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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 A films of perovskite
Lag 67 Cay 3dMN0O5 and Lg ¢St 39MINO5 were grown by solid source chemical vapor deposition on La/sil
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. BelowT¢/2 the intrinsic magnetization decreasesTés(as can be expected for itinerant electron
ferromagnetswhile the intrinsic resistivity increases proportionallte The constant and@? coefficients of the
resistivity are largely independent of magnetic field and alkaline earth elef@antSr, 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% [AR/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 lirtgais in
observed even at low temperatures. The high temperé&l@/eT) resistivity of Lg g/ Ca 3dMnO;3 is con-
sistent with small polaron hopping conductivity with a slight transition at 750 K, whilgs}$t; 39VinO3 does
not exhibit activated conductivity until about 500 K, well abolg. 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 suppresdign [80163-
182996)04421-9

[. INTRODUCTION shown the insulator to ferromagnetic metal transition at
lower temperatures with a large magnetoresistance near this
The Ry ¢A, 3MNO; perovskite manganites, wheReand  transition'®!® AR/R(H) of greater than 196 has been re-
A are some rare earth and alkaline earth elements, respeperted for fields of several -2 Since giant magnetoresis-
tively, display the unusual property of being paramagnetidance (GMR) films have aAR/R(H) of typically 20%
insulators at high temperatures and ferromagnetic metals @vhich saturates in a few thousand)Q#hne manganite films
low temperature$=* Both end members of La,A,MnO;  have been proposed as possible replacements for GMR read
are antiferromagnetic insulatotgut become ferromagnetic heads in the magnetic recording industry. However, since
metals upon doping. The theory of double exch&nfjaas  magnetic recording devices work at room temperature with
been developed in order to explain this phenomenon antbw magnetic fields, the temperature range and field sensitiv-
correctly predictsx=1/3 to be optimal doping.Recent cal- ity of the manganites in their present state do not make them
culations show that a second mechanism such as a Jahcempetitive with GMR materials. Nevertheless, the rather
Teller distortion may be required to explain the magnetoreimprecise term ‘“colossal magnetoresistanc€CMR) has
sistance within the double exchange motféft been coined for this phenomendit. should be noted, how-
Until recently, much of the experimental work on the ever, that such a large magnetoresistance is not unique to the
manganites has been motivated by their utility as a cathodmanganates. Doped EuO and EuS show magnetoresistances
materials in solid oxide fuel cells. Thus many compounds ofof 10%, using the above definition, and therefore can be
the typeR; _,A,MnO;, s have been studied in polycrystalline considered a CMR material. Furthermore, it has been shown
form.>~1*Much has been learned about their defect chemisthat in some Chevrel phase compouftis, magnetic field
try and high temperature electronic and ionic conductivity.makes the material superconducting—which would make
Most of these compounds are not metallic above room temthem “supermagnetoresistance(SMR) materials] How-
perature but have electronic conductivity, presumably due tever, since it has been widely adopted we will employ it here
(smal) polaron hopping, sufficient to make good electrodeswhere CMR is defined wheAR/R(H)>10.
Interest in the perovskite manganites has expanded since Although the films are quite stable and the measurements
their fabrication as epitaxial thin film'$:'” Some films have reproducible even after several months, it is clear that growth
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TABLE I. Physical properties of polycrystalline pellets. peratures of 600—800 °(&s measured by a thermocouple in
the susceptor—actual surface temperatures wefd®0—

Lag 67515.33MNnOg LageCa3MnO; 150 °C lowej were used in an oxygen partial pressure of
3—4 torr 1500 A thick films were grown at approximately 45

IAC 27569K Mn ;Z,%K Mn Aimin. The films were then annealed in flowing oxygen at
s ' ’Lg\b ' ’f&b 950 °C for several h and cooled slowlga 20° h to room

a 3.88 3.86 temperature. X-ray diffraction of annealed films showed only

HC. ) 20 Oe 10 Oe single phasg100] oriented cubic perovskite. Unannealed

Curie Weissuer; 561 p 596 up films particularly at the lower growth temperatures showed

Hall carrier density 2.1 holes/Mn 0.9 holes/Mn only weak or no crystallization. The composition of the

(of films) source material was adjusted so that Rutherford back scatter-

ing of the films were within 1% of the desired composition.

and annealing conditions greatly influence the properties of
the manganite film& Furthermore, the electrical and mag-
netic properties of the CMR films are often very different A Quantum Design MPMSSQUID magnetometer was
than those of the materials produced by bulk ceramic techused for magnetization and transport measurements from 2
niques or single crystals with the same nominal compositionto 400 K; thus low field magnetization and resistivity can
Thus, in order to understand these materials, we should diglso be measured simultaneously. The absolute temperature
tinguish between the properties intrinsic to perfect crystallingeliability is 1 K, whereas the relative error is much better.
Lag g2 3MNO; and those caused by microstructure, strain, Thin film samples were held in a plastic straw. Measured
disorder, and/or compositional variations. From the work dedata contained contributions from the film and the LaAlO
scribed below, we conclude that the low temperature, CMRsuUbstrate which is diamagnetic with a small paramagnetic
phenomenon is not intrinsic to the thermodynamically stablémpurity.  [Approximating  x=xo,+C/(T+©)  gives
phases  with  composition  k@ShsMNO; or  xo=—2.2192)x10°" emu/g/G, C=6.8(2)x10 ' emu K/
Lag g/Ca 3MNO;. g G, and®=11.36) K.] A small paramagneticlike contribu-

In this study, we attempt to establish the inherent propertion to the low temperaturé<15 K) M vs T data was found
ties of La, A, 3aMN0O; by comparing measurements amongin the film samples only. Since we are not certain this effect
polycrystalline pellets, single crystals, and thin films, suppleds due to the film, as opposed to the substrate or an interfacial
mented with literature data when available. Whereas mogghase, we omit the affected data.
reported LggAg3MnO; films have been grown by laser
ablation, we show that organometallic chemical vapor depo- C. Electronic transport measurements
sition (MOCVD) produces high quality films upon anneal-
ing. We will demonstrate singular behavior which can be
obtained in bulk and thin films.

B. Magnetization 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 Pador conventional
configuration. dc currents were chosen well within the ohmic

Il. EXPERIMENT regime. Offset voltages were subtracted by reversing the cur-
_ rent. Voltages were measured at several sligatlyto 20%
A. Sample preparation different currents to calculate the precision. Differences be-

Three types of samples were prepared: polycrystallindween the transverse and longitudinal magnetoresistances are
pellets, float zone crystals, and thin films. PolycrystallineSmall and the subject of a future publication.
samples of LggShsMnO; and Lg s/Ca 2 MnO; were The Hall effgct.was measured using the van der Pauw
made using standard ceramic Synthesis techniqu%g)sl_a geometr:y on thin films. The magnetore-s|stance must be sub-
SrCQ;, or CaCQ, and MnO were repeatedly reacted in air tracted in order to obtain the Hall resistance. Because the
at 1250 °C for several days. Pellets were cold pressed arf#agnetoresistance is so large in these materials, we only
sintered under the same conditions. Powder x-ray diffractioshow the Hall effect measurement at 5 K.
showed single-phase nearly cubic perovskite patterns with
cell lengths given in Table I. Under these conditions, the . RESULTS
material should be fully or slightly over oxygenaté&d.

From this material, float zone crystals were grown using a
CO, laser heated pedestal growth syst&rff The approxi- The polycrystalline samples have relatively square hyster-
mately 1 mm diameter crystals were grown at about 1 cm/hesis loops(Fig. 1), with forced magnetization at 70 kOe of
Back reflection Laue and transmission rotation x-ray photoonly a few percent. The saturation magnetizations are close
graphs showed broad but discrete reflections, with only weako that expected for high spin manganese in octahedral coor-
powder rings. dination: for spin only(orbital contribution quenchedno-

The solid source MOCVD reactor used to grow the flmsment w=gsu,, g=2 and then u=2u,[0.67x2 (from
in this study has been described previofSiffhe 2,2,6,6- Mn®")+0.33x3/2 (from Mn*")]=3.67w,. The measured
tetramethyl-3,5-heptanedionatd TMHD) organometallics ferromagnetic and Curie temperatures are the same within
used for La, Sr, Ca, and Mn were, respectively(TiidHD) experimental error of a few degrees. The physical properties
lanthanum, biSTMHD) strontium hydrate, bil§MHD) cal-  of the polycrystalline materials summarized in Table | are
cium, and trisTMHD) manganese. LaAlQsubstrate tem- consistent with previous resufts®3123 Since the precise

A. Magnetism
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La Sr .MnO, Polycrystalline Pellet
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oxygen concentration has a noticeable effect Togh and  Curie temperature as shown in Figs. 5 and 6 and previous
MS,34 slight differences are expected. Float zone grownexperimentgRefs. 31 and 34
crystals have similar magnetic properties. Low temperature resistivity data were analyzed using a
The transition temperatures of the annealed films are closgolynomial expansion in temperatufe Since the resistivity
to those of the polycrystalline material, and are summarizeds essentially constant for temperatures less than 10 K for all
in Table Il. The saturation magnetization, measured at Samples, it is clear that the resistivity data both with and
kOe, also decreases a$ for both samples. The annealed without an applied field require a temperature independent
films exhibit a (5 K) coercivity of about 100 Oe and a (R, term. As shown previously for related
sheared hysteresis loop expected from demagnetization @ompounds3+*R, is a function of magnetization in poly-
uniaxial anisotropy effectéFigs. 2 and B crystalline Lg A 3dMNnO;3 (Fig. 7). In contrast, the magne-
The saturation magnetization decreases approximatelpresistance of films and crystals & K is over 100 times
proportional toT? at low temperature¢Fig. 4). This tem-  less: it is not even measurable in the o k#a 3MNO;
perature dependence & which has not been previously crystal where the precision is 0.5%. Due to the higher resis-
reported is expected for metallic ferromagnets, in whichtance of the films, the magnetoresistanté & is measur-
single particle excitations are dominant. able and is approximately linear with fiel@rig. 7). This
effect is small enough for the analysis to be carried out with
R, independent of magnetic field.
Since polycrystalline material contains significant contri-
Both L& gSrp3MNO; and Lg gLaq 3dMNO; have an  bution to the resistivity from grain or domain boundaries, as
abrupt drop in resistivity below the magnetic Curie tempera-shown by microwave measuremefitand higherR,, values,
ture in both films and bulk samplg$igs. 5 and & The  analysis of the resistivity data is made only for the well an-
magnetoresistancilefined asR(0)-R(H)] peaks near the nealed films and crystals. Data up to 70 and 100 K for

B. Electronic transport

TABLE Il. Magnetoresistance of annealed films.

Te Tur Twmi Ro R2/Rg Rys(0 /Ry  Rys(7 /Ry  Eglky
Sample K) (K) (K) (10°%Qcm @10°K™® @@0RK™H @K™y (K)
LSM12 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

3 SM=Lay ¢Sl 3MnO;; LCM and LBM are the Ca and Ba analoguéé.refers to float zone growth
crystals.
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La Sr 03 3MnO s Film
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Lag e Ca3MNO; and La ¢:S13dMN0O;, respectively, are analyzed the data was determined by finding the maximum
well described with an additiondR,) term proportional to temperature where the free parameters remained stable and
T2 (Fig. 9. A linear term inT did not significantly improve the fit was visibly accurate.
the fit and was not used in later calculations in order to keep The results of this analysis are given in Table Il. As ex-
the number of free parameters to a minimum. The field depected,R, 5(H) decreases as the magnetic field increases. In
pendence oR, is so smallless than 10% variationwe have  a field of 70 kOeR, 5(H) decreases by 25-50 #able II).
not been able to measure it. Above T., the zero field resistivity (Fig. 9 of

The range of validity can be extended to about 200 K forLa, ¢ Ca, 3IMnO; fit best toR,, T exp(E,/k,T) predicted by
Lay 6-Cay 3MNO; and 350 K for Lg St 3MnO; with the  small polaron hopping conductivif§f. Other forms predicted
addition of aT" term where 4n<5. We have chosen to by variable range hoppifigor band semiconductor type con-
analyze the data with a fit 8y+ R,T>+ R, {H)T*°since a  ductivity were also fit with two parameters to the data with
T*5 temperature dependence has been predicted for electroless accurate and less consistent results. In contrast to the Ca
magnon scattering in the double exchange thébke can-  and Ba analog$>*the La, 5-:Sr, 3qMNnO; resistivity (Fig. 10
not claim from our data that we see evidence fa*@term  does not reach a maximum until about 100 K abdye'*
(as opposed t&* or T°) only that it allows the determination The Hall effect data at 5 KFig. 11) were analyzed ac-
of the Ry and R, terms to higher accuracy in a much larger cording to the equatioR=R,+HR,+|H|Ryr, whereRy
temperature range. The maximum temperature for which wés the Hall resistance ard,g is the magnetoresistance. The

La o 67Ca 03 3’MnO 3 Film
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La0 67(C::l,Sr) MnO 3 Magnetization
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contribution due to the anomalous Hall effect was not debeen observed in RygAg3Mn0O;, s compounds (A
tected at this temperature. From the simple single band in=Ca,Sr,Ba when the oxygen stoichiometry was varied;
terpretation of the Hall effeé® our measurements at 5 K these have been discussed mainly in terms of nonstoichiom-
show hole conductivity with concentrations of the expectedetry doping and carrier localizatidA: >34

order of magnitudéTable ). In order to compare experimental properties certain terms
need to be defined. Here we defifig, the magnetic Curie
IV. DISCUSSION temperature, to be the temperature where the bulk of the zero

field magnetization disappears,, (metal to insulator tem-

In order to produce the thermodynamically stable phaseperature is the temperature where the resistivity is a maxi-
we anneal the material at high temperatures for long timesnum. T,,; is the temperature where the magnetoresistance
and cool slowly. This produces films, polycrystalline pellets,[R(0)-R(H)] is the largest. The term “CMR” is used here
and single crystals with very similar properties, as shownwvhen the magnetoresistance rati®®/R(H) is greater than
above. Properties which are common to all these samples af® (or 1000%.
called “intrinsic” to the thermodynamically stable phase. In general, manganite films reported in the literature
The remaining differences can then be attributed to inhomowhich exhibit CMR(Refs. 20, 22, 25, 42, and %481) do not
geneities, noncrystallinity, microstructure, and strain. Majorhave square hysteresis loops at low temperatures, leading
changes in the magnetization and electrical transport havsome to believe superparamagnetic behavior exists in those

netoresistance
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La ~Ca , 3MnO , Magnetoresistance
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materials;(2) have ill-definedT :’s which are much less than sitional variations than films with suppresséd and CMR.
those reported for the bulk materials with the same nominal The resistance of lg /& ;dMrO; reaches a maximum
composition;(3) haveTy, well below T, with Ty slightly  near the Curie temperature whereas that qf Z8r; 3MrO4
less thanT), ; and(4) have high resistivities in the metallic maximizes about 100 K abovE:. This is best seen from
state, at low temperatures. simultaneous magnetization and resistance measurements
The annealed films in this studyvhich do not exhibit (Figs. 5 and & where there is no error in relative tempera-
CMR) are much like bulk polycrystalline or single crystal ture. Both Lgg/Ca 3MNnO; and Lg Sl 3MnO; have
material: They are clearly itinerant electron ferromagnetslzr~T within a few K. For Lg Ca 3qMnO3 T, is ap-
with reasonably square hysteresis loop$,dependence of proximately equal tolc~Tyr. Lag Sl sMNO; however
the saturation magnetization, and shagds. They haveT. shows a much more gradual transition to a hopping conduc-
and Tyr all approximately equal and along withy, are tivitylike transport with Ty, (approximately 455 K well
comparable to those of the bulk polycrystalline material. Fi-aboveT-=360 K.
nally, the films have low resistivities like those observed in At To a maximum indp(H=0)/dT is expected for a
single crystals®*4-*8we therefore conclude that these films metallic ferromagnet® This is observed for both compounds
are displaying properties inherent to LA Sr/C3q 3MNO;  studied within experimental uncertainty. The added resis-
and less influenced by microstructure, strain, and/or compdance at a ferromagnetic Curie temperature is due to electron

La _Sr  MnO, Polycrystalline Pellet
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;sMNO, Low Temperature Resistivity

——LSM Film
—o—LCM Film

G
) 0.6 FIG. 8. Low temperature resistivit{in zero
S field) of Lag gASr/Caq 3dMNnO; films (LSM1 and
E 0.5 LCM10). Solid lines are the fit to
= Ro+R,T?+ R, T*% up to 250 and 200 K for
.E o4r g T LSM and LCM, respectively. The dashed lines
% ________ show the constant antf terms of the best fit.
v 03+ =~ T -7
N N
0.2 &
L
0.1 — . - 1 : :
0.0 01 0.2 0.3 04 0.5
2
(T/Te)

scattering off disordered spins and, particularly in the case ofnain orientation is only observed in polycrystalline
the manganites, polaron formation. Since a magnetic fieldamples’3* If this is due to domain wall scattering, then
can easily suppress spin fluctuations in the critical region, thélms and crystals with fewer domain boundaries would be
resistance associated with magnetic disorder will be reduceexpected to show a much smaller effect.

in a magnetic field. In a good metal such as Fe or StRuO The low temperature negative magnetoresistance linear in
(Ref. 50 this normally is a small effect of about a few per- H is very small in the films but somewhat larger in the poly-
cent. It has been shown theoretically that this effect is muclerystalline samplegFig. 7, and Refs. 31 and R4This nega-
larger for a semimetdbr semiconductorat T, particularly  tive magnetoresistance may be due to Mh&dependence of
within the double exchange mod&t?°1°2 however, this the resistivity®>“® combined with a small forced magnetiza-
conclusion has been recently questiof&t. Nevertheless, tion. Classic magnetoresistance of metals is generally posi-
this explanation has been used to explain the magnetdive but is often negative in ferromagnets.

transport properties of semiconducting magnetic chalco- A T? dependence of the magnetization is predicted by the
genides such as Eu8Gd,S;,%>* and various spinelSwhere  Moriya theory of spin fluctuation in itinerant electron ferro-
the resistance may drop by several orders of magnitude ahagnets, as shown by a calculation for the weak metallic
Te. ferromagnet NjAL. %8 A T2 dependence has been observed in
The negative magnetoresistance associated with the dbulk SrRuQ,®” which is a metallic ferromagnet with a sub-

La0.67(ja

0.33Mn03

FIG. 9. High temperature resistivityarming
and cooling of Lag g/Ca 3dMINO; film (LCM17)

g 1:2 and crystal in zero field. Inséd), same data with
é}J 450 YOS o (1/21'3 30 b | different abscissa to compare small polaron and
- semiconductor models. Insetb), differential
o scanning calorimetry trace of polycrystalline
%-5.0 = 4 LageLCa 3MNnO; showing the heat of the high
= temperature structural transition.
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nO_ Film
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stantial saturation momeitite., ps,{Pcn=>0.5 like the man-  La, ¢Srp 3dMnO; films and crystals(Table ) concur with
ganites. In the simplest model, & dependence is due to recent measurements on other well annealeg g ;MnO;
single (k-space particle spin-flip excitations, while %2  (Refs. 59 and 6pfilms and single crystat& This limiting
law is expected for collective excitatiorispin waves A resistivity which is largely independent éfsite atoms may
predominantly T¥? law has also been seen in thin film be due to the inherent disorder on thesite.
SrRuQ,.%® TheT2term in the resistivity is also universal with respect
The temperature independent term in the resistivity can b&o different samples and type of alkaline earth element
ascribed to scattering processes such as impurity, defedfTable Il). Furthermore, this term is independefvtithin
grain boundary, and domain wall scattering. From this value10%) of magnetic field. The significant magnetoresistance
one can make a rough estimate of {B&k) mean free path of observed in the temperature range used to fit the conductivity
26 A% The temperature independent term in the polycrys-data is absorbed primarily in tHE*® term. This universality
talline samples is somewhat larger than that observed iwith respect to growth, composition, and magnetic field
films or crystals(Fig. 5, Ref. 3). This indicates a significant leads us to conclude that tA& term in the resistivity repre-
grain boundary resistance and/or a significantly restrictedents intrinsic behavior of lggA, 3dMNO; compounds.
conduction path in the polycrystalline samples. The tempera- SignificantT? dependencies in resistivityare often ob-
ture independent terms for the various k#a ;dMNnO;,  served in metallic ferromagnets such as Fe, Co, and Ni where

La 0 67(Ca/Sr)O‘?’?,MnO3 Hall Effect at 5K

—>—TLa/Ca Film 412.02

2.88F
a {2.01 _ _
Z2.86} FIG. 11. Resistance as a function
g i of field LaygACa/Spy3MnO; films
& ] (LSM1 and LCM19 in the Hall ef-
.g 584 412.00 fect configuration at 5 K. The Hall
RETEr effect is calculated from the slope of
rS_," . the line indicatedsee text

Hall Effect 11.99

[t

™

&
T

60 40 20 0 20 40 60
Field (kOe)

2.80 ' ' ' 1.98
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the coefficierft? is 10 * O cm/K?. The magnitude oR, is  this casg andv is the optical phonon or attempt frequency.
expectef% to scale with 14 ,, which explains the larger A least squares fit of the high temperature data gives a hop-
5x10°8 O cm/K? value forR, found in the weak itinerant ping activation energy of 865 K and attempt frequency
electron ferromagnets §o and ZrZn. The term in v=6X10"s.

Lag s7A 3MnO; (Table 1) is about 1000 times larger than At 750 K, we observe in the resistivity a nearly discon-
that in Fe, Co, and Ni, which have comparabe’s. Fur-  tinuous jump as well as a significant change in slope. The
thermore, the value dR, is expected to decrease in a mag-JUmp is much more noticeable in the crystals indicating a
netic field (proportional toH ~*3) due to the suppression of structural transition which is suppressed to some extent by
spin fluctuations; however, the field dependenc&ein the the epitaxy in the thin films. This transition has been con-

manganites is too small for us to detect. Thus the theory Oﬁrmed by differential scanning calorimetriFig. 9. An

spin fluctuations does not completely explain the 0bserve@l’rthorhotmbIC 'to rhombohed(r)ale;gransnlon is seen in at low
T2 dependence of the resistivity. emperatures in LSt 1 MnOs.

; ; .. A change in slope is only noticeable in thednvs 1/T
General electron-electron scattering mechanisms within . o
the Fermi liquid model give &2 dependgnce of the resistiv- plot but notin the Ip/T) VS LT plot. T.h's. indicates that the
ity which is not necessarily field dependent. A valudgfas change indp/dT can be interpreted within the small polaron

large as that seen in this work has been found in the nonhOpplng copductlvny modef Beloyv 750K 'thermally acti-
magnetic semimetal TiS® vated hopping of the charge carriers dominates the conduc-

Recently other authors have analyzed the resistivity dat jvity, while above 750 K scattering of these carriers begins
for Ry 6729 3aMNO5 compounds using models different than O dominate.

the one presented above. The resistivity of polycrystallinq TIhF tgresﬁ?ier;’fr?mzuipr?ll""ror}isz'”:El'eshﬂ:e eX|srtr<ianrce Xf
Lag .Ca MnO5 has been fit tiRy+ RoTC,%L while a poly- ocal lattice distortions which localize the charge carriers.

nomial fit such as the one used in this work will also fit their?Jahr}-re”(.ar dlst_ortlpn about the NMn lon 1S expected from
data. We find theR.+ R-T2+R, .T45 fit. which has the its d” configuration in an octahedral environment. It has been
. 0 2 4.5 '

same number of free parameters, preferable since theI;?eostulated that such a distortion is necessary to explain the

. P l
seems to be some universality Ry. The low temperature ma'gtr:etor_(la_sstﬂwty OT tthgtse ioppourilaé. o b
zero field resistivity of LggBay 3gMNnO; films®® has been fit ove T the resistivity of Lg St 3MnO; may be ex-

to Ro+ R, T+R,T2, whereR,<0. As previously stated, we plained by a crossover between two types of polaron

. 8 _
find R, insignificant even though a small correction is nec_c_onductlorﬁ Just abovd ¢ the polarons are heavy free car

essary to explain the almost constant resistivity at the lowedf€"> s_cat_tered by phonons, which gives a positiyédT.
Y P y (guanutatlvely, this is expected to add a term to the conduc-

; 2
temperatures. A dominart“ term has been also recently fivity proportional to exptT/@5)/T. At Ty, which

found in the resistivity of single crystafé.
A quite interestingycorreIagtié‘ﬁf’)g/'67 has been found be- Should be about half the Debye temperat(ff), the pho-

tween the magnetization and the resistivity, namelynon scattering becomes so strong that the mean free path is

p=R.exd—M(t,h)/M,], whereR, and M, are fitting pa- about one lattice spacing, and therefore localizes the carriers.
e ' ri e r

rameters. This is clearly preferable to a polynomial fit in theA.boveTM' the polarons conduct via thermally activated hop-

critical region near Te. If, at low temperatures ping, which has a negativdp/dT. Although this qualita-
M =M(1—M,T?) wherg M, ,is largely independent 0% tively explains the data, the quantitative predication of the

field, then this expression predicts the resistivity will vary asterTfperature dependencti dtoetshnot fit t.hf.' c_Jtata l\;e;‘y well.
R,T°+R,T*. Thus a three parameter fit to one  assumes ihat inhe TesiSuvily - behaves —as

< ; ; . T exp(E./k,T) aboveT,, and at leasR,T? in an infinite
p=R.exd—M(t,h)/M,] is essentially equivalent to a . )
Ro+ R,T?+R,T* and therefore fits our data very well. How- f|el|<_j| belto_\li_v_'l'%, th_e_P the]; r|r|1aX|mum Qa/tgn_lt?tor/e:%rlstarﬁ_?ﬁg/
ever, this equivalency breaks down when one considers th%( ) a . MR™ wi] follows ?XF{ o/ Ko )/ (Ty). This
field dependency: since boR, andM, are independent of predicts “colossal” magnetoresistance only at low tempera-
field, the field dependence pfcomes from the field depen- tres, as a consequence of the _depreimd Suc_h zflstron_g
dence ofM, which would affectR, andR, equally. In sum- dependence of the magé)wetoresstanc_e on a film’s particular
mary, the exponential fit combined withT# dependence of T has been documentedrom the various values reported

the magnetization uses four free paramet&g: R., M,, in the literature.

andM (7 T) which does not fit the low temperature data as Hole conduction observgd in our Hall measurements at 5
well as the four free parameteRy, Ry, Ry {0 T), Ry (7 T) K complements the concurring Seebeck measurements above
well as the four » R, Res(0 1), Ry room temperatur&® Since LaMnQ is a high spind* insula-

In the regime above T. the resistivity of tor, thee, orbitals must be split, possibly by the Jahn-Teller

Lag 6,Ca MO, closely follows the law predicted by small e_ffect. Thus doping \{vith an aI.kaIine earth element on the La
polaron hopping, I(p/T)=In(R,)+E./k,T, as opposed to site, should put mpblle holes in _the lowey state. The mag-
that predicted for a semiconductor, (#p<L/T (Fig. 9). nltude_ of the carrier concentration calcul_ated from the Hall
Therefore we conclude that the temperature dependence SFGCt Is somewhat too Ia_lrge co_mpared W.'th the above r_nodel
the resistivity is due to the temperature dependence of th@nd therefore such a simple interpretation is clearly inad-
mobility while the carrier concentration remains constant. ipSauate.

the above equationsE, is the hopping energy,

Ry~ky/[e?a’p(1—x) v], wherek, is Boltzman’s constang V. CONCLUSION

is the charge of the hole is the distance between hopping  Well annealed MOCVD thin films show properties of
sites,p is the carrier densityx is the doping fractiof1/3 in  bulk LaygLCa& 3MNO5; and Lg ¢:Srp 3dMN0O;. The limiting
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low temperature resistivity of 0.2 éhcm, which gives a conductivity both in the thermally activated regime and at
mean free path of roughly 20 A, is independent of alkalinehigher temperatures where scattering becomes important.
earth element and only slightly dependent on field for singléThere appears to be a structural transition at about 750 K.
crystal materiabulk or film). The manganites show a sig-  The resistivity of Lg ¢Sr, 3dMnO5 above the Curie tem-
nificant T?> dependence of the resistivity which is also inde-perature shows a crossover from a metallic to a hopping
pendent of alkaline earth element and magnetic field. Theegime at higher temperatures.
maximum in the magnetoresistance occurs at the Curie tem- We conclude that the CMR effects in materials of the
perature, which is not necessarily whede/dT changes same compositions as those studied here but with much
sign. A large magnetoresistance can occur well above roorfower transition temperatures, are not intrinsic to the thermo-
temperature, but the effect decreases significantly with temdynamically stable phase. Local inhomogeneities or noncrys-
perature. tallinity in not fully annealed films may suppress the mag-
We identify three regions of magnetoresistance in thesaetic and metal-insulator transitions. This presumably causes
materials. The largest effect is likely due to the suppressiothe observed superparamagnetic type magnetism and con-
of magnetic critical scattering near the Curie temperatureduction via percolation.
There is also a negative magnetoresistance associated with

Fhe pet magnetization qf polygrystalline sa}mples but not seen ACKNOWLEDGMENTS
in single crystal materials. Finally there is a small magne-
toresistance linear in field even at low temperatures. The authors would like to thank Janice Nickel, Vlad
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tion is found to decrease proportional T which indicates Michael Hundley, and X. D. Wu for their help on this
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