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Conduction channels and magnetoresistance in polycrystalline manganites
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We have performed magnetic and transport measurements on several seriggGaf, NO; polycrystal-
line pellets and thin films. The aim is to discriminate the effects of structural and chemical disorder on the
electronic transport properties of polycrystalline manganites. We propose a macroscopic model that takes into
account that electric transport is dominated by the evolution with temperature and external magnetic field of
different kinds of parallel connected conduction channels. The relative weight of these channels is determining
the overall measured resistance, insulator-to-metal transition temperature, and magnetoresistance. We demon-
strate that transport properties of samples with the same magnetic behavior are dominated by the connectivity
between grains, but not to grain size effects, at least down to 12 nm grain diameter. The model reproduces very
well the magnetoresistance at low temperature for all measured samples with different grain sizes and grain
connectivity.[S0163-18289)03934-X]

[. INTRODUCTION perature is how established to be a spin-polarized tunneling
process at grain boundartéd°related to their half metal-

Manganese perovskites 1aCaMnO; (A=Ca,Sr, lic characte’ The description of magnetoresistance in terms
Ba...) have recently attracted much interest because obf low and high field® or intrinsic and extrinsic
their particular transport and magnetic properties. Their higltomponents' attempts to explain the observed behavior.

(up to colossalmagnetoresistanddR) effect make these Nevertheless, several points remain open and some con-
compounds promising regarding potential magnetic applicafusion exists with respect to transport data in these systems.
tions. Ca-doped compounds with 01%<0.5 present an While it is well established that the magnetic transition tem-
insulator-to-metal transition, at a temperatdrg,, tightly  perature depends on the Rihcontent, that can be altered by
related to their para to ferromagnetic transitionTat Both  different A-site doping or by changing the oxygen
transitions occur at a temperature of about 265 K forxhe stoichiometry?? the origin of the differences in the insulator-
=0.3 compound. The metallic ferromagnetic state is quite¢o-metal transition temperature for samples with the saime
well described by the double-exchange model, but polaroniés unclear. In fact, a model that reproduces the measured
effects due to strong electron-phonon coupling and Jahrresistivity and magnetoresistance as a function of the inter-
Teller distortions have also to be invoked in the insulatorfaces and/or grain size, as well as an explanation for the large
regime, where the conduction is achieved by hopping oincrease of the magnetoresistance at low temperature for
small polarong. These effects have also to be taken intofields above 1 T, when the magnetization is almost saturated,
account even in compounds that are metallic in the paramags observed in all polycrystalline manganites, are still lack-
netic state, as those doped with Sr. ing.

A great deal of interest arose in polycrystalline mangan- In the present work we present a simple macroscopic
ites due to the high magnetoresistance that systems witmodel with very few parameters based on the principles that
grain boundaries present at temperatures far from the magonduction is mainly achieved through the less resistive
netic transition temperature: Single crystal and epitaxial filmchannels, which correspond to clean contact areas between
magnetoresistance is maximum né&ai (=T.) and almost grains. It is also assumed that all possible channels are par-
zero at low temperatures; on the contrary, polycrystallineallel connected. In the first part we demonstrate that electric
samples present high magnetoresistance down to lowansport is dominated by the connectivity between the
temperatured? The effect of grain boundaries, tunnel junc- grains. The model reproduces the dependence of the resis-
tions, and grain size has been extensively studiié@everal  tance with and without magnetic fielIR) as a function of
authors report on the decrease of g for polycrystalline  the temperature as well as the shift or disappearance of the
system&! or films with microcrack¥’ and related that to insulator to metal transition. Afterwards we compare the
grain-size effect§! or to the presence of insulating regions transport data of the pellets to those of polycrystalline thin
at grain boundarie¥.Magnetoresistance due to one singlefilms. Finally, we show how the low temperature magnetore-
boundary has been evidenced® Kim et al. suggest that sistance can be very well reproduced, on the same basis,
intergranular resistance is probably the origin of the discrepeombining the measured variation of the magnetization with
ancies between infrared and dc resistivifie§Vanget al'®  the effect of an applied magnetic field on blocked Mn spins
present the differences in the resistafwéh a 300 mT mag- at the grain surface. The external field leads to the opening of
netic field and without field between one sample obtained new conduction channels parallel connected to those already
by conventional sintering and another obtained by “partialactive at zero field. In summary, this model reproduces the
melting” and relate the differences to “weak or strong-link effect of structural and chemical disorder in transport data
grain boundaries.” Low-field magnetoresistance at low temiwhen the magnetic behavior is the same. We will also dis-
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cuss several cases reported in the literature that can be un-
derstood taking into account the present model.

Il. EXPERIMENTAL DETAILS

Three sets of samples were prepared in order to check the
effect of connectivity between grains, grain size, and chemi- :
cal disorder. Two series of pellets and one series of thin films 5 |- ( N Z@
grown on S{100) were prepared.

It is well known that La compounds tend to degrade with -~ i B 4
time when stored in air. We have hints of this degradationby 2 0 T =262 K
Raman spectroscopy and by the results we present here. The = ¢ -
surface of the grains tend to adsorb, probably,@@d H,O
contained in the air. The process is reversible by heating at 2r J _ N .
about 1100 °C, above the temperature of dissociation of lan- [ ,
thanum carbonatéaround 800 °C). It is expectable that the 8 -4 H@) 4 8 .
smaller the grain size the greater the contamination, because : :
the surface to volume ratio increases as the size of the grains ' ' '
decreases. g 150 200 TK) 250 300

Both series of ceramic samples are as follows: One half of
Lag ,Ca MnO; powder, with a mean grain size of several  F|G. 1. Derivative of the magnetization at 1000 Oe of several
microns, is annealed at 1200 °C for 24 h, in order to cleanepresentative pellets. Inset: hysteresis cycles of two pellets. The
the surface of the grains. The pellets obtained from this powsamples are labeled with a let@ is the dirt surface, C is the clean
der are labeled Cclean. The other half of the powder was surface, and a number, which is the sintering temperature of the
stored in air for several weeKsamples labeled D: dirt sur- pellet.
face. With each kind of powder we made four pellets that
were sintered at different temperatures; 200, 500, 800, ancharacter and expected lattice parameters for Ca concentra-
1100°C for 4 h. The number used to label the sample indition of about 28%. The details of the growth, structure, mor-
cates its sintering temperature. phology, and transport properties have been presented

Powder x-ray-diffraction patterns were obtained for all elsewheré&?
pellets showing identical lattice parameters, shapes, and The magnetization measurements were performed either
widths of the diffraction peaks. The size of the grains of thein a superconducting quantum interference device magneto-
starting powder is in the scale of the micron as observed wittmeter(for the thin filmg or in a physical properties measure-
an optical microscope. The effect of the sintering treatmentment system(PPMS from Quantum Desigripellets. The
is not expected to increase the grain size: the grains of theansport measurements were all performed in the PPMS
starting powder are quite largabout 1.5 um) and the high-  with a standard four-probe configuration.
est sintering temperature was 1100 °C, well below the melt-
ing point (above 1600°C). Therefore, the sintering effect Ill. RESULTS AND DISCUSSION
can only be to glue one grain to the other. In order to in-
crease the size of the grains, it would be necessary to rotate First of all, magnetic and transport behavior of both series
the grains so as to align the crystallographic axes of two oof pellets, with the same grain size, are presented. Figure 1
more grains. This process has certainly not taken place in owghows the magnetic behavior of several representative pel-
samples due to the large starting grain size and “low” sin-lets. The magnetic transition temperature is identical for all
tering temperatures. SEM microphotographs of three of thef them and, at 5 K, the magnetization is practically satu-
pellets(C200, C800, and D110thave been taken. The im- rated at about 1 Tsee inset Figures 2a) and 2b) present
ages show that the mean grain size is identical for the threthe resistance of the same samples, measured at 0 and 9 T,
samples, and can be estimated to be aboutdnd. We can  normalized by their respective values at 300 K and O T. The
ascertain that all the pellets have the same mean crystallirrows indicate the maximum in the resistance correspond-
grain size. The connectivity between grains will depend oring, in principle, to the insulator-to-metal transition. Notice
the sintering temperature while the quality of the grain surthat the D200 sample does not even show a metallic regime.
face depends on the starting powdelean or dirty grains The magnetic transition temperatufg.) is also indicated. It

The effect of the grain size is checked by comparing thesean easily be observed in Fig. 2 that, as the sintering tem-
ceramic samples to a series of polycrystalline thin films ofperature decreases, the insulator-to-metal transition tempera-
different grain sizes. The thin films were grown by dc sput-ture (T;) decreases anB(T)/R(300 K) dramatically in-
tering at room temperature on @00) substrates in a mixed creases at low temperatures. Moreover, the resistance at 300
Ar and O, atmosphere(ratio 4:1) and then annealed at K increases several orders of magnitudet seen in Fig. 2
850 °C for 600 s. The films atomic-force microscopy imagesbecause data are normalized R¢300 K, 0 T). A similar
show grains of rather spherical shape with mean diameterdependence of the resistance with temperature as that pre-
between 12 and 80 nm depending on film thicknéstween sented by samples sintered between 200 and 800 °C have
100 and 1200 nm Grazing incidence and standard x-ray been reported for thin films and powder samples with small
diffraction of the thin films revealed their polycrystalline grain size, obtained by sol-gel techniques, and either have
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the different channels, the conduction will be effected
through the less resistive ones because these are parallel
channels. Moreover, as the temperature decreases, the avail-
able thermal energy to overcome the barriers decreases ex-
ponentially so the contribution to the conductivity of “bad
channels” decreases accordingly. On the other hand, de-
pending on the connectivity of the grains, which is deter-
mined by the sintering temperature, and on the quality of the
surface, the effective section for “good” conduction, with
respect to that of other paths, changes from one sample to
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0.1 & ' ' . ' Loy = another. Figure 3 illustrates this picture for electric transport.
0 100 200 300 For the present samples the effect of “contamination” is less
T(K) important than connectivity sind®(T) curves are very simi-

. i lar for pellets sintered at the same temperature, for example
FIG. 2. Normalized resistance at Och@ T for (a) two pellets, D200 zfnd C200. or D500 and C500. Opnly the best sintergd

bOth.annealed at 1100. C but with Cleﬁmlo.o and d'rt(.Dllog . samples(at 1100 °C) present a clear difference in their re-
starting powders showing the effect of a dirt surface in the resis-

tance andb) pellets annealed at different temperatuf280, 500, sistance curvefFig. 2(a)]: the metal-transition temperature
800, and 1100 °C)(c) Magnetoresistance for three samples. Con-(?h"’m(:']eS fr_om 270 to 190 Kor Cll_OO and I_I)llOO, respec-
tinuous lines are the fits detailed in the text. t|vely_). This means that cond_uctlon ba_\rrlers due to bad
physical contacts between grains are higher than those re-
been related to grain-size effects or have been overlookedated to a contaminated surface. Obviously, if the surfaces of
We will comment on this point later, but in the present serieghe grains are more degraded than in the present samples, its
of samples we do not have different oxygen content, excepgffect can be more important, as it can be the case for
in the contaminated D samples where the composition of theamples with very small grain size obtained from ball milling
surface layer of the grains is not known. Nevertheless, beer sol-gel techniques. In any case both kinds of defects play,
cause the magnetic transition temperature is identical for alfjualitatively, the same role, and have to be very carefully
pellets, even for the dirt samples, the average oxygen contenpnsidered before trying to extract conclusions from resis-
is expected to be very nearly the nominal one. tance data, especially when the magnetic transition tempera-
We propose the following phenomenological model thatture of the samples are identical. Electric transport data can
can explain the large differences in the measured electribe dominated by this kind of spurious effect.
resistanceR(T), taking into account that magnetic proper-  This model can also be applied to Sr-doped manganites
ties are identical for all pellets: Two kinds of conduction which are nominally metallic abové, and where bad con-
channels are present in the samples and all of them are pamectivity and/or contamination of the grain surface can lead
allel. One kind is related to the intrinsic transport propertiesto an apparent semiconductor behavior and to an increase of
of the system and is achieved through good contacts betweéhe resistance, depending on the relation of the sections for
grains. The other kind of channels show energy barriers thdtgood” and “bad” channels. The explanation is valid also
inhibit metallic conduction at all temperatures due to poorfor polycrystalline films with the sam&_ but different oxy-
connectivity, disorder, and/or contamination. These defectgen content: th&@ . value is related to the composition of the
are mainly due to the fact that there are physical barriersnajor part of the film, nevertheless small variation of the
between grains becausée the grains are not close enough, oxygen content, localized at the grain surface will break the
(i) their surface is contaminatedij ) Mn environment at the Mn-O-Mn channels from one grain to the other increasing
surface is not the same as that inside the grains; in all casdélse measured resistance.
Mn-O-Mn paths can be broken or distorted decreasing the Xiong et al?* have reported the resistivity curves for sev-
conductivity. The actual situation is probably very compli- eral epitaxial Ng-SrysMnO; films prepared changing the
cated with a large distribution of barriers but, in fact, from oxygen pressure during the deposition. The data show that,
the conduction point of view, it is not so important: among depending on the sample, the peak temperdttravhich the
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resistance is maximunvaries from 170 down to 50 K, or TABLE |. Parameters of the fits to resistance data presented in
even lower. The authors propose that the films can be seen &ig. 2. S,/S; is the ratio of the effective sections for “good” and

a paramagnetic matrix paralleled by ferromagnetic filamen~bad” conduction _channeIsA is the weight of the low-temperature
tary paths, but they do not relate the transport changes to arffP™pPonent to resistance.

characteristic of the films. True epitaxial films with the cor-

rect composition present a single-crystal behavior, so wg’ample Magnetic field Sn/S A

propose, in this case, that it is very probably related to acgoo oT 0.833 0
variation in the oxygen content of the films. This can be 9T 1 0

easily checked becaude. would change from one film to psggg oT 0.0435 0.1
another depending on the oxygen content, disappointingly, 9T 0.111 0.1
the authors do not give the magnetic transition temperaturgg, oT 0.0125 18
for the different films. 9T 0.0666 18

We show now that this model, with only two parameters,
can quantitatively very well reproduce the dependence of the
resistance with temperature, with and without external magindependent of the grain size or of the width of the claimed

netic field, of all pellets. In the present case, ab®ye the  grain shell. In turn, it depends on the fraction of the sample
lowest barrier for conduction is that of polaron hopping fromwith good conduction.
one Mn to another, which is about 100 m&VFor the An early experiment® that, in our opinion, supports this
present samples we have fit the paramagnetic phase data terdydel, presents the differences between dc and microwave
semiconductor model obtaining an activation energy aboutesistivities in polycrystalline Ng;St, ;MnO;. While dc re-
this value for all samples. The fit to a polaronic conductionsistivity shows a slow decrease beldly and a relatively
mechanism leads to a slightly different activation energy buhigh residual resistance at low temperature, the resistivity
identical quality of the fit in the measured temperature ranggptained from microwave(10 GH2 absorption shows a
(up to 350 K. In fact, it is necessary to considerably enlargesingle-crystal-like behavior: steep decrease belbwand
the temperature rangewards high temperature® be able  |ow resistivity at low temperature. The single-crystal-like be-
to discern between both conduction procedsiesrmally ac-  havior can be understood taking into account that, at so high
tivated carriers or polaron hopping frequencies, the major part of the carriers cannot cross the
We model the measured resistance as two resistances fjpundaries from grain to grain, therefore the resistivity is
parallel: 1R=(Sy/pm+S;/p;) with resistivities py, (for  that of each grain which is, obviously, a small single crystal.
good channels which are metallic beloly) and p; (bad  very tightly related to these experiments are the comparison
channels: always insulating, with an activation enelgy  of dc resistivity measurements to the conductivity extracted
with effective sectionsS,, andS;, respectively(we consider  from the far-infrared reflectivity at low temperatures, in the
always the unit length The resistivity of “good channels” metallic phasé® The dc resistivity is higher than that ob-
(pm) should be that of a good quality single crystal, but wetained from the free-carrier density, because in the first case
do not have such a crystal, therefore, we takg(T) the carriers have to cross the grain boundaries so the mea-
=p(C11007T)+Aexp(E,/kgT) i.e., the resistivity of our sured resistance depends on the fraction of the sample with
best sample, in series with a component that takes into agrood conduction. In fact, at low temperature, where the con-
count the low temperaturébelow 50 K) increase of the re- duction is effective basically only through good contacts, the
sistance. This rise of the resistance is often observed and hassistivity (o=R.S/I) obtained from the measured resistance
been related to the Coulomb blockade. This is probably th¢r) and herein called th&,, section, instead of that of the
process for very small grains but in the present dasefor  whole sample, would be very similar to the values obtained
many of the reported in the literatyreve associate this con- from microwave or infrared experiments. This point is to
tribution with small structural distortions at grain boundaries,stress that, in many cases, the resistivity obtained from the
that give rise to small activation barrieks, and which are resistance and the geometrical parameters of the sample and
observable only at low temperature where the “intrinsic” the experiment is not describing an intrinsic property of the
metallic resistivity is very low. This contribution {a,(T) is  samples, as it can be dominated by the quality of the sinter-
modulated by an amplitude factérand we takeE,=5 K  ing process. Recently, an interesting experiment has been
=0.43 meV for all samples. The insulating paths are simplyreported® on artificially induced microcracks in epitaxial
modeled by a semiconductorlike resistivity: ekp(kgT) films. The authors report a large increase of the “resistivity”
with E;=100 meV (the paramagnetic phase activation en-and decrease of the insulator-to-metal transition temperature
ergy). for films with cracks compared to those without cracks, all of
Continuous lines in Fig. ®) are the fits for several them with the same magnetic transition temperature. This
samples at 0 ah9 T with this simple model, where the only behavior, again, can be explained with the present model: the
parameters ar§,,/S; andA. The activation energie€{ and  microcracks change the connectivity, i.e., the section for
E,) being the same for all samples. In order to fit the 9 Tgood channels.
measured resistance it is necessary to incré&gseas we Figure Zc) presents the measured and calculated magne-
shall see later, the external magnetic field increases the eferesistance for D200 and C800 samples together with mea-
fective section for the good channels. The values for thesured MR for C1100 as a function of temperature. Note that
fitting parameters are collected in Table I. It can therefore b@nly by changing the relative weight of “good” and “bad”
concluded thati) the observed phenomenology can be verychannels we can reproduce the enormous observed changes
well understood with two kinds of parallel path@) it is in the shape of the magnetoresistance: As the connectivity
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FIG. 4. (a) Derivative of the magnetization at 1000 Oe &

resistance at 0 a9 T of athin film with 20 nm graingTF20). ior. For example, our thin films present a higher coercive

field than the pellets, and their magnetic transition is less
sharp, as observed comparing Figs. 1 and 2, these are, very
decreases the magnetoresistance decreasesTpeard in-  probably, grain-size effects. Moreover, the low-field MR,
creases at low temperature. Therefore, grain boundaries agghich is related to a different behavior of the magnetization
the origin of the differences between the single crystal angimM (H)], is also dependent on the grain size. However, one
polycrystal behavior in two ways. This point is evidenced byof our main points in this paper is to underline that other
the variation of the resistance at low temperatiween the  effects, apart from grain size, can take place and, in fact, can
thermal activation of the carriers is very much limitedith be dominating the electric transport.
the applied magnetic field. At low fields, up to the nearly  Figure 6 shows C1100, D200, and TF20 measured mag-
fully magnetization of the sample, the principal process innetoresistance together with a fit considering the following
electronic transport is the spin-polarized tunneling at graimechanism: At low temperature the good channels give rise
boundaries. Simultaneously, the progressive ordering ofp a magnetoresistance which is determined by the spin-
some Mn blocked spins at the grain surface opens new chapolarized tunneling between grains that depends on the angle
nels in parallel, which decrease more and more the resiformed by the magnetic moments of these grdth3he
tance. variation of this angle with the external magnetic field is

In order to demonstrate that the observed behavior in thgiven by the measured magnetizatist{H). Therefore, the
resistance is not due to grain-size effects, we present mag-
netic and transport data for thin films with very small grain
size, down to 12 nm, all of them with the saffgandT,, .
Figure 4 shows data for a representative thin filifi, ( 60 )
=242 K) with grains of about 20 nnT,,,, and T, are nearly
identical indicating the good quality of the samples and a
good connectivity. In fact magnetoresistance at it
equivalentlyR(H)/R(0)] of C1100 and the thin filnfTF20)
are identicalFig. 5). The slope of the high-field magnetore-
sistance 85 K reported for different manganites with grain
sizes above 500 nm are all nearly identi@ound 0.2Band
coincides with our data for the C1100 sample and for all our
thin films (grain diameters between 80 and 12)nm

In Fig. 5 we present the measurBdH)/R(0) at 5 K for
several pellets and a representative thin f{im particular
with mean grain size of 20 nmlt is readily observed that
magnetoresistance of the TF20 thin film and C1100 pellet are H(T)
identical, while pellets with worse connectivity and/or con-
taminated grain surface have a higher slop&@f)/R(0) in FIG. 6. Magnetoresistance of C1100 and D200 pellets and TF20
the high-field region. thin film (gray symbols Crosses are the magnetoresistance ob-

It is important to stress that there can be grain-size effectgined from the measured magnetization of a péltetet of Fig. 2
in the transport properties, as is the case, and, in principleand continuous lineglack and whit¢ are the fits to the magnetore-
these should be related to differences in the magnetic behasistance of three samples.
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conductivity for good channelsg can be described by the the effective section for good conductiosd) of sample

following expression: C1100 is larger than that for D200. Note that high-field mag-
5 netoresistance is not linear and that this model fits perfectly
oc(H)=0g(0) +CL(M(H)/M]?, the data in the whole measured magnetic field range for all

whereM; is the saturated magnetization a@ds a constant Samples with only one parametef’ ).

for a given temperature, and
IV. CONCLUSIONS

— 2
Re(H)/Re(0) =11+ CLM(H)/Mg)7 76(0)]. In the present paper we have shown that the interpretation
The related magnetoresistance, defined M&(H)  Of transport data has to be very carefully doneTgy con-

=100 Rg(H)/Rg(0)—1], is represented by crosses in Fig. siderably lower t_hanTc_ to_get_her with a high re_5|_st|V|ty at

6. At the grain surface Mn spins can be blocked because, fdPW temperature is an indication of bad connectivity between
example, their environment is unbalanced or because drains and not a grain-size effect. It has to be taken into
magnetic anisotropy. In fact recent calculations demonstratccount that the conduction is achieved by parallel channels
that Mn ions of the outmost layer have thejorbitals split, ~and that the resistivity of these channels vary in a different
their charge state modified, and a tendency to ordeWway with temperature depending on whether the metallic re-
antiferromagnetically’ Magnetic measurements can be in- 9ime is reached or not. The section for metallic conduction is
sensitive to these disordered Mn spins, because the fractigiftermined by the connectivity between grains that depends
is very small, but the conduction at low temperature is drasOn how good is the sintering and/or the contamination of the
tically reduced because one distorted Mn can close this cor@rain surface. The effect of an external magnetic field is to
duction channel. The hypothesis of this model is that thedlign blocked spins at the surface of the grains in a linear
magnetic fieldH) aligns Mn spins blocked at the surface in W&y opening new conduction channels. Mn ions at the sur-
a linear way opening new conduction channels. The effectivéace can block the conduction if thes, levels are split in-
section for electric conduction B,e(H)=f-H, wheref is a troducing an activation barrier therefore increasing drasti-

constant. As these are parallel channels the inverse of tHélly the resistance as temperature decreases. This model is
resistances are added and we obtain valid for all granular systems whose main transport mecha-

nism is spin-polarized tunneling.
R(H)/R(0)=1[1+(Clag(0))(M(H)/Mg?][1+ f-H/Ss],

whereS;, the good section for conductionldt= 0, depends

on the connectivity and contamination of the sample. In the We thank L. Brey and F. Guinea for fruitful discussions,

fits in Fig. 6: C/Sg(0)=0.33 (for the three sampl¢sand L. Vazquez for AFM measurements, and J.M. Alonso for
f/Sg=0.068 (for the C1100 and TF20 sampjeand 0.14 preparing manganite powder. This work was supported by
(for the D200 sample which is consistent with the idea that CICyT under Contract Nos. MAT96-0395 and MAT97-725.
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