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Magnetotransport properties of a single grain boundary in a bulk
La–Ca–Mn–O material
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Besides the ‘‘intrinsic’’ colossal magnetoresistance effect observed in single crystals, the
polycrystalline manganate compounds also exhibit an ‘‘extrinsic’’ magnetoresistance related to the
presence of grain boundaries. We report electrical transport and magnetic measurements carried out
on a bigrain sample extracted from a floating zone method-grown rod of calcium doped lanthanum
manganate. Electrical resistance was measured both within a grain and across the grain boundary,
between 20 and 300 K and from 0 to 8 T. Magnetoresistance values up to 99% are reached within
the grain. The temperature dependence of the resistance across the grain boundary displays a
‘‘foot-like’’ feature towards the bottom of the transition. Low field and high field magnetoresistance
effects are examined. We compare our results for a ‘‘bulk’’ grain boundary to those obtained by
other authors for bicrystal thin films and bulk polycrystalline materials. ©2001 American Institute
of Physics. @DOI: 10.1063/1.1410885#
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I. INTRODUCTION

The Ln12xAxMnO36d family ~where Ln is a large lan-
thanide and A generally an alkaline-earth! was extensively
studied during the early 1990s.1 These perovskites had a
ready been characterized in the 1950s,2,3 but the interest was
renewed by the discovery of colossal magnetoresista
~CMR!4 properties in some of these materials: the electr
resistance drastically decreases by application of a magn
field. The magnetoresistance is defined as (R02RH)/R0 ,
where RH and R0 denote the resistance with and witho
magnetic field, respectively.

These compounds crystallize in the perovskite struct
ABO3, where the A site is defined by eight corner-shari
BO6 octahedra. The ideal structure is easily distorted in or
to accommodate cations of different sizes. The LnMnO3 par-
ent compounds can be doped either on the lanthanide o
the manganese sites, yielding extended solid solutions.5 Only
a few compounds display CMR properties. The simple p
nomenological model of double exchange,6 which qualita-
tively explains the CMR phenomenon, turned out to be
able to account for the amazing diversity of behaviors t
can be observed throughout that family. Many parame
appear to influence the physical properties of those mater
The two most meaningful ones are the Mn41/Mn31 ratio
~5 the charge carrier density! and the local crystallographi
structure of the Mn–O network~which influences the orbita
overlapping between adjacent manganese ions!.5

a!Electronic mail: rcloots@ulg.ac.be
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Beside those intrinsic parameters, it turns out that
microstructure of the material can have a strong influence
the physical properties, as proved by comparative studie
thin films, bulk ceramics, and single crystals.7–9 On one
hand, the magnetoresistance of single crystals and epita
thin films is quite large but concentrated within a tempe
ture range around the transition temperatureTC . On the
other hand, polycrystalline materials, either bulk ceramics
thin films, display a significant magnetoresistance at l
fields and all temperature belowTC . Due to the small size of
the grains usually found in bulk polycrystalline materials,
is generally impossible to isolate the behavior of gra
boundaries. Therefore the physical properties are freque
reported as a function of the grain size which can be tuned
modifying the synthesis conditions.10–12Most of the system-
atic investigations devoted to individual grain boundar
have thus been carried out in thin films. By growing epitax
thin films on bicrystal substrates,13–18 well-controlled grain
boundaries can be obtained. For example, Evettset al.18 have
studied films patterned in such a way that only the contri
tion of the grain boundary to the resistance is measured.
although thin films studies allow for an efficient control
the grain boundary misorientation, it is not clear whether
boundaries in films and those in bulk materials should
have in a similar manner. In addition, the film substrate
likely to influence the electrical properties by introducin
crystallographic strains which are expected to
modulated19,20 in the vicinity of the interface.

Therefore in this article, we report electrical and ma
netic measurements carried out on a single grain boundar
2 © 2001 American Institute of Physics
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a bulk CMR material. This allows us to bring out the genui
boundary behavior without any substrate effects. We w
contrast the properties of such a boundary with those fo
in bicrystal thin films and polycrystalline materials. Mor
over, we show how large a change in resistivity can be
such materials.

II. EXPERIMENT

A. Synthesis process

A 30-mm long 4-mm diameter cylindrical rod consistin
of large ~;1 mm3! calcium-doped lanthanum mangana
~LCMO! grains was grown by the floating zone metho
La2O3, CaCO3, and MnO2 of high purity were used as star
ing materials. Hygroscopic La2O3 was calcined for dehydra
tion before use. Polycrystalline La0.7Ca0.3MnO3 powder was
prepared by the standard solid state reaction. The qualit
the material was checked by x-ray diffraction. A feed r
was then pressed isostatically at about 1800 bar and sint
at 1300 °C. The pressing–sintering cycle was repeated
eral times in order to achieve a high density of the feed r
The rod was grown in a NEC image furnace under flow
O2 at a crystallization rate of about 2 mm/h. The~polycrys-
talline! seed rod and the feed rod were rotated in oppo
directions in order to homogenize the molten zone. No s
sequent annealing was carried out. Sections were cut f
both ends of the rod, put into resin, and polished for mic
structural analysis. Optical microscopy with polarized lig
~Olympus AH3-UMA! revealed the polycrystalline nature o
the rod. However, the far end of the rod is made up of o
a few grains. Energy dispersive x-ray~EDX! analysis~Ox-
ford Link Pentafet! did not show any secondary phase. Ho
ever, the chemical composition was found to vary sligh
along the rod longitudinal axis. This was expected becaus
the manganese vaporization during the growth and the
value of the calcium distribution coefficient between so
and liquid phases.21 On the contrary, the chemical compos
tion throughout a transversal section of the rod was found
be homogeneous within the uncertainty of the EDX meth

A 0.5-mm thick slice of the far end of the rod was c
and both faces were polished. Optical micrographies in
larized light of both faces~Fig. 1! showed the presence o
only three large grains. Bar-shaped samples of typical
0.1530.830.8 mm3 were carefully excised from the ro
sample using a wire saw. Each specimen contained eith
single grain or two adjacent grains with the boundary
proximately perpendicular to the length of the bar. The gr
boundary structure was visible on the largest faces of the
after polishing.

From EDX analysis, the cationic composition of th
measured samples turned out to be La0.78Ca0.22Mn0.9Ox . The
knowledge of the density~measured by the Archimede
method! and the cell volume~refined from XRD data in the
Pbnmspace group, with theFULLPROF software! enabled us
to calculate the molar mass. The oxygen content could t
be estimated, yielding a chemical composition close
La0.78Ca0.22Mn0.9O2.94. The theoretical number of Bohr mag
netons estimated for such a chemical content (3.20mB) is in
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good agreement with the experimental value of 3.17mB de-
termined by measuring the saturation magnetization aT
550 K andm0H55 T.

B. Physical measurements

Very small electrical contacts were achieved by atta
ing thin gold wires~33 mm diameter! to the samples using
DuPont 6838 silver epoxy paste annealed in flowing O2 for 5
min. In samples containing grain boundaries, voltage c
tacts were placed both within the grain and across the w
defined grain boundary, as sketched in Fig. 2. Resistance
magnetoresistance measurements were carried out usin
conventional four-point technique. The data were acquired
a function of magnetic field and temperature using a Qu
tum Design PPMS. Before each measuring sequence
remnant field of the superconducting magnet was elimina
by the standard practice of applying a succession of decr
ing fields in alternate directions. For all measurements d
cussed below the influence of increasing and decreasing
peratures was examined, but no hysteresis was not
within the temperature measurement accuracy~0.1 K!. dc
magnetization measurements at several temperatures
carried out. Three samples were characterized in orde
confirm the reproducibility of the results. Apart from som
minor variations ofTC , all general electrical characteristic
were the same. Therefore the following discussion conc
trates on the behavior of one of those samples.

FIG. 1. Optical micrography with polarized light: transversal section in
rod.

FIG. 2. Sketch of the electrical contacts.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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III. RESULTS AND DISCUSSION

A. Electrical resistance in zero field

Figure 3 displays a recording of the electrical resista
versus temperature curves measured within a grain
across the grain boundary, respectively. In the inset, the s
data are plotted on a logarithmic scale. The resistive tra
tion of the grain is observed to be very sharp, without a
intermediate step. The resistance drop is greater than
orders of magnitude. On the other hand, the resistance ac
the grain boundary decreases sharply at the transition
perature before levelling off to form a ‘‘foot-like’’ structure
towards the bottom of the transition at lower temperatu
The strong initial decrease is caused by the grain so-ca
metal–insulator transition whereas the broader feature ca
clearly attributed to the existence of the grain boundary.

Before discussing these results, it is worth emphasiz
that the striking difference in the resistivity behavior insi
the grain and across the grain boundary do confirm,a poste-
riori , that no unseen grain boundary is present in our claim
‘‘grain.’’ It can also be noticed that the transition temper
tures, defined as the position of the maxima in theR(T)
curves, are slightly different for the data measured within
single grain and across the grain boundary~198.7 and 196.0
K, respectively!. This small TC difference is likely to be
related to the individual properties of the two grains sinc
very little difference in the chemical composition of the tw
grains ~not detected during the chemical characterizati!
cannot be ruled out.

We will first deal with the high-temperature regim
~230–300 K!. In that temperature range both curves can
well fitted by a classical activation energy law:

r5r` expS E0

kTD .

The values for the gapE0 obtained by fitting the experimen
tal data are 0.096 and 0.103 eV for the resistance within
grain and across the grain boundary, respectively, in v
good agreement with the typical value of 0.1 eV reported
other authors.1

FIG. 3. Temperature dependence of the resistance inside the grain
across the grain boundary. Inset: same data with logarithmic scale fo
resistance.
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Next, we turn to the low-temperature regime (T,TC).
As can be seen from the inset of Fig. 3, the resistance ac
the boundary is at least two orders of magnitude higher t
the grain resistance itself. More precisely, the lo
temperature dependence of the resistance across the
boundary can be viewed as a large bump superimposed to
main peak characteristic of the grain transition. Therefor
would be tempting to perform a numerical deconvoluti
and use the grain data for extracting the temperature de
dence of the boundary contribution to the resistance.
tempts to do so did not give satisfactory results because~i!
the transition temperatures are slightly different, and~ii ! the
system is expected to be more complicated than resista
placed in series, i.e., the current may flow across the bou
ary through some percolation paths corresponding to the
coupled neighboring regions.22 Nevertheless, at temperature
just belowTC ~i.e., 160 K,T,180 K!, the boundary is seen
to be far more resistive than the grain. We can thus cons
the bump in the measured resistance to be due exclusive
the boundary and, within a reasonable accuracy, estimate
value of the so-called specific boundary resistivityrB•d,
whered is the distance between the voltage contacts. In
temperature range we findrB•d;1027 V cm2. This value is
similar to those determined on an artificial grain bounda
obtained by growing an epitaxial thin film on a bicryst
substrate for a similar compound.23 In comparing the behav
ior of thin films and bulk boundaries, the unusual feature
the data displayed in Fig. 3 is the well-defined ‘‘platea
below TC . In polycrystalline pellets or films, a rather larg
broadening of the resistance peak is generally observed
stead of a shoulder.10 This can be explained by the distribu
tion of transition temperature resulting from a large numb
of slightly different grains together with a variety of gra
boundaries. In our case, the presence of the shoulder in
resistance curve is clearly the signature of the single g
boundary.

B. Temperature dependence of the magnetoresistance

The influence of applied magnetic fields ranging fro
0.5 to 8 T on the electrical resistance was investigated.
usual in those materials, the resistance peaks are shifte
wards higher temperatures with increasing magnetic fie
The same feature~not shown here! was observed. Figure 4
shows the magnetoresistance@R(B)2R(B50)#/R(B50)
within the grain as a function of temperature. The mag
toresistance within the grain is concentrated around the t
sition temperature, where it reaches the remarkable peak
ues of 98.3% under 1 T, corresponding to a two orders
magnitude decrease in resistance. Since the magnetor
tance cannot exceed 100%, the magnetoresistive resp
inevitably saturates~MR under 8 T599.3%!. However, the
temperature range of the CMR effect increases with incre
ing magnetic field.

The magnetoresistance across the grain boundar
shown in Fig. 5. The magnetoresistance at the main p
reaches only 74.3% under 1 T~to be compared to 98.3%
inside the grain!. Larger fields are necessary to achieve ve
high CMR values~96.2% under 8 T!. The presence of the

nd
he
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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grain boundary appears to require much higher fields tha
T for the ‘‘saturation magnetoresistance’’ to be obtained. B
sides, the magnetoresistance across the grain boundary
plays two additional features:~i! a bump corresponding to
the shoulder in the resistance curve and~ii ! a nonvanishing
low-temperature magnetoresistance. Since these peculia
are not visible for the grain, they are thus related to
presence of the grain boundary. The magnetoresistance a
bump reaches very high values under high fields: 85.8%
der 8 T. However, the magnetoresistance under 1 T is o
25.2%: although the grain boundary magnetoresistanc
generally considered to be a low-field effect, here the hi
field component is highly significant.

C. R„H… curves at several temperatures

Figure 6 shows the field dependence of the resistan
(21 T,m0H,1 T) measured at several fixed temperatu
below and aboveTC . First we examine the grain behavio
@Fig. 6~a!#. As expected, a magnetoresistance is only
served near the transition temperature. The magnetic
promotes ferromagnetic order by compensating the ther
disorder: the resistivity is drastically reduced, yielding t
CMR effect. The same mechanism accounts for the field

FIG. 4. Temperature dependence of the magnetoresistance~MR! inside the
grain for magnetic fields as indicated.

FIG. 5. Temperature dependence of the magnetoresistance~MR! across the
grain boundary for magnetic fields as indicated.
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pendence of the resistance across the grain boundary a
above 200 K. However, at 200 K the field dependen
is weaker than within the grain because the gain bound
remains insulating. The grain resistance versus field cur
display a parabolic behavior aroundTC . Since we measured
both the resistance and the magnetic moment~Fig. 7!
as a function of the applied field, we could apply th
scaling expression given by Inoue and Maekaw24

FIG. 6. Field dependence of the resistance~a! within the grain and~b!
across the grain boundary.

FIG. 7. Field dependence of the bigrain magnetic moment. Inset: F
dependence of the resistance across the grain boundary between20.6 and
0.6 T.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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r5r0$12C(M /MS)2%, whereMS is the saturation magne
tization. Theoretically this model is valid only near the tra
sition temperature, when the interactions between spins
still weak. This is indeed what we observe, as could be
pected from the parabola-like behaviors of the field dep
dences of the resistance near the transition temperature
correlate the resistance data inside the grain with the ove
magnetization which is more representative of the prope
of the major volume fraction. This fit yields aC value of
about 4.5, in good agreement with the value of Akth
Hossainet al.11 for polycrystalline La0.7Ca0.3MnO3 pellets
(C54.6). This value is noticeably higher than those cal
lated by Fukurawa25 for the La12xSrxMnO3 system. This is
not surprising, because the coefficientC is related to the ratio
J/W ~where J is the Hund coupling andW the electronic
bandwidth! and W is smaller in the La12xCaxMnO3 system
than in the La12xSrxMnO3 system.

Next we examine the field dependence of the resista
measured across the grain boundary@Fig. 6~b!#. The magne-
toresistance across the grain boundary does not vanis
lower temperatures, unlike the grain behavior. Above
transition temperature~;200 K! the behavior is very similar
to that of the grain, while forT<180 K the data display a
significant kink: the magnetoresistive response can be
vided in two contributions, the low-field magnetoresistan
~LFMR! and the high-field magnetoresistance~HFMR!. The
more pronounced resistance drop appears at low fi
~LFMR!, while the slope is smaller at higher fields~HFMR!.
With decreasing temperature, the LFMR effect increases,
HFMR slope decreases, and the field separating both reg
~hereafter denoted byH* ! increases~Fig. 7 inset!. This H*
field turns out to correspond to the saturation field of
bigrain, as determined by magnetic moment versus fi
measurements~Fig. 7!.

We will first deal with the low field magnetoresistanc
Although it is now generally accepted that LFMR is a gra
boundary-related feature, the underlying physical mec
nisms are still under debate. In a recent paper, Gupta
Sun26 review the three main models: the spin-polarized tu
neling ~SPT! of charge carriers,27 the spin-dependent scatte
ing of polarized electrons,28,29 and the mesoscopic model o
Evetts et al.18 This latter model supposes that the gra
boundary region is polarized by adjacent magnetically s
grains and seems to be appropriate in our case, since
temperature dependence ofH* suggests that the saturatio
field H* is directly related to the demagnetizing field. As t
applied field is increased from zero toH* , the ferromagnetic
domains become progressively aligned and finally the b
magnetization reaches the saturation value. This phen
enon can be at the origin of a grain boundary-related m
netoresistance. Indeed, as a charge carrier crosses the
boundary, it undergoes a local change of the potential. If b
grains are ferromagnetically aligned, the resulting magn
zation creates an additional local magnetic field that p
motes the order in the grain boundary and reduces the di
ence in potential encountered by the charge carrier. T
mechanism is more efficient when the temperature is
creased, since the saturation magnetization is higher.
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The high field magnetoresistive effect takes place
fields where the grain magnetization is already saturated.
high field allows the spins in the grain boundary to alig
improving the conductivity of the material but without no
ticeable effect on the overall magnetization. Since the s
disorder decreases as the temperature decreases, the H
effect weakens when the temperature is reduced. Indeed
slope of the resistance versus magnetic field curve aboveH*
decreases with decreasing temperature. The especially
HFMR effect at 160 and 180 K can be explained by the f
that those temperatures coincide with the transition of
grain boundary material, where the application of a magn
field is particularly efficient. The LFMR and HFMR effect
appear to have opposite temperature dependences.

It is of interest to compare the above results to tho
obtained in thin films single boundaries and polycrystalli
materials, which both exhibit a kink in the magnetoresistan
at some given fieldH* .11,15,18 In thin films single bound-
aries, theH* field roughly corresponds to the coercive fie
of the adjacent grains,18 whereas in ceramics,H* is linked to
the saturation field,11 as it is the case for the single boun
aries in bulk materials presented in this article. Therefore
single boundaries in bulk materials and thin films do n
behave in a similar manner. This is confirmed by examin
the hysteresis of theR(H) curves: in thin films single bound
aries, the hysteresis only concerns the LFMR,15,23 while in
our case a very small hysteresis, 20 mT, can be obse
throughout the whole magnetic field range and tempera
investigated.

IV. CONCLUSION

We have examined the electrical transport and magn
properties of a bigrain sample extracted from a rod grown
the floating zone method. Resistance measurements ca
out both within a grain and across the grain boundary sh
that the grain boundary has a strong influence on the tra
port properties. A foot-like feature can be observed towa
the bottom of the transition. Besides, the residual low te
perature resistance is two orders of magnitude higher t
within the grain.

A huge magnetoresistance effect~up to 99%! was ob-
served inside the grain. On the other hand, it turns out tha~i!
very high grain-boundary-related magnetoresistance va
can be achieved under high magnetic field and~ii ! grain
boundary magnetoresistance is not only a low-field effec

LFMR and HFMR effects have been studied at seve
temperatures. These behaviors have been analyzed withi
framework of existing phenomenological models, in partic
lar Evetts’ mesoscopic model.

Finally our results for a single grain boundary in a bu
material have been compared to results for bicrystal t
films and polycrystalline materials. Noticeable differenc
have been pointed out.
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