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Small-polaron transport in La 0.67Ca0.33MnO3 thin films

G. Jakob, W. Westerburg, F. Martin, and H. Adrian
Institut für Physik, Johannes Gutenberg-Universita¨t Mainz, D-55099 Mainz, Germany

~Received 29 May 1998!

We present a detailed study of the activated resistivity of La0.67Ca0.33MnO3 films up to 600 K under the
influence of high magnetic fields. Data in zero field can be explained by small polaron hopping as treated in the
Friedman-Holstein theory. Based on the spin orientation of ferromagnetic clusters in a magnetic field, we
develop a phenomenological model describing the temperature and field dependence of the resistivity with a
minimum of free parameters. We find that the polarons have a magnetic contribution to their activation energy
for hopping which depends on the variation of the spin order with increasing temperature and can be modified
by applied magnetic fields. The average magnetic clusters contain 4–6 ions. Hall measurements show a
temperature dependent electronlike linear low field slope predicted by the theory of the Hall mobility of small
polarons.@S0163-1829~98!04646-3#
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I. INTRODUCTION

Since the discovery of colossal magnetoresistance eff
in perovskitelike manganites a great interest has revive
investigate these doped ferromagnetic thin films. Publis
resistivity measurements in high magnetic fields on co
pounds such as La0.67Ca0.33MnO3 ~LCMO! concentrate on
the temperature region from liquid helium temperature up
room temperature because of the wide availability of lo
temperature magnet cryostats. Due to this limitation in te
perature range and the relatively high Curie temperatureTC
of these compounds systematic investigations of the resi
ity in the paramagnetic regime over a broad tempera
range under the influence of high magnetic fields are diffic
to perform. As one solution Jaimeet al.1 used Gd doping in
order to decrease the Curie temperature. In our study
renounce on additional doping but use specialized equipm
to extend the temperature and field range.

Data of resistivity well above room temperature has o
been reported in zero field,1,2 and it shows activated behavio
given by

r~T!5r0TaexpS EA

kBTD ~1!

with a51, according to the Emin-Holstein theory of adi
batic small polaron hopping.3 Other groups describe the
data on similar compounds with variable range hopping4,5 or
with the semiconductor formula containing a simple Bol
mann factor.6 Nevertheless the influence of high magne
fields well aboveTC on the activated resistivity has scarce
been investigated experimentally yet. Milliset al.7 and
Shenget al.8 solved in the mean field approximation micr
scopic models for the thermally activated transfer of cha
carriers subjected to strong electron phonon coupling
polaron formation. Their solutions describe the qualitat
behavior of the resistivity as function of temperature in
magnetic field. Motivated by this we developed a pheno
enological model relating polaron transport to the mean fi
PRB 580163-1829/98/58~22!/14966~5!/$15.00
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magnetization of magnetic clusters in order to describe
measured temperature and field dependences of the res
ity quantitatively.

II. EXPERIMENT

Films were deposited on~100! MgO substrates by high
pressure on-axis dc-magnetron sputtering without further
nealing. The chemical composition of the deposited films
determined by Rutherford backscattering, was found to
identical to the nominal composition of the targ
(La0.67Ca0.33MnO3). X-ray diffraction results showed a dis
torted cubic cell (2a0 ,2a0 ,2a0) with a050.385 nm and
rocking angle analysis indicated epitaxiala-, b-, andc-axis
oriented growth with an angular spread of 1° and 0.6°,
spectively. The surface morphology of the samples was s
ied by scanning electron and by atomic force microsco
An average grain size of 300 nm was found. The samp
typically 250 nm thick, were patterned photolithographica
and etched to a 3 mmwide and 8 mm long bridge. The
longitudinal resistivity was measured by the four-point tec
nique. From liquid helium temperature up to room tempe
ture we used a standard superconducting magnet cryo
Above 300 K a different superconducting magnet syste
which allowed room temperature access in fields up to 8
was required. We placed a small tube furnace with a 50
heater into the room temperature bore in order to heat
sample up to 600 K. The cryostat wall was protected fro
warming by a vacuum insulation and a water cooled jack
With this equipment, the whole temperature range betwee
and 600 K, in fields up to 8 T, could be investigated. T
temperature-dependent measurements at constant field
performed in field steps of 1 T. Additionally we made fie
sweeps at several fixed temperature values. The proce
used for measurements of the Hall effect is described in
tail elsewhere.9 A SQUID magnetometer was used to dete
mine the magnetization.

III. RESULTS AND DISCUSSION

In Fig. 1 the temperature dependence of the resistivity
zero field and high magnetic fields is shown. For clarity on
14 966 ©1998 The American Physical Society
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measured curves at even values of the magnetic field
plotted. The resistivity of the sample is metallic with a po
tive temperature coefficient at low temperatures. At hig
temperatures the behavior changes to a thermally activ
one. The temperature value of the resistance cusp is foun
several authors to be close to the ferromagnetic orde
temperatureTC . For our sample the cusp is seen in zero fie
at Tmax(B50 T)5240 K. Slightly below this temperatur
spontaneous magnetization is observed, as shown by th
set of Fig. 1. When a magnetic field is applied, the resistiv
decreases. The cusp becomes less pronounced and shif
early to higher temperatures@Tmax(B58 T)5315 K#. The
curves are asymptotic to each other in the high-tempera
regime. The analysis of the zero field curve according to
~1! results in an exponent of the temperature-dependent p
actor of a51.6. This indicates nonadiabatic small polar
hopping,10 which is identified by an exponent of 1.5. In th
nonadiabatic approximation, there is only a small probabi
for the polaron to hop during the existence of the exci
state where jumping is possible. In further calculations
ways the theoretical value of the exponent is used. In Fig

FIG. 1. Temperature dependence of the resistivity in zero fi
and in magnetic fields ofB52,4,6,8 T between 200 and 600 K. Th
curves forB51,3,5,7 T are omitted for clarity. The inset show
magnetic moment vs temperature of the same sample at a fie
B520 mT.

FIG. 2. The nonadiabatic small polaron hopping~NASPH!
model explains the data over a temperature range ofDT5350 K,
while the variable range hopping~VRH! model in the inset does no
fit the data.
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we plot ln(r/T1.5) vs 1000/T. An Arrhenius behavior, con-
sistent with theory, is observed over a broad tempera
range ofDT5350 K. We have to mention here that in oth
samples we found an exponent nearly equal to 1, indica
polaron hopping in an adiabatic way.11 However, a polaronic
type of conduction yielded in all cases the best descripti
Other proposed models such as variable range hop
~VRH! and nearest-neighbor hopping are not able to fit
data, as can be seen easily for VRH from the inset of Fig
The clear distinction between the different transport mec
nisms is only possible due to the wide temperature ra
investigated in our experiment.

Equation~1! describes the motion of a polaron in an u
distorted background trapped in its own potential. Here
localized carriers distort the surrounding lattice and magn
cally polarize the manganese atoms in the neighborho
thereby gaining exchange energy and forming a bound m
netic polaron. This concept was introduced by de Genne12

Even well aboveTC these magnetic polarons exist, as sho
experimentally by de Teresaet al.13 with small-angle neu-
tron scattering measurements and theoretically by Geh
and Coombes.14 In the case of the existence of magne
polarons there is a magnetic exchange contribution to
activation energy. This form of phase segregation, finite f
romagnetic domains in a paramagnetic matrix, also expla
measured magnetic susceptibility data.13,15 A phenomeno-
logical model taking into account a correlation between m
netization and resistivity was introduced by Nu´ñez-Regueiro
et al.6 He described the magnetization within a simple me
field theory with the Brillouin function, but without regard t
the formation of polarons. The field dependence of the a
vation energy in the case of manganites was addition
taken into account by Dionne.16 He expressed the activatio
energy by two terms. One is field independent and ari
from electrostatic distortion, the other is field dependent a
considers the exchange contribution. But also this mo
which gives a linear dependence between the activation
ergy and the Brillouin function, is not able to fit our high
temperature data. TheB2 dependence of the magnetores
tance, shown by Snyderet al.,17 cannot be explained by thi
model, which gives only a linear dependence. Therefore
propose a phenomenological model with the following co
siderations.

The trapping of a ferromagnetic polaron is minimized
the transition of the paramagnetic neighborhood from r
dom disorder to spin alignment due to an applied magn
field. The main mechanism is the interaction between
spin of an unclustered single ion (NI51) and the total spin
of the ferromagnetic polaron containing a cluster ofNP ions.
In the presence of a magnetic field the activation energy
Eq. ~1! has to change to

EA5EA
0~12^cosQ IP&! ~2!

when only the spin is trapped. The nature of the polaron
almost purely magnetic and the electrostatic activation
ergy is only a minor correction.16 Here Q IP is the angle
between the single ion spin and the cluster spin. If they
uncorrelated, it can be shown that^cosQ IP&
5^cosQ I&^cosQP&. The average angle is related to the loc
magnetization by
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^cosQ IP&5
^MI&

MI
S

^M P&

M P
S

. ~3!

In a mean field approximation the normalized magnetizati
are expressed by the Brillouin functionsBJ(NI51,T
2TC ,B) andBJ(NP ,T2TC ,B):

^cosQ IP&5BJ~NI !BJ~NP!. ~4!

We used ag factor of 2 and with our nominal compositio
the average value of the angular momentumJ is 2.28 ~the
manganese spins are 3/2 and 2!. So the final modified Eq.~1!
in magnetic field is

r~T,B!5r0TaexpS EA
0

kBT
@12BJ~NI !BJ~NP!# D . ~5!

By using Eq.~1! anda51.5 the zero field resistivity curve
was fitted. Thus the fitting parametersr0 and EA

0 , listed in
Table I, were fixed. A fit of the measured temperature
pendence for one fixed value of the magnetic field using
~5! allowed us to determine the two other fitting paramet
NP andTC . All other field curves can be described now b
Eq. ~5! without further free parameters, with the field an
temperature dependence given by the Brillouin function. T
result of the analysis is shown by lines in Fig. 3~b!. The
correspondence between the experimental data~points! and
the fitting values is surprisingly good.TC is 233 K, which
corresponds with the onset of the magnetization, as can
seen by the inset of Fig. 1. The cluster sizeNP is 3.862, i.e.,
only the nearest neighborhood is spin polarized. The un
tainty of the cluster size can be seen by inspection of F
3~a! and 3~c!. They show the best possible fits when t
cluster sizes are fixed, with valuesNP51 and NP57, re-
spectively. The first value represents a model of pure e
tron hopping that takes into account spin-dependent ba
energies. There is an obvious disagreement between ex
ment and the fit for these choices of the cluster sizes.
numerical value forNP should not be considered as exa
however, it demonstrates that a small finite cluster size
necessary to describe the experimental data. The zero-fie
curve exhibits no maximum, because fluctuation effects
not taken into account and therefore the calculated magn
zation is exactly zero aboveTC . For applied magnetic fields
the model describes the linear shift and the height of the c
in the resistivity, in the range from 250 K and 1 T to 315 K
and 8 T, with only one value ofTC . With the same param
eters used in Fig. 3~b! alsor(B) is reproduced, as it is dem
onstrated in Fig. 4. Our model describes theB2 dependence
of the magnetoresistance resulting from the field depende

TABLE I. Fitting parameters according to Eqs.~1! and ~5! for
three different samples. The values without~with! parenthesis cor-
respond to the nonadiabatic~adiabatic! case.

Sample A B C

r0 (10210 Vm/Ka) 6.44 ~209.7! 6.53 ~211.4! 4.89 ~157.2!
EA

0 (meV) 120 ~103! 96 ~80! 133 ~117!
TC (K) 213.3 ~203.6! 236.4~235.9! 202.0~195.6!
NP 3.9 ~5.9! 3.8 ~5.0! 5.5 ~7.8!
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FIG. 3. Experimental data and fitting curves for various clus
sizes according to Eq.~5!.

FIG. 4. Measured resistivity as a function of magnetic field
constant temperatures~symbols!. The straight lines are calculate
from Eq.~5! using the same parameters as in Fig. 3. TheB2 depen-
dence of the magnetoresistance resulting from the field depend
of the activation energy is seen for the measured curves.
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of the activation energy aboveTC . This is only possible, if
the activation energy is decreasing quadratically with
Brillouin function. Three samples were measured and
corresponding fitting parameters are listed in Table I. T
values with and without parenthesis correspond to the a
batic (a51) and nonadiabatic (a51.5) case, respectively
In both regimes a finite, small cluster size was found for
samples.

Further evidence of polarons in the manganites res
from Hall effect measurements. Friedman and Holste10

found that for motion between three equivalent sites the H
effect is electronlike for both electron and hole conductio
The Hall current is a quantum interference effect. The int
ference between the probability amplitude for direct jum
and for jumps involving virtual occupation of a third si
results in a change of the jump rate which is linear inB. This
electronlike linear slope of the Hall voltage in the parama
netic regime for different temperatures is plotted in Fig.
The straight lines correspond to a linear fit. The linear
pendence is only valid for low fields and high temperatur
because with applied magnetic field or by cooling a ph
transition from localized to delocalized states is induced
the theory of polarons is no longer valid. These consid
ations are published elsewhere.9 The theory also predicts
temperature dependence of the Hall coefficient ofRH
}T exp(2EA/3kBT), which is similar to the temperature de
pendence of the longitudinal resistivity in the adiabatic lim
but with a lower Hall activation energy. This was experime
tally found by Jaimeet al.1 The Hall coefficients calculated
from the slopes of the Hall voltage yield a straight line in t
Arrhenius plot in Fig. 6. The activation energy of the Ha
mobility ~160 meV! for sample B is in our experiment highe
than the activation energy of the drift mobility~96 meV!.

FIG. 5. Measured Hall voltages as a function of magnetic fi
for constant temperatures. The straight lines represent a linear
the low field values.
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This is in contradiction with the theory of Friedman an
Holstein developed for a triangular lattice. However, a mo
general theory of Schnakenberg18 found the same activation
energy for both jump processes.

IV. CONCLUSION

We performed detailed high field transport measureme
of the colossal magnetoresistive compou
La0.67Ca0.33MnO3. Our temperature range covered the pa
magnetic regime from the ferromagnetic ordering tempe
ture near room temperature up to 600 K (2.5TC). This wide
range above room temperature enabled us to distinguish
ferent transport mechanisms without additional doping. W
demonstrated that the high-temperature resistivity data
thin manganite films can be explained by small polaron h
ping. The field dependence requires the concept of a m
netic polaron. We proposed a phenomenological model
scribing quantitatively the temperature and field depende
of the resistivity. It reproduces the resistivity cusp and theB2

dependence of the magnetoresistance. For best fits we fo
small clusters containing 4–6 ions, i.e., only nearest nei
bors are spin polarized. The activation energy for the
laronic Hall effect was found in our work to be higher tha
that for longitudinal transport.
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FIG. 6. Temperature dependence of the electronlike low fi
slope.
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