurements,~e.g.,
optical,14–16thermoelectric power,17,18Hall effect17!, that the
electronic conductivity is well described by a polaron
mechanism. It is generally accepted that the electronic tra
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port in bulk LSM5 is correctly described by the small p
laron hopping model.8,10–12,19However, in order to extrac
significant physical parameters from experimental data,
crimination between the adiabatic and the nonadiabatic c
should be made. Moreover, if the charge carrier mobility
high enough, correlation between hops may considerably
duces the hopping energy.20 These points from the literatur
need to be further clarified for LSM5.

The combination of total conductivity and thermoelect
power measurements has been used successfully in th
erature for the study of electrical transport in low mobili
materials.17,18,21Thermoelectric power measurements are
terpreted far more readily than Hall effect measurements,21,22

particularly for high resistance samples.23 It can be shown
that the slope of the thermoelectric power versus the re
rocal of temperature is identical to the activation energy
conductivity, provided the carrier mobility is unactivated.
however, transport proceeds by a hopping mechanism,
the difference in the earlier energies would be an appro
mate measurement of the hopping activation energy.24 In this
work, a combination of total conductivity at high and at lo
temperatures is used for the study of electronic transpor
LSM5. Because the basic mechanisms involved are very
ferent in these two temperature ranges, it will be shown t
all parameters needed in the description of the thermal
havior of the conductivity can be extracted without usi
thermoelectric power measurements.

II. EXPERIMENT

In the present work, pulsed laser deposition was use
prepare 400-nm-thick LSM5 thin films on theR-plane of
sapphire substrates. The experimental setup is descr
il:
1 © 2001 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



in
ta
y

pe

i
e

in
m
tr
ou
e
uc

3
rm
.
re
s
,
b
a

n.
lle

a
ty

a
hi
n
m
u
u

la

ga
u

e
e
by
in
o
Th
it

r.
ns
lk

d to
red
by
his

the

5
the
o-
y
ar-

are
crys-
ys-
a-
ity

es
ty,
cles

for
in
igh
con-
to
cted

3 K.
ng
he
ng
ctly

e
12
K
or

ra-

two
on-

1892 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Quenneville et al.
elsewhere.25 Films prepared under the conditions listed
Table I are amorphous. As reported in more de
elsewhere,7 the resulting LSM5 films were analyzed by x-ra
photoelectron spectroscopy, energy dispersive x-ray s
trometry, and Rutherford backscattering spectrometry~RBS!
for their chemical composition. No departure from the nom
nal LSM5 composition was observed with these techniqu
RBS measurements further showed that the films rema
of uniform composition throughout their thickness. Fil
morphologies were observed by means of scanning elec
microscopy and atomic force microscopy. The amorph
films were dense and pinhole free. The annealed films w
polycrystalline and exhibited the expected perovskite str
ture as confirmed by x-ray diffraction~XRD!. Some physical
defects were observed in films annealed well above 112
probably due to stresses generated by the differential the
expansion coefficient between the film and the substrate6

LSM5 pellets for bulk conductivity measurements we
fabricated from two different powders: one from an in-hou
~IREQ! synthesis with a modified glycine-nitrate process26

the other provided by Praxair. The pellets were prepared
cold isostatic pressing at about 300 MPa and brought to
most full density by firing for 4 h at 1400 °C in pure oxyge
As measured by an immersion method, the resulting pe
had densities respectively equal to 6.16 g/cm3 for the starting
Praxair powder and 6.22 g/cm3 for the IREQ pellets. To pro-
mote grain growth, a further anneal was performed
1550 °C for 4 h onsome IREQ pellets, resulting in a densi
of 6.18 g/cm3.

Most conductivity measurements were performed in
using a temperature ramp from room temperature for t
film samples. Intermediate plateaus for certain experime
ensured that the readings were fully stabilized at any te
perature. To circumvent any electrical contact instability d
to differential thermal expansion between materials, the fo
wire setup shown in Figs. 1~a! and 1~b! was applied to thin
film samples. The samples were held by an alumina capil
in a quartz tube at the center of a furnace. A typeR thermo-
couple was placed in the vicinity of the sample and the
supply was manifolded through the tube, the overall press
being maintained at 1 atm. The 400 nm33314 mm LSM5
thin films were deposited onto a sapphire substrate betw
two platinum films separated by 1 cm. Four platinum wir
were brought into mechanical contact with the Pt films
holes drilled throughout the substrate. A pair of wires
jected a pulsed current through the LSM5 film and the c
responding potential drop recorded with a second pair.
resistance of the platinum layer and that of its interface w

TABLE I. Pulsed laser deposition parameters.

Laser wavelength 248 nm
Repetition rate 30 Hz
Spot size 2 mm2

Energy density 0.75 J/cm2

Target-substrate distance 5.5 cm
Substrate Sapphire~R plane!
Substrate temperature 25 °C
Deposition rate ;10 nm/min
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the LSM5 film then add to that of the LSM5 film prope
Since the latter is much larger, the two other contributio
become negligibly small. Such is not the case for bu
samples and true four-point measurements were applie
these. Conductivity measurements on thin films configu
as in Fig. 1~b! were also performed at low temperatures
means of a cold finger cryostat, Cryogenics Model 21. T
cryostat permitted the measurements to be extended to
temperature range from 300 to 12 K.

The ionic contribution to the total conductivity of LSM
is known to be several orders of magnitude lower than
electronic contribution. This is due to the high electron m
bility and the lack of departure from stoichiometry from an
of the sublattices within the temperature and the oxygen p
tial pressure ranges studied.27 Thus, the total conductivity is
assumed to be purely electronic in what follows.

III. RESULTS

Thin films prepared using the parameters of Table I
amorphous and need to be further annealed to become
talline. Because amorphous LSM5 is an insulator and cr
talline LSM5 a good electrical conductor, the recrystalliz
tion process is easily monitored using conductiv
measurements. Figure 2 shows the conductivity,s, as a func-
tion of temperature,T, for three successive annealing cycl
in air at 1123, 1138, and 1158 K, respectively. For clari
only results obtained during the decreasing part of the cy
are shown. The insert shows conductivity measurements
the first anneal at 1123 K on the initially amorphous th
film. Before 658 K, the resistance of the sample was too h
to be measurable by the setup. The sudden increase in
ductivity at around 870 K upon the first cycle is attributed
the phase transition from an amorphous state to the expe
perovskite structure as also confirmed by XRD.7 The con-
ductivity further increases as temperature is raised to 112
Partial reoxidation of the LSM5 films is also observed duri
this stage.7 During the plateau at this latter temperature, t
conductivity stabilizes after about an hour. Further cycli
the sample up to this upper temperature leads to perfe
reproducible results~within 2%!. The two remaining cycles
in Fig. 2 illustrate the evolution ofs above that temperatur
with the plateaus at 1138 and 1158 K both conducted for
h. A minor change in conductivity is observed at 1138
while the conductivity degrades continuously at 1158 K. F

FIG. 1. ~a! Schematic of the four-wire experimental setup for high tempe
ture conductivity measurements.~b! Sketch showing the 400 nm33
314 mm LSM5 thin film deposited onto a sapphire substrate between
platinum films 1 cm apart. The platinum wires are held in mechanical c
tact with the platinum films through holes drilled into the substrate.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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all remaining thin film samples a first anneal for one hour
1123 K in air was used in order to maintain the best rep
ducibility within any one sample.

In Fig. 3, measurements from 12 to 300 K on a LSM
thin film have been combined with those performed with
high temperature setup on the same sample. These data
smoothly and an interesting thermal behavior is thus
served. In the low temperature range, the conductivity
creases withT down to a minimum close to room temper
ture (T;285 K). Beyond this temperature, it increases w
increasingT. This behavior is predicted by the polaron
model28 as we shall show later.

The high temperature conductivity behaves rather diff
ently in bulk samples as shown in Fig. 4 where electri
data for three different samples are presented. The con
tivity is significantly larger for bulk samples. Moreover,
decreases continuously as the temperature is raised.
from the bulk samples either made from different start
powders or sintered at different temperatures are almost

FIG. 2. Conductivity as a function of temperature during the annealing o
amorphous LSM5 thin film through three successive cycles at 1123, 1
and 1158 K, respectively. For clarity reasons, only data recorded du
cooling are shown. The insert shows the first annealing of the film.

FIG. 3. Conductivity variation of a LSM5 thin film between 12 and 1123
Downloaded 06 May 2002 to 132.204.56.47. Redistribution subject to A
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incident. Sample ‘‘IREQ 1550 °C’’ was prepared as sam
‘‘IREQ 1400 °C,’’ sintered at 1400 °C, except for a furthe
anneal at 1550 °C which increased the average grain
from 1.8 to 4.5mm. This increase produces a small increa
in conductivity at the low end of the measured temperat
range. Further experiments at 1173 K, with the oxygen p
tial pressure varied between 1025 and 1 atm for severa
hours, showed no effect of this parameter upon the elec
conductivity of bulk samples.

In Fig. 5, the available results on LSM5 from the liter
ture are compared with the present measurements. Cu
from the literature are either taken directly or the origina
fitted curves converted to present coordinates. Referen
has been omitted due to the exceedingly low density of ab
4.4 g/cm3 reported for LSM5 samples in that study. All bul
samples in Fig. 5 tend to show a decrease in conducti
with increasing temperature. However, absolute conducti
values vary significantly from one set of data to another,

n
8,
g

FIG. 4. High temperature conductivity variation for three different bu
LSM5 samples.

FIG. 5. Comparison of various conductivity data from bulk and thin fi
LSM5 samples. Solid, dashed, and dotted lines stand, respectively, for
study, bulk samples, and thin film samples from the literature. The num
in brackets indicate the reference from which data were taken.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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data from this study representing about twice the conduc
ity of the mean bulk values from the literature. Such a d
crepancy cannot be totally explained with the available
formation from the literature. At this point, it can only b
emphasized that the data from this study are highly rep
ducible and correspond to single-phase and almost f
dense samples from well-characterized powders. The pic
is somewhat different for the thin film samples. Althoug
the conductivity values are highly reproducible within a
sample, it may vary largely for different samples prepared
different times. The solid curves in Fig. 5 represent the up
and lower limits observed for samples from this study. T
two data sets available from the literature correspond to s
tered films and agree well with our lower limit. The resu
for films appear to be quite different from those for bu
samples, showing increasing conductivity with temperat
and systematically lower conductivities. It will now b
shown that such a discrepancy is only apparent, readily
plained by polaronic transport.

IV. DISCUSSION

An important part of our knowledge on transport proce
is based on the analysis of mobility measurements within
framework of the proposed models and mechanisms. For
riers with mobility over 1 cm2/V•s, it is possible to discus
the electrical conductivity within the band formalism. How
ever, for mobilities below 0.1 cm2/V•s, the band treatment i
not appropriate. Therefore, it becomes necessary to u
generalized transport theory where the carrier-phonon in
action will not be treated as a perturbation but as the prin
pal interaction from which the transport properties follo
With some assumptions as to the thermal behavior of
carrier density,n(T), it will be shown that mobility in LSM5
can be extracted from conductivity measurements and tha
value is too low for band conduction. This argument can
used to exclude metallic or semiconductor mechanisms
possible processes for conduction in LSM5.

If the particle-lattice interaction is strong enough, de
calized electrons or holes can be trapped within poten
wells created by the displacement of atoms from th
carrier-free equilibrium position. The quasiparticle form
by the carrier and the lattice distortion~phonons! is called a
‘‘polaron.’’ If the carrier is localized mainly in one unit cell
the small polaron model is applicable. Electronic transp
by small polarons will lead to an activated behavior at h
temperature and to nearly metallic band conduction at
temperature.

A. High temperature small polaron transport

At high temperature, conduction results from carrie
which hop from one site to the other. In the adiabatic c
~Emin–Holstein model!,22 the carrier adjusts rapidly to th
motion of the lattice and, on coincidence between the e
gies of neighboring sites, is very likely to hop to the neig
boring site. In this caseshop is given by

shop5nem5
3

2

ne2a2n0

kB

1

T
expS 2

WP22J

2kBT D , ~1!
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wheren is the polaron density,e the electronic charge,m the
polaron mobility,a the hopping distance, andkB , the Boltz-
mann constant. In this equation,n0 is the frequency of opti-
cal phonons, assuming no dispersion.24 This is the effective
frequency at which the carrier tries to hop to a neighbor
site. The factor of 3/2 takes account of the fact that the
larons move in a three-dimensional lattice.22 The Boltzmann
factor, withWP standing for the polaron binding energy, e
presses the probability that two neighboring sites be in co
cidence. Since the carrier moves more rapidly than the
tice, it can hop back and forth many times between two s
before lattice relaxation occurs. The carrier’s kinetic ener
which corresponds to half the electronic bandwidth for
rigid lattice, J, will then reduce the hopping energy,WH @in
Eq. ~1!, WH5WP/22J#. For this case, conductivity measur
ments fitted to a log(sT) vs 1/T plot should lead to a straigh
line.

In the nonadiabatic case~Holstein model!,28 the carrier
moves too slowly in comparison with the lattice distortio
and relaxation, and thus, it misses many coincidence ev
before hopping. Conductivity is then given by

shop5
ne2a2

kB

pJ2

h S 2p

WpkB
D 1/2 1

T3/2expS 2
WP

2kBTD , ~2!

whereh is Planck’s constant.28 As opposed to the adiabati
model, data should be fitted to a log(sT 3/2) vs 1/T plot to
obtain straight lines. Thus, the activation energy obtain
from the nonadiabatic model will be higher than the ad
batic value, and the data interpretation will be quite differe

Conductivity measurements for LSM5 have been int
preted in both the adiabatic and the nonadiabatic polaro
models. Figure 6 shows thin film data~upper limit! fitted to
each model. Equations for the corresponding linear relati
ships are further presented in Table II along with the cor
sponding linear correlation coefficients,R2. Although both
models fit the data reasonably well, the better correlat
coefficient obtained with the adiabatic model for all thr
cases is an indication in favor of the adiabatic behavior
LSM5.

FIG. 6. Fits to high temperature conductivity measurements on a LSM5
film ~upper limit! using both the adiabatic and nonadiabatic small pola
models.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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Downloaded
TABLE II. Equation and linear correlation coefficient of the straight lines fitted to the experimental data for thin film
bulk using both the adiabatic and nonadiabatic models.

Adiabatic Non-adiabatic

Equation R2 Equation R2

Bulk log(sT)52173.2/T15.8044 0.9996 log(sT 3/2)52349.8/T17.7811 0.9978
Thin film
~upper limit!

log(sT)52365.2/T15.7532 0.9999 log(sT 3/2)52510.1/T17.3915 0.9984

Thin film
~lower limit!

log(sT)52477.1/T15.6646 0.9991 log(sT 3/2)52629.9/T17.3127 0.9976
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By combining the fitting equations in Table II with th
conductivity equations for both adiabatic and nonadiab
behavior@Eqs.~1! and~2!#, some of the physical paramete
for conductivity in LSM5 bulk and thin film samples can b
extracted, and are given in Table III. In lanthanum mang
ite, n0 is associated with the principal vibration mode of t
Mn–O bonds near 554 cm21 (1.6631013Hz)14 and the hop-
ping distance,a, is the distance between two neighboring M
sites, e.g., 0.39 nm.29 Based on the assumption of adiaba
behavior, the polaron densities are evaluated. For b
samples,n5(9.160.5)1021cm23 and for thin films,n ranges
from (761)1021 to (861)1021cm23. It is interesting to note
that the polaron density is almost the same in bulk sam
and thin films, even if their conductivity thermal behavior
quite divergent. This was to be expected, since the pola
density results from stoichiometric doping~i.e., it should
present only a weak dependence on temperature!. In fact, the
expected polaron density can be easily evaluated. For e
two unit cells in LSM5, La13 is replaced by Sr12 releasing
an electron. Given that the unit cell volume is~0.39 nm!3, the
nominal polaron density should be around 8.431021cm23.
This theoretical estimate is in good agreement with val
deduced from the experimental results.

The hopping energy is calculated both for the adiaba
and the nonadiabatic models from the slope of the fit
curves for conductivity. In the adiabatic case,WH534 meV
for bulk samples and ranges from 73 to 99 meV for th
films. The nonadiabatic case leads to higher values. Altho
polaron density remains almost the same for all LSM
samples, such is not the case regardingWH . This parameter
may vary not only between bulk conductivity data from d
ferent sources, but also between films annealed under di
ent conditions. Correlated hopping might explain the re
tively small WH observed in bulk samples.20 But this effect

TABLE III. Physical parameters obtained from conductivity thermal beh
ior analysis. Some of the bulk and thin film results are expressed in both
adiabatic and nonadiabatic models.

Bulk
Thin film

~upper limit!
Thin film

~lower limit!

n ~cm23! Adiabatic 9.131021 831021 731021

WH ~meV! Adiabatic 34 73 99
Nonadiabatic 70 100 126

Wp ~meV! Nonadiabatic 140 200 254
J ~meV! Nonadiabatic 47 49 51
Jmax ~meV! 300 K 28 30 32

1000 K 38 40 43
 06 May 2002 to 132.204.56.47. Redistribution subject to A
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cannot explain the difference inWH between thin film
samples prepared in almost the same conditions. In a pr
ous article,7 it has been shown that polycrystalline films a
nealed within the same conditions present small morpholo
cal variations ~e.g., the grain sizes!. According to some
reported observations,30–32 WH might be a function of the
crystal unit cell deformation and, more precisely, of the an
between the Mn–O–Mnbonds, the relaxed structure leadin
to a minimum inWH . Thus, any difference in grain sizes
leading to different mean cell deformation, should result
different hopping energy.

The Holstein nonadiabatic model is based on the
sumption thatJ ~which is also the electronic orbital overla
integral! can be treated as a perturbation in the correspond
Schrödinger equation. Thus, this approach is only valid f
low values ofJ. In the high temperature region there is
condition onJ for which the non-adiabatic treatment is vali
This condition is given by

J!Jmax5WP
1/4S kBT

p D 1/4S hn0

p D 1/2

. ~3!

WhenJ becomes higher thanJmax, the nonadiabatic model is
no longer valid and we should discuss the data in the a
batic model.28

Taking the nonadiabatic fit for the bulk samples~Table
II !, 140 meV is found for the polaron binding energy,WP .
Now with WP , a, n, and Eq.~2! on hand, a value of 47 meV
is calculated for the nonadiabaticJ. Values obtained for the
thin film lower and upper limit are almost the same as
one calculated for bulk. This result was expected because
electronic orbital overlap integral mostly depends on
sample composition.

Equation~3! is then used for the estimation ofJmax at
various temperatures, leading toJmax(300 K)527 meV and
Jmax(1000 K)537 meV. Since thatJmax is lower than the
nonadiabatic value over the temperature range studied,
nonadiabatic model is not valid as a description of the th
mal behavior of the conductivity. Similar conclusions in f
vor of the adiabatic small polaron mechanism model are a
reached for thin films. In what follows, results will be treate
according to the adiabatic model.

B. Low temperature small polaron transport

One of the most interesting conclusions of the polaro
model is that at very low temperature the zero point ene
allows the polaron to hop to a neighboring site without th
mal activation, dragging the lattice polarization.28 At tem-

-
he
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peratures lower thanuD/2 ~where,uD , is the Debye tempera
ture of the material!, the polaron can then be seen as a he
charge carrier with a behavior described by the usual b
formalism.33 In this temperature range, the material can
treated as a doped polaronic semiconductor.34

In this section, we will show that polaronic transport
the prevalent mechanism over the whole temperature ra
In the polaronic model, it is well accepted that transport
dominated by a hopping process at high temperature an
tunneling at low temperature. In the previous section, it
been shown that far fromuD/2, in the high temperature re
gion, conductivity is well described by Eq.~1!. In the very
low temperature region, conductivity can be described
two different mechanisms in series

s low5
s0s tun

s01snm
, ~4!

where s0 is a constant conductivity, included using Ma
theissen’s rule, which takes into account the different sca
ing processes that becomes important in this tempera
range.35 In this equation,s tun is given by34

s tun5
ne2a2J2

h2kB
S WH

J D 4S Dn

nS
2 Dexp~22g2!

1

T
sinh2S hnS

2kBTD ,

~5!

whereDn is the phonon dispersion andnS is the frequency of
the softest optical phonon branch~related to the tilting of the
oxygen octahedra!.35 The interaction constantg describes the
interaction between the lattice and the charge carrier. It r
resents the ratio of the polaron binding energy to the kin
energy of the lattice at a certain wave number~the number of
phonons surrounding the charge carrier!. This also describes
the polaronic band narrowing. In the very low temperatu
region ~i.e., when T,uD/4!, the zero point movement i
dominant; hence, the interaction constant does not cha
significantly withT and equalsg0 . For higher temperature
this quantity will depends onT as

g5g0S 11
4kBT

hn0
D for T.uD/4 . ~6!

This will lead to an exponential decrease of the conductiv
with T. Equation~6! is valid for the nonadiabatic case. Fo
the adiabatic case, the same thermal behavior is expe
but the decrease will be slightly slower.33

The insert in Fig. 7 shows the very low temperatu
conductivity measurements~extracted from Fig. 3! and fitted
with Eq. ~5! and g5g0 . The values below 50 K are no
taken into account in this fit, their divergence from the mo
may results from another mechanism. From the fit,s0 andnS

can be extracted directly, leading to 84.3 S/cm and
31012Hz, respectively. This value ofnS is in good agree-
ment with values published in Ref. 35. Under the assump
that J can be estimated byJmax(75 K)522 meV over this
temperature range and that the polaron density is cons
we obtain

Dn exp~22g0
2!5631010 Hz. ~7!
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In order to obtain total conductivity over the whole tem
perature range, the low temperature and hopping contr
tions must be added in parallel. Total conductivity is giv
by

s tot5s low1shop. ~8!

It is now possible to fit the results fromuD/4('130 K)
to 1123 K in order to obtain the best value forg0 , which is
0.35. With this value and Eq.~7!, the phonon dispersion ca
be extracted:Dn5831010Hz.

Figure 7 shows the experimental results of Fig. 3 fitt
between 50 and 1123 K with Eq.~8! ~parameters used ar
listed in Table IV!. As one can see, this simple polaron
model explains the experimental measurements quite
over the whole temperature range. Moreover, all parame
used to fit the data are physically reasonable.

Recently, in their model for colossal magnetoresistan
in doped manganites, Alexandrov and Bratkovsky have p
posed that the minimum in total conductivity observed at
critical temperature of transition (TC), might be the result of
what they called a current-carrier-density collapse~CCDC!.
They proposed that over the critical temperature, in the pa
magnetic state, an important fraction of the carriers is bou
into immobile bipolarons instead of being mobile polaron
As the temperature decreases in the paramagnetic phasT
.TC), so does the density of mobile polarons, and the c
ductivity quickly decreases with the decline of the number

FIG. 7. Conductivity measurements for a LSM5 thin film~lower limit! fitted
with Eq. ~8! from 50 to 1123 K. The filled squares are experimental data
the continuous line is Eq.~8! with parameters of Table IV. The insert show
the very low temperature conductivity measurements fitted with Eq.~5! and
with g5g0 .

TABLE IV. Values used to fit conductivity measurements over the wh
temperature range@Thin film ~lower limit!#.

Parameters Values Parameters Values

a ~m! 0.3931029 n ~cm23! 731021

WH ~meV! 99 n0 ~Hz! 1.6631013

J ~meV! 22 ns ~Hz! 2.531012

g0 0.35 Dn ~Hz! 831010

s0 ~S/cm! 84.3
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carriers. With the onset of ferromagnetic order atTC , the
pairs break up, the density of carriers jumps up, and
conductivity suddenly increases, as observed experiment
Since a simple polaronic model using a constant pola
density is able to describe experimental data over the wh
temperature range, it seems that the CCDC predicted by
exandrov and Bratkovsky is weak or simply not observed
LSM5 when no magnetic field is applied.

V. CONCLUSION

Conductivity measurements showed that the sing
phase and almost fully dense LSM5 bulk samples yield re
tively reproducible results. For thin film samples, conduct
ity values are highly reproducible for any sample, but m
vary widely between samples prepared at different tim
Even if the conductivity is lower than in bulk, these data a
still higher than previously reported in the literature for th
films. The study of conductivity over a wide range of tem
perature has shown that electronic transport in LSM5 is w
described by the Emin–Holstein adiabatic small pola
model. Even if the thermal behavior of the conductiv
seems to be quite different in bulk and thin film samples,
polaronic model describes all data quite well. Physical
rameters have been extracted from conductivity meas
ment with this model. It has been shown that for both typ
of samples, the carrier density is nearly the same as
nominal LSM5 carrier density (nLSM558.431021pol/cm3).
For thin films, the hopping energiesWH lie between 73 and
99 meV and remain almost constant at 34 meV for b
samples. Using a simple polaronic model with a const
polaron density, conductivity measurements on a thin fi
have been fitted quite well from 50 to 1123 K. From th
model, different physical parameters have been extrac
nS52.531012Hz, Dn~Hz!5831010Hz, andg050.35. We
find no evidence of CCDC for the LSM5 thin film.
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