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Electrical conductivity measurements on k8, sMnO; (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 t& 1®cm 2 for thin films and are 9.1

x 10?*cm ™2 for bulk samples. These results agree quite well with the nominal polaron density for
LSM5, 8.4x 10°cm™ 3. We have also derived important quantities for transport in LSM5. For thin
films, we obtained hopping energid¥,,, 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 constangg, to be 0.35 in thin films. These conductivity results are compared
with the literature. ©2001 American Institute of Physic§DOI: 10.1063/1.1385356

I. INTRODUCTION port in bulk LSM5 is correctly described by the small po-

H ,10-12,19 H
Lanthanum manganite doped with either calcium Orlaron hopping modef: However, in order to extract

strontium has received much attention in recent years, due t jonificant physical parameters from experimental data, dis-

the large magnetoresistance observed in many of thesc imination between the adiabatic and the nonadiabatic cases

perovskites'l.‘3 Most studies have concentrated on thin film > ould be made. Mor_eover, if the charge carrier mobility is
samples at low temperatures.LaSr,MnO; has proved to high enough, cqrrelatlon between hc_)ps may conS|-derany re-
be an efficient cathode material for solid oxide fuel céfis, duces the hopping energyThese points from the literature
need to be further clarified for LSM5.

In this case, most of the present knowledge relates to low Th mbination of total conductivity and thermoelectri
degrees of strontium substitution with<0.3. Reequilibra- €co ation of total conductivity a ermoeiectric
ower measurements has been used successfully in the lit-

tion in these cation-defective materials with the surroundin ; ; -
gZrature for the study of electrical transport in low mobility

atmosphere often proceeds slowly even at rather high tem- . . X
P b y g aterialst’*821Thermoelectric power measurements are in-

peratures. Hence, the use of thin films is useful for the stud roreted far more readily than Hall effect measurern@id
of physical properties in conditions close enough to chemical P Y u ’

equilibrium. La, £St, :MnOs (LSMS) is an appropriate com- particularly for high resistance samp@slt can be shown _
position for such studies. Pulsed laser deposition followed b at the slope of the thermoelectric power versus the recip-

annealing transfers composition from target to film, produc- O%"ﬂ oftitirperra\t/lijdre dlsﬂ:dentlriialrt:)ntrl;(ie“?citlvatrl]on ti?/n(ter%y I]}or
ing LSM5 films with the desired chemical composition ang conductivity, provided the carrier mobiiity 1S unactivated. 1,

film morphology?” however, transport proceeds by a hopping mechanism, then

There have been few reports on LSMS5 electrical proper:[he difference in the earlier energies would be an approxi-

ties in bulk samplés ™ and in thin films23The electronic ~Mat& Measurement of the hopping activation engfgyhis

transport in bulk samples and in polycrystalline thin films aregz:k’e?afsgg'gaﬂzg doiéftfr:ecg?ud ducg\;lté:;t:]ol%?c i?ﬁnzt :)Or\tNin
investigated here. To obtain the most information from the P Y P

conductivity measurements on LSMS5, it is important to de--SMS. Because the basic mechanisms involved are very dit-

termine the main transport mechanism responsible for théerent in these two temp_erature ranges, it will be shown that
high electrical conductivity in this material. For similar com- all parameters needeq n the description of thg thermall be-
pounds, it has been shown from various measureménts, havior of thg conductivity can be extracted without using
optical1*~18thermoelectric power’ 18 Hall effect’), that the thermoelectric power measurements.
electronic conductivity is well described by a polaronic
mechanism. It is generally accepted that the electronic trand!: EXPERIMENT

In the present work, pulsed laser deposition was used to
aAuthor to whom correspondence should be addressed; electronic maiPrépare 400-nm-thick LSM5 thin films on thR-plane of
meunier@phys.polymtl.ca sapphire substrates. The experimental setup is described
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TABLE I. Pulsed laser deposition parameters. A) B)

Laser wavelength 248 nm Alumina H,
Repetition rate 30 Hz caplllary pt A Sapphire
Spot size > mi wires substrate
Energy density 0.75 J/icn Tic Sample LSM5 o
Target-substrate distance 5.5 cm Gas _, _, Gas thin bl
Substrate Sapphir plane inlet outlet film

Substrate temperature 25°C hS Quartz tube

Deposition rate ~10 nm/min

FIG. 1. (a) Schematic of the four-wire experimental setup for high tempera-
ture conductivity measurementgb) Sketch showing the 400 n¥3

X 14 mm LSMS5 thin film deposited onto a sapphire substrate between two
platinum films 1 cm apart. The platinum wires are held in mechanical con-
elsewheré® Films prepared under the conditions listed in tact with the platinum films through holes drilled into the substrate.

Table | are amorphous. As reported in more detall
elsewheré,the resulting LSMS5 films were analyzed by x-ray
photoelectron spectroscopy, energy dispersive x-ray spethe LSM5 film then add to that of the LSM5 film proper.
trometry, and Rutherford backscattering spectrom@RsS) Since the latter is much larger, the two other contributions
for their chemical composition. No departure from the nomi-become negligibly small. Such is not the case for bulk
nal LSM5 composition was observed with these techniqguessamples and true four-point measurements were applied to
RBS measurements further showed that the films remainetthese. Conductivity measurements on thin films configured
of uniform composition throughout their thickness. Film as in Fig. 1b) were also performed at low temperatures by
morphologies were observed by means of scanning electrameans of a cold finger cryostat, Cryogenics Model 21. This
microscopy and atomic force microscopy. The amorphousryostat permitted the measurements to be extended to the
films were dense and pinhole free. The annealed films wereemperature range from 300 to 12 K.
polycrystalline and exhibited the expected perovskite struc-  The ionic contribution to the total conductivity of LSM5
ture as confirmed by x-ray diffractiaiXRD). Some physical is known to be several orders of magnitude lower than the
defects were observed in films annealed well above 1123 Kelectronic contribution. This is due to the high electron mo-
probably due to stresses generated by the differential thermallity and the lack of departure from stoichiometry from any
expansion coefficient between the film and the substrate. of the sublattices within the temperature and the oxygen par-
LSMS5 pellets for bulk conductivity measurements weretial pressure ranges studiédThus, the total conductivity is
fabricated from two different powders: one from an in-houseassumed to be purely electronic in what follows.
(IREQ) synthesis with a modified glycine-nitrate procé$s,
the other provided by Praxair. The pellets were prepared bYII RESULTS
cold isostatic pressing at about 300 MPa and brought to al-
most full density by firing for 4 h at 1400 °C in pure oxygen. Thin films prepared using the parameters of Table | are
As measured by an immersion method, the resulting pelletamorphous and need to be further annealed to become crys-
had densities respectively equal to 6.16 gidon the starting  talline. Because amorphous LSM5 is an insulator and crys-
Praxair powder and 6.22 g/Crfor the IREQ pellets. To pro- talline LSM5 a good electrical conductor, the recrystalliza-
mote grain growth, a further anneal was performed ation process is easily monitored using conductivity
1550 °C fa 4 h onsome IREQ pellets, resulting in a density measurements. Figure 2 shows the conductivifys a func-
of 6.18 g/cn. tion of temperatureT, for three successive annealing cycles
Most conductivity measurements were performed in airin air at 1123, 1138, and 1158 K, respectively. For clarity,
using a temperature ramp from room temperature for thironly results obtained during the decreasing part of the cycles
film samples. Intermediate plateaus for certain experimentare shown. The insert shows conductivity measurements for
ensured that the readings were fully stabilized at any temthe first anneal at 1123 K on the initially amorphous thin
perature. To circumvent any electrical contact instability duilm. Before 658 K, the resistance of the sample was too high
to differential thermal expansion between materials, the fourto be measurable by the setup. The sudden increase in con-
wire setup shown in Figs.(d and Xb) was applied to thin  ductivity at around 870 K upon the first cycle is attributed to
film samples. The samples were held by an alumina capillaryhe phase transition from an amorphous state to the expected
in a quartz tube at the center of a furnace. A tfpthermo-  perovskite structure as also confirmed by XRDhe con-
couple was placed in the vicinity of the sample and the gasluctivity further increases as temperature is raised to 1123 K.
supply was manifolded through the tube, the overall pressurPartial reoxidation of the LSM5 films is also observed during
being maintained at 1 atm. The 400 X 14 mm LSM5 this stag€. During the plateau at this latter temperature, the
thin films were deposited onto a sapphire substrate betweearonductivity stabilizes after about an hour. Further cycling
two platinum films separated by 1 cm. Four platinum wiresthe sample up to this upper temperature leads to perfectly
were brought into mechanical contact with the Pt films byreproducible resultéwithin 2%). The two remaining cycles
holes drilled throughout the substrate. A pair of wires in-in Fig. 2 illustrate the evolution of- above that temperature
jected a pulsed current through the LSM5 film and the corwith the plateaus at 1138 and 1158 K both conducted for 12
responding potential drop recorded with a second pair. Thé. A minor change in conductivity is observed at 1138 K
resistance of the platinum layer and that of its interface withwhile the conductivity degrades continuously at 1158 K. For
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FIG. 2. Conductivity as a function of temperature during the annealing of arF|G. 4. High temperature conductivity variation for three different bulk
amorphous LSM5 thin film through three successive cycles at 1123, 1138,5M5 samples.

and 1158 K, respectively. For clarity reasons, only data recorded during
cooling are shown. The insert shows the first annealing of the film.
incident. Sample “IREQ 1550 °C” was prepared as sample
. oo i “IREQ 1400 °C,” sintered at 1400 °C, except for a further

all remaining thin film samples a first anneal for one hour at,neal at 1550 °C which increased the average grain size
1123 K'in air was used in order to maintain the best reprogrom 1 g to 4.5um. This increase produces a small increase
ducibility within any one sample. in conductivity at the low end of the measured temperature

_In Fig. 3, measurements from 12 to 300 K on & LSM5 546 Further experiments at 1173 K, with the oxygen par-
thin film have been combined with those performed with the; pressure varied between 10 and 1 atm for several

high temperature setup on the same sample. These data jqig s, showed no effect of this parameter upon the electric

smoothly and an interesting thermal behavior is thus Ob'conductivity of bulk samples.

served. In.the low tempergtgre range, the conductivity de- | Fig. 5, the available results on LSM5 from the litera-
creases withl down to @ minimum close to room tempera- y,re are compared with the present measurements. Curves
ture (T~285K). Beyond this temperature, it increases Witht,m the literature are either taken directly or the originally
mcreazmgT. This behavior is predicted by the polaronic geq curves converted to present coordinates. Reference 8
modef as we shall show later. _ has been omitted due to the exceedingly low density of about
The high temperature conductivity behaves rather differ4 4 g/cnd reported for LSM5 samples in that study. All bulk
ently in bulk samples as shown in Fig. 4 where electricalgympjes in Fig. 5 tend to show a decrease in conductivity
data for three different samples are presented. The condugy, increasing temperature. However, absolute conductivity

tivity is significantly larger for bulk samples. Moreover, it \ 5,65 vary significantly from one set of data to another, the
decreases continuously as the temperature is raised. Data

from the bulk samples either made from different starting

powders or sintered at different temperatures are almost co 700 T r - T r ¥ : T
600 - 1
) ¥ T M T 1
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FIG. 5. Comparison of various conductivity data from bulk and thin film

LSM5 samples. Solid, dashed, and dotted lines stand, respectively, for this
study, bulk samples, and thin film samples from the literature. The number
FIG. 3. Conductivity variation of a LSM5 thin film between 12 and 1123 K. in brackets indicate the reference from which data were taken.

Downloaded 06 May 2002 to 132.204.56.47. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



1894 J. Appl. Phys., Vol. 90, No. 4, 15 August 2001 Quenneville et al.

data from this study representing about twice the conductiv- 86 ————— T - - 7.0
ity of the mean bulk values from the literature. Such a dis- Fo ]
crepancy cannot be totally explained with the available in-  34f
formation from the literature. At this point, it can only be _ | <—
emphasized that the data from this study are highly repro—g s2¢
ducible and correspond to single-phase and almost fullyg
dense samples from well-characterized powders. The picture; sor
is somewhat different for the thin film samples. Although,
the conductivity values are highly reproducible within any E
sample, it may vary largely for different samples prepared at® , .|
different times. The solid curves in Fig. 5 represent the upper™
and lower limits observed for samples from this study. The 44
two data sets available from the literature correspond to sput: R T T S U S
tered films and agree well with our lower limit. The results 10 13 20 25 30 35

for films appear to be quite different from those for bulk 1000/T (K7

samples, showing increasing conductivity with temperaturg: g 6. Fits to high temperature conductivity measurements on a LSM5 thin
and systematically lower conductivities. It will now be fim (upper limiy using both the adiabatic and nonadiabatic small polaron
shown that such a discrepancy is only apparent, readily exwodels.

plained by polaronic transport.

Non-adiabatic small polarons

Adiabatic small polarons
48

wheren is the polaron densitye the electronic chargey the
IV. DISCUSSION polaron mobility,a the hopping distance, arg;, the Boltz-
mann constant. In this equationg is the frequency of opti-

An important part of our knowledge on transport process., phonons, assuming no dispersiéithis is the effective

is based on the analysis of mobility measurements within th?requency at which the carrier tries to hop to a neighboring

ffa’“e"York of th.e proposed modelg apd meqhamsmg. For Calite. The factor of 3/2 takes account of the fact that the po-
riers with mobility over 1 crV-s, it is possible to discuss

. - o . larons move in a three-dimensional lattféelhe Boltzmann
the electrical conductivity within the band formalism. How

ever, for mobilities below 0.1 ciV -s, the band treatment is factor, with Wp standing for the polaron binding energy, ex-

not appropriate. Therefore. it becomes necessary to use péesses the probability that two neighboring sites be in coin-
pprop ' ' . Y 10 US€ &yonce. Since the carrier moves more rapidly than the lat-
generalized transport theory where the carrier-phonon inter- = . . .
. : . .—tice, it can hop back and forth many times between two sites
action will not be treated as a perturbation but as the princi;

. . - . before lattice relaxation occurs. The carrier’s kinetic energy,
pal interaction from which the transport properties follow. oy

With some assumptions as to the thermal behavior of th(\ENhICh corresponds to half the electronic bandwidth for a

. . L o rigid lattice, J, will then reduce the hopping energiy [in
carrier densityn(T), it will be shown that mobility in LSM5 Eq. (1), Wy, =W,/2— J]. For this case, conductivity measure-

can be extracted from conductivity measurements and that it , .
value is too low for band conduction. This argument can b r_snents fitted to & logfT) vs 1/T plot should lead to a straight

used to exclude metallic or semiconductor mechanisms as

possible processes for conduction in LSMS. moves too slowly in comparison with the lattice distortion

If the particle-lattice interaction is strong enough, delo- nd relaxation, and thus, it misses many coincidence events
calized electrons or holes can be trapped within potentiag - T .
efore hopping. Conductivity is then given by

wells created by the displacement of atoms from their
carrier-free equilibrium position. The quasiparticle formed nefa? wd?( 27 \Y2 1 Wp

by the carrier and the lattice distortigphonons is called a ‘Thop:k—s h m) TeREXH ~ 2kgT)’ @
“polaron.” If the carrier is localized mainly in one unit cell, . , . .
the small polaron model is applicable. Electronic transport?1€reh is Planck’s constarft’ As oppos;/ad to the adiabatic
by small polarons will lead to an activated behavior at highmOdeI’ data should be fitted to a leg(**) vs 1/T plot to

temperature and to nearly metallic band conduction at |OV\Pbtam straight I_mes.. Thus, the'actlvat]on energy obtamed
temperature. from the nonadiabatic model will be higher than the adia-

batic value, and the data interpretation will be quite different.

A. High temperature small polaron transport Conductivity measurements for LSM5 have been inter-

At high temperature, conduction results from carriersPreted in both the adiabatic and the nonadiabatic polaronic
which hop from one site to the other. In the adiabatic cas&"dels. Figure 6 shows thin film datapper limif fitted to

(Emin—Holstein modef?? the carrier adjusts rapidly to the eaph model. Equations for the corresponding I|_near relation-

motion of the lattice and, on coincidence between the eneSNiPS are further presented in Table Il along with the corre-

gies of neighboring sites, is very likely to hop to the neigh_sponding. linear correlation coefficient®?. Although both .
boring site. In this caser,qp is given by models fit the data reasonably well, the better correlation

coefficient obtained with the adiabatic model for all three
cases is an indication in favor of the adiabatic behavior in
LSM5.

In the nonadiabatic cas@lolstein model,?® the carrier

3 nefayy 1 Wp—2J
= : 1)

Ohop— NEU= Ek—B Tex - W
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TABLE II. Equation and linear correlation coefficient of the straight lines fitted to the experimental data for thin films and
bulk using both the adiabatic and nonadiabatic models.

Adiabatic Non-adiabatic
Equation R? Equation R?
Bulk log(oT)=—173.2IT+5.8044 0.9996 logfT %% = —349.8T+ 7.7811 0.9978
Thin film log(oT)=—365.2T +5.7532 0.9999 logfT 3% = —510.1T +7.3915 0.9984
(upper limif
Thin film log(oT)=—477.1T +5.6646 0.9991 logfT 3% = —629.9T +7.3127 0.9976
(lower limit)

By combining the fitting equations in Table Il with the cannot explain the difference W, between thin film
conductivity equations for both adiabatic and nonadiabaticsamples prepared in almost the same conditions. In a previ-
behavior{Egs.(1) and(2)], some of the physical parameters ous article it has been shown that polycrystalline films an-
for conductivity in LSM5 bulk and thin film samples can be nealed within the same conditions present small morphologi-
extracted, and are given in Table IIl. In lanthanum mangane€al variations(e.g., the grain sizes According to some
ite, v, is associated with the principal vibration mode of thereported observatiori; 32 W,; might be a function of the
Mn—O bonds near 554 cm (1.66x 10¥Hz)'* and the hop-  crystal unit cell deformation and, more precisely, of the angle
ping distanceg, is the distance between two neighboring Mn between the M—O—-Mnbonds, the relaxed structure leading
sites, e.g., 0.39 nif?. Based on the assumption of adiabaticto a minimum inW,,. Thus, any difference in grain sizes,
behavior, the polaron densities are evaluated. For bulkeading to different mean cell deformation, should result in
samplesn=(9.1+0.5)1¢*cm 3 and for thin filmsnranges  different hopping energy.
from (7+1)10 to (8+ 1)1 cm™2. Itis interesting to note The Holstein nonadiabatic model is based on the as-
that the polaron density is almost the same in bulk samplesumption that) (which is also the electronic orbital overlap
and thin films, even if their conductivity thermal behavior is integra) can be treated as a perturbation in the corresponding
quite divergent. This was to be expected, since the polaro8chralinger equation. Thus, this approach is only valid for
density results from stoichiometric dopin@e., it should low values ofJ. In the high temperature region there is a
present only a weak dependence on temperatlrdact, the  condition onJ for which the non-adiabatic treatment is valid.
expected polaron density can be easily evaluated. For eadris condition is given by

two unit cells in LSM5, Ld? is replaced by SF releasing 14 12

. . 3 kBT hVO
an electron. Given that the unit cell volumg @39 nnm°, the J<I o= Wﬁ,"‘( _> (_) ) 3
nominal polaron density should be around 8#¥*cm 3. m ™

This theoretical estimate is in good agreement with valuegvhenJ becomes higher thak,.,, the nonadiabatic model is
deduced from the experimental results. no longer valid and we should discuss the data in the adia-
The hopping energy is calculated both for the adiabatigatic modef®
and the nonadiabatic models from the slope of the fitted Taking the nonadiabatic fit for the bulk sampi@able
curves for conductivity. In the adiabatic cas®,=34meV  ||), 140 meV is found for the polaron binding energye .
for bulk samples and ranges from 73 to 99 meV for thinNow with Wp, a, n, and Eq.(2) on hand, a value of 47 meV
films. The non_adiabatic_ case leads to higher values. Althougly calculated for the nonadiabatic Values obtained for the
polaron density remains almost the same for all LSMSthin film lower and upper limit are almost the same as the
samples, such is not the case regardivig. This parameter one calculated for bulk. This result was expected because the
may vary not only between bulk conductivity data from dif- electronic orbital overlap integral mostly depends on the
ferent sources, but also between films annealed under diffesample composition.
gnt conditions. Correlateq hopping might expla?n the rela-  Equation(3) is then used for the estimation df,,, at
tively small Wy, observed in bulk samplé8.But this effect  various temperatures, leading dg,,,(300 K)=27 meV and
Jma{1000 K)=37meV. Since thatl,,, is lower than the
TABLE lll. Physical parameters obtained from conductivity thermal behav-n(ma‘d!abat!C value ‘?Ver the Femperature rar}ge studied, the
ior analysis. Some of the bulk and thin film results are expressed in both th@onadiabatic model is not valid as a description of the ther-
adiabatic and nonadiabatic models. mal behavior of the conductivity. Similar conclusions in fa-
vor of the adiabatic small polaron mechanism model are also

Thin film — Thin film reached for thin films. In what follows, results will be treated
Bulk (upper limiyp  (lower limit) . . .
according to the adiabatic model.

n (cm 3 Adiabatic 9.x10% 8x10% 7X 107

Wy (meV)  Adiabatic 34 73 99
Nonadiabatic 70 100 126 B. Low temperature small polaron transport

W, (meV)  Nonadiabatic 140 200 254 One of the most interesting conclusions of the polaronic
j(m?r\;)ew g‘ggi‘f'abat'c 2‘;7 3‘(1)9 3‘21 model is that at very low temperature the zero point energy

e 1000 K 18 0 13 allows the polaron to hop to a neighboring site without ther-

mal activation, dragging the lattice polarizatiGhAt tem-
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peratures lower thafip/2 (where,6p , is the Debye tempera- 160
ture of the materig) the polaron can then be seen as a heavy
charge carrier with a behavior described by the usual banc 140
formalism?® In this temperature range, the material can be
treated as a doped polaronic semicondutor.

In this section, we will show that polaronic transport is
the prevalent mechanism over the whole temperature range'g
In the polaronic model, it is well accepted that transport is & 1901
dominated by a hopping process at high temperature and b'°
tunneling at low temperature. In the previous section, it has g0
been shown that far fromdp/2, in the high temperature re-
gion, conductivity is well described by E¢l). In the very

20 40 60 8 1007

low temperature region, conductivity can be described by ’ TK
two different mechanisms in series 0 200 400 600 800 1000 1200
T(K)
_ 000wn
Tiow= (4 FIG. 7. Conductivity measurements for a LSMS5 thin filtower limit) fitted

0ot Tnm with Eq. (8) from 50 to 1123 K. The filled squares are experimental data and

. L. . . the continuous line is Ed8) with parameters of Table IV. The insert shows
Wh_ere gp Is a Con_Stant COF?dUCtIVIty, 'nCIUde(_j using Mat- the very low temperature conductivity measurements fitted with(&nd
theissen’s rule, which takes into account the different scattefwith y= y,.
ing processes that becomes important in this temperature
range™ In this equationg,, is given by*
In order to obtain total conductivity over the whole tem-

_nefa’y? W N Av exp(— 2 2)£sinh2 hvg perature range, the low temperature and hopping contribu-
Tun™ TRz 7 i YT 2kgT)’ tions must be added in parallel. Total conductivity is given
(5) by
whereAv is the phonon dispersion and is the frequency of Ttot= Tlow ™ Thop: ®)
the softest optical phonon brangielated to the tilting of the It is now possible to fit the results fromy/4(~ 130 K)

oxygen octahed)a® The interaction constantdescribes the  to 1123 K in order to obtain the best value fg§, which is
interaction between the lattice and the charge carrier. It rep 35. With this value and Eq7), the phonon dispersion can
resents the ratio of the polaron binding energy to the kinetigye extractedA v=8X 10°Hz.

energy of the lattice at a certain wave numitee number of Figure 7 shows the experimental results of Fig. 3 fitted
phOﬂOﬂS Surrounding the Charge cafridhis also describes between 50 and 1123 K with E(Q8) (parame[ers used are
the polaronic band narrowing. In the very low temperatur@ijsted in Table I\j. As one can see, this simple polaronic
region (i.e., whenT<¢p/4), the zero point movement is model explains the experimental measurements quite well
dominant; hence, the interaction constant does not Changﬁ/er the whole temperature range. Moreover, all parameters
significantly with T and equalsy,. For higher temperature, ysed to fit the data are physically reasonable.

this quantity will depends oft as Recently, in their model for colossal magnetoresistance

K in doped manganites, Alexandrov and Bratkovsky have pro-

y= 1o 1+ 4 BT) for T>6p/4 . (6) pq;ed that the minimum in t_qtal condu.ctivity observed at the
hvg critical temperature of transitiorT¢), might be the result of

L ) . what they called a current-carrier-density collage€DC).
Th's will lead _to an e_xpon_entlal decrease _Of the_ COndL’Ct'v'tyThey proposed that over the critical temperature, in the para-
with T'. Equ_at|on(6) is valid for the nonad|aba_t|c case. For magnetic state, an important fraction of the carriers is bound
the adiabatic case, the same thermal behavior is expecteglys immobile bipolarons instead of being mobile polarons.
but the dgcreas_e W'." be slightly slowgt. As the temperature decreases in the paramagnetic pfiase (

The insert in Fig. 7 shows the very low temperature . 1 y "5, goes the density of mobile polarons, and the con-

conductivity measurement(extracted from Fig. Band fited  ,4ivity quickly decreases with the decline of the number of
with Eq. (5) and y=vy,. The values below 50 K are not

taken into account in this fit, their divergence from the model

may results from another mechanism. From thesfitandvs  7ABLE Iv. Values used to fit conductivity measurements over the whole
can be extracted directly, leading to 84.3 S/cm and 2.Gemperature ranggrhin film (lower limit)].

X 10'2Hz, respectively. This value ofg is in good agree-

ment with values published in Ref. 35. Under the assumption_~arameters Values Parameters Values
that J can be estimated by, (75 K)=22meV over this a(m) 0.39x10°° n (cm 3 7X10%*
temperature range and that the polaron density is constant, W (meV) 99 vo (H2) 1.66x10°
we obtain J (meV) 22 vs (H2) 2.5x10%?
Yo 0.35 Av (Hz) 8x10'°
Avexp —2y3)=6x10" Hz. (7) oo (Slem 84.3
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