
Intrinsic electrical transport and magnetic properties of La0.67Ca0.33MnO3
and La0.67Sr0.33MnO3 MOCVD thin films and bulk material

G. Jeffrey Snyder
Department of Applied Physics, Stanford University, Stanford, California 94305-4090

Ron Hiskes and Steve DiCarolis
Hewlett-Packard, Palo Alto, California 94303-0867

M. R. Beasley and T. H. Geballe
Department of Applied Physics, Stanford University, Stanford, California 94305-4090

~Received 22 September 1995!

An investigation designed to display the intrinsic properties of perovskite manganites was accomplished by
comparing the behavior of bulk samples with that of thin films. Epitaxial 1500 Å films of perovskite
La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3 were grown by solid source chemical vapor deposition on LaAlO3 and
post annealed in oxygen at 950 °C. Crystals were prepared by laser heated pedestal growth. The magnetic and
electrical transport properties of the polycrystalline pellets, crystals, and annealed films are essentially the
same. BelowTC/2 the intrinsic magnetization decreases asT2 ~as can be expected for itinerant electron
ferromagnets! while the intrinsic resistivity increases proportional toT2. The constant andT2 coefficients of the
resistivity are largely independent of magnetic field and alkaline earth element~Ca, Sr, or Ba!. Hall effect
measurements indicate that holes are mobile carriers in the metallic state. We identify three distinct types of
negative magnetoresistance. The largest effect, observed near the Curie temperature, is 25% for the Sr and
250% [DR/R(H)] for the Ca compound. There is also magnetoresistance associated with the net magnetiza-
tion of polycrystalline samples which is not seen in films. Finally a small magnetoresistance linear inH is
observed even at low temperatures. The high temperature~aboveTC! resistivity of La0.67Ca0.33MnO3 is con-
sistent with small polaron hopping conductivity with a slight transition at 750 K, while La0.67Sr0.33MnO3 does
not exhibit activated conductivity until about 500 K, well aboveTC . The limiting low and high temperature
resistivities place a limit on the maximum possible magnetoresistance of these materials and may explain why
the ‘‘colossal’’ magnetoresistance reported in the literature correlates with the suppression ofTC . @S0163-
1829~96!04421-9#

I. INTRODUCTION

TheR0.67A0.33MnO3 perovskite manganites, whereR and
A are some rare earth and alkaline earth elements, respec-
tively, display the unusual property of being paramagnetic
insulators at high temperatures and ferromagnetic metals at
low temperatures.1–4 Both end members of La12xAxMnO3
are antiferromagnetic insulators,5 but become ferromagnetic
metals upon doping. The theory of double exchange6–8 has
been developed in order to explain this phenomenon and
correctly predictsx51/3 to be optimal doping.9 Recent cal-
culations show that a second mechanism such as a Jahn-
Teller distortion may be required to explain the magnetore-
sistance within the double exchange model.10,11

Until recently, much of the experimental work on the
manganites has been motivated by their utility as a cathode
materials in solid oxide fuel cells. Thus many compounds of
the typeR12xAxMnO31d have been studied in polycrystalline
form.12–15Much has been learned about their defect chemis-
try and high temperature electronic and ionic conductivity.
Most of these compounds are not metallic above room tem-
perature but have electronic conductivity, presumably due to
~small! polaron hopping, sufficient to make good electrodes.

Interest in the perovskite manganites has expanded since
their fabrication as epitaxial thin films.16,17Some films have

shown the insulator to ferromagnetic metal transition at
lower temperatures with a large magnetoresistance near this
transition.18,19 DR/R(H) of greater than 106% has been re-
ported for fields of several T.20–23Since giant magnetoresis-
tance ~GMR! films have aDR/R(H) of typically 20%
~which saturates in a few thousand Oe!, the manganite films
have been proposed as possible replacements for GMR read
heads in the magnetic recording industry. However, since
magnetic recording devices work at room temperature with
low magnetic fields, the temperature range and field sensitiv-
ity of the manganites in their present state do not make them
competitive with GMR materials. Nevertheless, the rather
imprecise term ‘‘colossal magnetoresistance’’~CMR! has
been coined for this phenomenon.@It should be noted, how-
ever, that such a large magnetoresistance is not unique to the
manganates. Doped EuO and EuS show magnetoresistances
of 104%, using the above definition, and therefore can be
considered a CMR material. Furthermore, it has been shown
that in some Chevrel phase compounds,24 a magnetic field
makes the material superconducting—which would make
them ‘‘supermagnetoresistance’’~SMR! materials.# How-
ever, since it has been widely adopted we will employ it here
where CMR is defined whenDR/R(H).10.

Although the films are quite stable and the measurements
reproducible even after several months, it is clear that growth
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and annealing conditions greatly influence the properties of
the manganite films.25 Furthermore, the electrical and mag-
netic properties of the CMR films are often very different
than those of the materials produced by bulk ceramic tech-
niques or single crystals with the same nominal composition.
Thus, in order to understand these materials, we should dis-
tinguish between the properties intrinsic to perfect crystalline
La0.67A0.33MnO3 and those caused by microstructure, strain,
disorder, and/or compositional variations. From the work de-
scribed below, we conclude that the low temperature, CMR
phenomenon is not intrinsic to the thermodynamically stable
phases with composition La0.67Sr0.33MnO3 or
La0.67Ca0.33MnO3.

In this study, we attempt to establish the inherent proper-
ties of La0.67A0.33MnO3 by comparing measurements among
polycrystalline pellets, single crystals, and thin films, supple-
mented with literature data when available. Whereas most
reported La0.67A0.33MnO3 films have been grown by laser
ablation, we show that organometallic chemical vapor depo-
sition ~MOCVD! produces high quality films upon anneal-
ing. We will demonstrate singular behavior which can be
obtained in bulk and thin films.

II. EXPERIMENT

A. Sample preparation

Three types of samples were prepared: polycrystalline
pellets, float zone crystals, and thin films. Polycrystalline
samples of La0.67Sr0.33MnO3 and La0.67Ca0.33MnO3 were
made using standard ceramic synthesis techniques. La2O3,
SrCO3, or CaCO3, and MnO were repeatedly reacted in air
at 1250 °C for several days. Pellets were cold pressed and
sintered under the same conditions. Powder x-ray diffraction
showed single-phase nearly cubic perovskite patterns with
cell lengths given in Table I. Under these conditions, the
material should be fully or slightly over oxygenated.26

From this material, float zone crystals were grown using a
CO2 laser heated pedestal growth system.27,28 The approxi-
mately 1 mm diameter crystals were grown at about 1 cm/h.
Back reflection Laue and transmission rotation x-ray photo-
graphs showed broad but discrete reflections, with only weak
powder rings.

The solid source MOCVD reactor used to grow the films
in this study has been described previously.29 The 2,2,6,6-
tetramethyl-3,5-heptanedionato~TMHD! organometallics
used for La, Sr, Ca, and Mn were, respectively tris~TMHD!
lanthanum, bis~TMHD! strontium hydrate, bis~TMHD! cal-
cium, and tris~TMHD! manganese. LaAlO3 substrate tem-

peratures of 600–800 °C~as measured by a thermocouple in
the susceptor—actual surface temperatures were;100–
150 °C lower! were used in an oxygen partial pressure of
3–4 torr 1500 Å thick films were grown at approximately 45
Å/min. The films were then annealed in flowing oxygen at
950 °C for several h and cooled slowly~ca 20° h! to room
temperature. X-ray diffraction of annealed films showed only
single phase@100# oriented cubic perovskite. Unannealed
films particularly at the lower growth temperatures showed
only weak or no crystallization. The composition of the
source material was adjusted so that Rutherford back scatter-
ing of the films were within 1% of the desired composition.

B. Magnetization measurements

A Quantum Design MPMS2 SQUID magnetometer was
used for magnetization and transport measurements from 2
to 400 K; thus low field magnetization and resistivity can
also be measured simultaneously. The absolute temperature
reliability is 1 K, whereas the relative error is much better.

Thin film samples were held in a plastic straw. Measured
data contained contributions from the film and the LaAlO3
substrate which is diamagnetic with a small paramagnetic
impurity. @Approximating x5x01C/(T1Q! gives
x0522.219~2!31027 emu/g/G, C56.8~2!31027 emu K/
g G, andQ511.3~6! K.# A small paramagneticlike contribu-
tion to the low temperature~,15 K! M vsT data was found
in the film samples only. Since we are not certain this effect
is due to the film, as opposed to the substrate or an interfacial
phase, we omit the affected data.

C. Electronic transport measurements

Four leads were attached with indium for measurements
less than 400 K or polyimide based silver epoxy for above
400 K ~in air! either in the van der Pauw30 or conventional
configuration. dc currents were chosen well within the ohmic
regime. Offset voltages were subtracted by reversing the cur-
rent. Voltages were measured at several slightly~up to 20%!
different currents to calculate the precision. Differences be-
tween the transverse and longitudinal magnetoresistances are
small and the subject of a future publication.

The Hall effect was measured using the van der Pauw
geometry on thin films. The magnetoresistance must be sub-
tracted in order to obtain the Hall resistance. Because the
magnetoresistance is so large in these materials, we only
show the Hall effect measurement at 5 K.

III. RESULTS

A. Magnetism

The polycrystalline samples have relatively square hyster-
esis loops~Fig. 1!, with forced magnetization at 70 kOe of
only a few percent. The saturation magnetizations are close
to that expected for high spin manganese in octahedral coor-
dination: for spin only~orbital contribution quenched! mo-
ment m5gsmb , g52 and then m52mb@0.6732 ~from
Mn31!10.3333/2 ~from Mn41!#53.67mb . The measured
ferromagnetic and Curie temperatures are the same within
experimental error of a few degrees. The physical properties
of the polycrystalline materials summarized in Table I are
consistent with previous results.1–3,31–33 Since the precise

TABLE I. Physical properties of polycrystalline pellets.

La0.67Sr0.33MnO8 La0.67Ca0.33MnO3

TC 376 K 270 K
MS 3.59mb/Mn 3.39mb/Mn
a 3.88 Å 3.86 Å
HC 20 Oe 10 Oe
Curie Weissmeff 5.61mb 5.96mb

Hall carrier density
~of films!

2.1 holes/Mn 0.9 holes/Mn
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oxygen concentration has a noticeable effect onTC and
MS ,

34 slight differences are expected. Float zone grown
crystals have similar magnetic properties.

The transition temperatures of the annealed films are close
to those of the polycrystalline material, and are summarized
in Table II. The saturation magnetization, measured at 5
kOe, also decreases asT2 for both samples. The annealed
films exhibit a ~5 K! coercivity of about 100 Oe and a
sheared hysteresis loop expected from demagnetization or
uniaxial anisotropy effects~Figs. 2 and 3!.

The saturation magnetization decreases approximately
proportional toT2 at low temperatures~Fig. 4!. This tem-
perature dependence ofM which has not been previously
reported is expected for metallic ferromagnets, in which
single particle excitations are dominant.

B. Electronic transport

Both La0.67Sr0.33MnO3 and La0.67Ca0.33MnO3 have an
abrupt drop in resistivity below the magnetic Curie tempera-
ture in both films and bulk samples~Figs. 5 and 6!. The
magnetoresistance@defined asR(0)-R(H)# peaks near the

Curie temperature as shown in Figs. 5 and 6 and previous
experiments~Refs. 31 and 34!.

Low temperature resistivity data were analyzed using a
polynomial expansion in temperatureT. Since the resistivity
is essentially constant for temperatures less than 10 K for all
samples, it is clear that the resistivity data both with and
without an applied field require a temperature independent
~R0! term. As shown previously for related
compounds,31,34,35R0 is a function of magnetization in poly-
crystalline La0.67A0.33MnO3 ~Fig. 7!. In contrast, the magne-
toresistance of films and crystals at 5 K is over 100 times
less: it is not even measurable in the La0.67Ca0.33MnO3
crystal where the precision is 0.5%. Due to the higher resis-
tance of the films, the magnetoresistance at 5 K is measur-
able and is approximately linear with field~Fig. 7!. This
effect is small enough for the analysis to be carried out with
R0 independent of magnetic field.

Since polycrystalline material contains significant contri-
bution to the resistivity from grain or domain boundaries, as
shown by microwave measurements36 and higherR0 values,
analysis of the resistivity data is made only for the well an-
nealed films and crystals. Data up to 70 and 100 K for

FIG. 1. Magnetization of La0.67Sr0.33MnO3
polycrystalline pellet at 10 kOe. Inset~a!, magne-
tization at 100 Oe used to determineTC5375 K.
Inset ~b!, full hysteresis loop at 5 K.

TABLE II. Magnetoresistance of annealed films.

Sample
TC
~K!

TMR
~K!

TMI
~K!

R0
~1023 V cm!

R2/R0
~1026 K22!

R4.5~0 T!/R0
~10212 K24.5!

R4.5~7 T!/R0
~10212 K24.5!

Ea/kb
~K!

LSM1a 360 365 455 0.15 55 28 15
LCMX 267 272 275 0.10 102 67 54 849
LCM13 240 250 250 0.10 61 122 87 967
LCM10 260 275 280 0.12 66 85 72 740
LCM15 260 265 265 0.15 73 87 73 725
LCM17 260 262 264 0.16 60 133 82 865
LCM21 240 245 245 0.28 61 114 60 1116
LBM ~Ref. 60! 310 310 330 0.34 52

aLSM5La0.67Sr0.33MnO3; LCM and LBM are the Ca and Ba analogues.X refers to float zone growth
crystals.
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La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3, respectively, are
well described with an additional~R2! term proportional to
T2 ~Fig. 8!. A linear term inT did not significantly improve
the fit and was not used in later calculations in order to keep
the number of free parameters to a minimum. The field de-
pendence ofR2 is so small~less than 10% variation! we have
not been able to measure it.

The range of validity can be extended to about 200 K for
La0.67Ca0.33MnO3 and 350 K for La0.67Sr0.33MnO3 with the
addition of aTn term where 4,n,5. We have chosen to
analyze the data with a fit toR01R2T

21R4.5(H)T
4.5 since a

T4.5 temperature dependence has been predicted for electron-
magnon scattering in the double exchange theory.37 We can-
not claim from our data that we see evidence for aT4.5 term
~as opposed toT4 or T5! only that it allows the determination
of theR0 andR2 terms to higher accuracy in a much larger
temperature range. The maximum temperature for which we

analyzed the data was determined by finding the maximum
temperature where the free parameters remained stable and
the fit was visibly accurate.

The results of this analysis are given in Table II. As ex-
pected,R4.5(H) decreases as the magnetic field increases. In
a field of 70 kOeR4.5(H) decreases by 25–50 %~Table II!.

Above TC , the zero field resistivity ~Fig. 9! of
La0.67Ca0.33MnO3 fit best toRhT exp(Ea/kbT) predicted by
small polaron hopping conductivity.38 Other forms predicted
by variable range hopping39 or band semiconductor type con-
ductivity were also fit with two parameters to the data with
less accurate and less consistent results. In contrast to the Ca
and Ba analogs31,34 the La0.67Sr0.33MnO3 resistivity ~Fig. 10!
does not reach a maximum until about 100 K aboveTC .

14

The Hall effect data at 5 K~Fig. 11! were analyzed ac-
cording to the equationR5R01HRH1uHuRMR , whereRH
is the Hall resistance andRMR is the magnetoresistance. The

FIG. 3. Magnetization of
La0.67Ca0.33MnO3 film ~LCM15!
on LaAlO3 at 5 kOe. Inset, full
hysteresis loop at 5 K of film and
~diamagnetic! substrate.

FIG. 2. Magnetization of La0.67Sr0.33MnO3
film ~LSM1! on LaAlO3 at 5 kOe. Inset, full hys-
teresis loop at 5 K of film and ~diamagnetic! sub-
strate.
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contribution due to the anomalous Hall effect was not de-
tected at this temperature. From the simple single band in-
terpretation of the Hall effect,40 our measurements at 5 K
show hole conductivity with concentrations of the expected
order of magnitude~Table I!.

IV. DISCUSSION

In order to produce the thermodynamically stable phase,
we anneal the material at high temperatures for long times
and cool slowly. This produces films, polycrystalline pellets,
and single crystals with very similar properties, as shown
above. Properties which are common to all these samples are
called ‘‘intrinsic’’ to the thermodynamically stable phase.
The remaining differences can then be attributed to inhomo-
geneities, noncrystallinity, microstructure, and strain. Major
changes in the magnetization and electrical transport have

been observed in R0.67A0.33MnO31d compounds ~A
5Ca,Sr,Ba! when the oxygen stoichiometry was varied;
these have been discussed mainly in terms of nonstoichiom-
etry doping and carrier localization.12–15,34,41

In order to compare experimental properties certain terms
need to be defined. Here we defineTC , the magnetic Curie
temperature, to be the temperature where the bulk of the zero
field magnetization disappears.TMI ~metal to insulator tem-
perature! is the temperature where the resistivity is a maxi-
mum. TMR is the temperature where the magnetoresistance
[R(0)-R(H)] is the largest. The term ‘‘CMR’’ is used here
when the magnetoresistance ratioDR/R(H) is greater than
10 ~or 1000%!.

In general, manganite films reported in the literature
which exhibit CMR~Refs. 20, 22, 25, 42, and 43! ~1! do not
have square hysteresis loops at low temperatures, leading
some to believe superparamagnetic behavior exists in those

FIG. 5. Magnetoresistance of
La0.67Sr0.33MnO3 polycrystalline pellet and film
~LSM1!. Inset, simultaneous magnetization and
resistivity of the film at 20 Oe, along with the
magnetoresistance @R~H50 kOe!2R~H570
kOe!#.

FIG. 4. Magnetization of
La0.67~Ca/Sr!0.33MnO3 films and polycrys-
talline samples showing theT2 dependence
of the magnetization. Inset, same data as a
function ofT3/2 for comparison.
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materials;~2! have ill-definedTC’s which are much less than
those reported for the bulk materials with the same nominal
composition;~3! haveTMI well belowTC , with TMR slightly
less thanTMI ; and ~4! have high resistivities in the metallic
state, at low temperatures.

The annealed films in this study~which do not exhibit
CMR! are much like bulk polycrystalline or single crystal
material: They are clearly itinerant electron ferromagnets
with reasonably square hysteresis loops,T2 dependence of
the saturation magnetization, and sharpTC’s. They haveTC
and TMR all approximately equal and along withTMI are
comparable to those of the bulk polycrystalline material. Fi-
nally, the films have low resistivities like those observed in
single crystals.36,44–48We therefore conclude that these films
are displaying properties inherent to La0.67~Sr/Ca!0.33MnO3
and less influenced by microstructure, strain, and/or compo-

sitional variations than films with suppressedTC and CMR.
The resistance of La0.67Ca0.33MrO3 reaches a maximum

near the Curie temperature whereas that of La0.67Sr0.33MrO3
maximizes about 100 K aboveTC . This is best seen from
simultaneous magnetization and resistance measurements
~Figs. 5 and 6!, where there is no error in relative tempera-
ture. Both La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3 have
TMR'TC within a few K. For La0.67Ca0.33MnO3 TMI is ap-
proximately equal toTC'TMR . La0.67Sr0.33MnO3 however
shows a much more gradual transition to a hopping conduc-
tivitylike transport with TMI ~approximately 455 K! well
aboveTC5360 K.

At TC a maximum indr(H50)/dT is expected for a
metallic ferromagnet.49 This is observed for both compounds
studied within experimental uncertainty. The added resis-
tance at a ferromagnetic Curie temperature is due to electron

FIG. 6. Magnetoresistance of
La0.67Ca0.33MnO3 film ~LCM17!. Inset, simulta-
neous magnetization and resistivity at 20 Oe,
along with the magnetoresistance@R~H50 kOe!
2R~H570 kOe!#.

FIG. 7. Simultaneous magneti-
zation and resistivity in a mag-
netic field of La0.67Sr0.33MnO3
polycrystalline pellet at 5 K. Data
for both increasing and decreasing
field are shown. Inset, magnetore-
sistance of La0.67Ca0.33MnO3 film
~LCM10! at 5 K.
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scattering off disordered spins and, particularly in the case of
the manganites, polaron formation. Since a magnetic field
can easily suppress spin fluctuations in the critical region, the
resistance associated with magnetic disorder will be reduced
in a magnetic field. In a good metal such as Fe or SrRuO3
~Ref. 50! this normally is a small effect of about a few per-
cent. It has been shown theoretically that this effect is much
larger for a semimetal~or semiconductor! atTC , particularly
within the double exchange model;8,49,51,52 however, this
conclusion has been recently questioned.10,11 Nevertheless,
this explanation has been used to explain the magneto-
transport properties of semiconducting magnetic chalco-
genides such as EuO,53 Gd2S3,

54 and various spinels55 where
the resistance may drop by several orders of magnitude at
TC .

The negative magnetoresistance associated with the do-

main orientation is only observed in polycrystalline
samples.31,34 If this is due to domain wall scattering, then
films and crystals with fewer domain boundaries would be
expected to show a much smaller effect.

The low temperature negative magnetoresistance linear in
H is very small in the films but somewhat larger in the poly-
crystalline samples~Fig. 7, and Refs. 31 and 34!. This nega-
tive magnetoresistance may be due to theM2 dependence of
the resistivity45,46 combined with a small forced magnetiza-
tion. Classic magnetoresistance of metals is generally posi-
tive but is often negative in ferromagnets.

A T2 dependence of the magnetization is predicted by the
Moriya theory of spin fluctuation in itinerant electron ferro-
magnets, as shown by a calculation for the weak metallic
ferromagnet Ni3Al.

56 A T2 dependence has been observed in
bulk SrRuO3,

57 which is a metallic ferromagnet with a sub-

FIG. 8. Low temperature resistivity~in zero
field! of La0.67~Sr/Ca!0.33MnO3 films ~LSM1 and
LCM10!. Solid lines are the fit to
R01R2T

21R4.5T
4.5 up to 250 and 200 K for

LSM and LCM, respectively. The dashed lines
show the constant andT2 terms of the best fit.

FIG. 9. High temperature resistivity~warming
and cooling! of La0.67Ca0.33MnO3 film ~LCM17!
and crystal in zero field. Inset~a!, same data with
different abscissa to compare small polaron and
semiconductor models. Inset~b!, differential
scanning calorimetry trace of polycrystalline
La0.67Ca0.33MnO3 showing the heat of the high
temperature structural transition.
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stantial saturation moment~i.e., psat/pcw.0.5! like the man-
ganites. In the simplest model, aT2 dependence is due to
single ~k-space! particle spin-flip excitations, while aT3/2

law is expected for collective excitations~spin waves!. A
predominantlyT3/2 law has also been seen in thin film
SrRuO3.

58

The temperature independent term in the resistivity can be
ascribed to scattering processes such as impurity, defect,
grain boundary, and domain wall scattering. From this value,
one can make a rough estimate of the~0 K! mean free path of
26 Å.40 The temperature independent term in the polycrys-
talline samples is somewhat larger than that observed in
films or crystals~Fig. 5, Ref. 31!. This indicates a significant
grain boundary resistance and/or a significantly restricted
conduction path in the polycrystalline samples. The tempera-
ture independent terms for the various La0.67Ca0.33MnO3,

La0.67Sr0.33MnO3 films and crystals~Table I! concur with
recent measurements on other well annealed La0.67A0.33MnO3
~Refs. 59 and 60! films and single crystals.44 This limiting
resistivity which is largely independent ofA-site atoms may
be due to the inherent disorder on theA site.

TheT2 term in the resistivity is also universal with respect
to different samples and type of alkaline earth element
~Table II!. Furthermore, this term is independent~within
10%! of magnetic field. The significant magnetoresistance
observed in the temperature range used to fit the conductivity
data is absorbed primarily in theT4.5 term. This universality
with respect to growth, composition, and magnetic field
leads us to conclude that theT2 term in the resistivity repre-
sents intrinsic behavior of La0.67A0.33MnO3 compounds.

SignificantT2 dependencies in resistivity61 are often ob-
served in metallic ferromagnets such as Fe, Co, and Ni where

FIG. 10. High temperature resistivity
~warming and cooling! of La0.67Sr0.33MnO3
film ~LSM1! in zero field. Inset, same data
displayed as in Fig. 7.

FIG. 11. Resistance as a function
of field La0.67~Ca/Sr!0.33MnO3 films
~LSM1 and LCM19! in the Hall ef-
fect configuration at 5 K. The Hall
effect is calculated from the slope of
the line indicated~see text!.
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the coefficient62 is 10211 V cm/K2. The magnitude ofR2 is
expected63,64 to scale with 1/M0, which explains the larger
531028 V cm/K2 value forR2 found in the weak itinerant
electron ferromagnets Sc3In and ZrZn2. The term in
La0.67A0.33MnO3 ~Table II! is about 1000 times larger than
that in Fe, Co, and Ni, which have comparableM0’s. Fur-
thermore, the value ofR2 is expected to decrease in a mag-
netic field ~proportional toH21/3! due to the suppression of
spin fluctuations; however, the field dependence ofR2 in the
manganites is too small for us to detect. Thus the theory of
spin fluctuations does not completely explain the observed
T2 dependence of the resistivity.

General electron-electron scattering mechanisms within
the Fermi liquid model give aT2 dependence of the resistiv-
ity which is not necessarily field dependent. A value ofR2 as
large as that seen in this work has been found in the non-
magnetic semimetal TiS2.

65

Recently other authors have analyzed the resistivity data
for R0.67A0.33MnO3 compounds using models different than
the one presented above. The resistivity of polycrystalline
La0.67Ca0.33MnO3 has been fit toR01RCT

C,31 while a poly-
nomial fit such as the one used in this work will also fit their
data. We find theR01R2T

21R4.5T
4.5 fit, which has the

same number of free parameters, preferable since there
seems to be some universality inR2. The low temperature
zero field resistivity of La0.67Ba0.33MnO3 films

60 has been fit
to R01R1T1R2T

2, whereR1,0. As previously stated, we
find R1 insignificant even though a small correction is nec-
essary to explain the almost constant resistivity at the lowest
temperatures. A dominantT2 term has been also recently
found in the resistivity of single crystals.66

A quite interesting correlation48,59,67has been found be-
tween the magnetization and the resistivity, namely
r5Reexp@2M (t,h)/Mr#, whereRe andMr are fitting pa-
rameters. This is clearly preferable to a polynomial fit in the
critical region near TC . If, at low temperatures,
M5M0(12M2T

2) where M2 is largely independent of
field, then this expression predicts the resistivity will vary as
R2T

21R4T
4. Thus a three parameter fit to

r5Reexp@2M (t,h)/Mr# is essentially equivalent to
R01R2T

21R4T
4 and therefore fits our data very well. How-

ever, this equivalency breaks down when one considers the
field dependency: since bothRe andMr are independent of
field, the field dependence ofr comes from the field depen-
dence ofM2 which would affectR2 andR4 equally. In sum-
mary, the exponential fit combined with aT2 dependence of
the magnetization uses four free parameters:R0, Re , Mr ,
andM2~7 T! which does not fit the low temperature data as
well as the four free parametersR0, R2, R4.5~0 T!, R4.5~7 T!
used in this work.

In the regime above TC the resistivity of
La0.67Ca0.33MnO3 closely follows the law predicted by small
polaron hopping, ln~r/T!5ln(Rh)1Ea/kbT, as opposed to
that predicted for a semiconductor, ln~r!}1/T ~Fig. 9!.
Therefore we conclude that the temperature dependence of
the resistivity is due to the temperature dependence of the
mobility while the carrier concentration remains constant. In
the above equationsEa is the hopping energy,
Rh'kb/[e

2a2p(12x)n], wherekb is Boltzman’s constant,e
is the charge of the hole,a is the distance between hopping
sites,p is the carrier density,x is the doping fraction~1/3 in

this case!, andn is the optical phonon or attempt frequency.
A least squares fit of the high temperature data gives a hop-
ping activation energy of 865 K and attempt frequency
n5631013 s.

At 750 K, we observe in the resistivity a nearly discon-
tinuous jump as well as a significant change in slope. The
jump is much more noticeable in the crystals indicating a
structural transition which is suppressed to some extent by
the epitaxy in the thin films. This transition has been con-
firmed by differential scanning calorimetry~Fig. 9!. An
orthorhombic to rhombohedral transition is seen in at low
temperatures in La0.83Sr0.17MnO3.

68

A change in slope is only noticeable in the ln~r! vs 1/T
plot but not in the ln~r/T! vs 1/T plot. This indicates that the
change indr/dT can be interpreted within the small polaron
hopping conductivity model.69 Below 750 K thermally acti-
vated hopping of the charge carriers dominates the conduc-
tivity, while above 750 K scattering of these carriers begins
to dominate.

The presence of small polarons implies the existence of
local lattice distortions which localize the charge carriers. A
Jahn-Teller distortion about the Mn31 ion is expected from
its d4 configuration in an octahedral environment. It has been
postulated that such a distortion is necessary to explain the
magnetoresistivity of these compounds.10,11

AboveTC the resistivity of La0.67Sr0.33MnO3 may be ex-
plained by a crossover between two types of polaron
conduction.38 Just aboveTC the polarons are heavy free car-
riers scattered by phonons, which gives a positivedr/dT.
Quantitatively, this is expected to add a term to the conduc-
tivity proportional to exp(2T/QD)/T.

69 At TMI , which
should be about half the Debye temperature~QD!, the pho-
non scattering becomes so strong that the mean free path is
about one lattice spacing, and therefore localizes the carriers.
AboveTMI the polarons conduct via thermally activated hop-
ping, which has a negativedr/dT. Although this qualita-
tively explains the data, the quantitative predication of the
temperature dependence does not fit the data very well.

If one assumes that the resistivity behaves as
T exp(Ea/kbT) aboveTMI and at leastR2T

2 in an infinite
field belowTC , then the maximum magnetoresistance@DR/
R(H) at T5TMR5TMI# follows exp~Ea/kbTMI!/~TMI!. This
predicts ‘‘colossal’’ magnetoresistance only at low tempera-
tures, as a consequence of the depressedTMI . Such a strong
dependence of the magnetoresistance on a film’s particular
TMI has been documented

70 from the various values reported
in the literature.

Hole conduction observed in our Hall measurements at 5
K complements the concurring Seebeck measurements above
room temperature.71 Since LaMnO3 is a high spind

4 insula-
tor, theeg orbitals must be split, possibly by the Jahn-Teller
effect. Thus doping with an alkaline earth element on the La
site, should put mobile holes in the lowereg state. The mag-
nitude of the carrier concentration calculated from the Hall
effect is somewhat too large compared with the above model
and therefore such a simple interpretation is clearly inad-
equate.

V. CONCLUSION

Well annealed MOCVD thin films show properties of
bulk La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3. The limiting
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low temperature resistivity of 0.2 mV cm, which gives a
mean free path of roughly 20 Å, is independent of alkaline
earth element and only slightly dependent on field for single
crystal material~bulk or film!. The manganites show a sig-
nificantT2 dependence of the resistivity which is also inde-
pendent of alkaline earth element and magnetic field. The
maximum in the magnetoresistance occurs at the Curie tem-
perature, which is not necessarily wheredr/dT changes
sign. A large magnetoresistance can occur well above room
temperature, but the effect decreases significantly with tem-
perature.

We identify three regions of magnetoresistance in these
materials. The largest effect is likely due to the suppression
of magnetic critical scattering near the Curie temperature.
There is also a negative magnetoresistance associated with
the net magnetization of polycrystalline samples but not seen
in single crystal materials. Finally there is a small magne-
toresistance linear in field even at low temperatures.

The compounds La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3
are strong metallic ferromagnets. The saturation magnetiza-
tion is found to decrease proportional toT2 which indicates
that spin-flip excitations dominate belowTC/2.

The high temperature resistivity of La0.67Ca0.33MnO3
clearly follows the law predicted by small polaron hopping

conductivity both in the thermally activated regime and at
higher temperatures where scattering becomes important.
There appears to be a structural transition at about 750 K.

The resistivity of La0.67Sr0.33MnO3 above the Curie tem-
perature shows a crossover from a metallic to a hopping
regime at higher temperatures.

We conclude that the CMR effects in materials of the
same compositions as those studied here but with much
lower transition temperatures, are not intrinsic to the thermo-
dynamically stable phase. Local inhomogeneities or noncrys-
tallinity in not fully annealed films may suppress the mag-
netic and metal-insulator transitions. This presumably causes
the observed superparamagnetic type magnetism and con-
duction via percolation.
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