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Grain-boundary effects on the magnetoresistance properties of perovskite manganite films
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The role of grain boundaries in the magnetoresistdiMie) properties of the manganites has been investi-
gated by comparing the properties of epitaxial and polycrystalline films @fDg 3,MnO;_s (D=Ca, Sr, or
vacancies While the MR in the epitaxial films is strongly peaked near the ferromagnetic transition tempera-
ture and is very small at low temperatures, the polycrystalline films show large MR over a wide temperature
range down to 5 K. The results are explained in terms of switching of magnetic domains in the grains and
disorder-induced canting of Mn spins in the grain-boundary redi80163-182606)51746-1

The recent observation of anomalously high magnetoretalline films indeed show substantial MR over a wide tem-
sistance(MR) in the Lg_,D,MnO;_s (D=Ba, Sr, Ca, Pb, perature range in all three systems. Our results indicate that
or vacanciessystem has spurred renewed interest in studydomain boundaries are strong spin-dependent scattering cen-
ing these doped perovskité8.Besides fundamental under- ters. Magnetic Kerr microscopy has revealed that the mag-
standing, the studies have also been motivated by the potenetic domains in the polycrystalline samples are defined by
tial field-sensor and device applications of these materials. Ahe grains and they mostly switch independently in a field.
number of structural and magnetotransport studies of polyThe MR due to switching of magnetic domains has been
crystalline, single-crystal, and thin films of the doped man-determined to be~20% and occurs at relatively low fields
ganites have appeared in the literature over the pasty¥ar. (<2000 0¢. Using grain boundaries to manipulate magnetic
While there is a consensus emerging regarding a number dfehavior may thus prove to be a useful method for signifi-
characteristic features of the MR behavior, the role of graircantly improving the low-field sensitivity of these materials.
boundaries in the magnetotransport properties remains The experimental system used for growth of manganite
poorly understood and has been a major source of discreffims using pulsed laser deposition has been described
ancy in the literatur.With better understanding it may be previously® Thin films, with thickness of about 1000 A,
possible to exploit the grain-boundary properties for practicalvere grown or(100)-oriented single-crystal and polycrystal-
applications, as in the case of the high-superconducting line SrTiO; substrates using appropriate targets. The poly-
quantum interference devicéSQUID’s).:® crystalline SrTiQ substrates were obtained by cutting and

Significant differences in the MR of polycrystalline polishing sintered pellet€97-98% densityof the material.
and single-crystal samples have been reported. In particulafo prepare the pellets, high-purity Srig@owder (average
bulk polycrystalline samples have shown substantial MR aparticle size<2 um) was isostatically pressed and sintered
temperatures much below the ferromagnetic transition tembetween 1575—-1675 °C. The time and temperature of sinter-
perature T.),*® while the MR magnitude is usually very ing were varied to obtain samples with average grain size of
small in single crystals or epitaxial films of the same 24, 14, and 3um. The films were characterized using x-ray
compositior®®~12To clarify the role of grain boundaries in diffraction and transmission electron microscofJEM).
the MR behavior of manganites we have directly comparedhe cation stoichiometry of the films determined from Ruth-
the properties of epitaxial and polycrystalline films of erford backscattering spectroscopy analyses, and indepen-
Lag 6 Ca 3MNO; (LCMO), LagSIh3MnO; (LSMO), and  dently confirmed by quantitative x-ray microanalysis in
Lag-MnO; (LXMO) films!® each with a differentT,,  TEM, were within 5% of the nominal target compositions.
grown on single-crystal and polycrystalline SrgiGub-  Resistivity of the films was measured using a standard four-
strates. We find that, unlike the epitaxial films, the polycrys-probe dc method. Magnetic measurements were carried out
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FIG. 1. Plan-view TEM image of a LCMO film grown on
3 um average grain-size polycrystalline SrEi€ubstrate. A
well-defined grain morphology reminiscent of the underlying
grain structure of the substrate is visible. High-resolution
TEM image of a grain-boundary region is shown in the inset.

with a SQUID magnetometer. In both measurements thevity (L’p,) is estimated to be-6x10"> Q cn?, with
magnetic field was applied parallel to the plane of the subgontributions from both magnetic and structural disorder
strate. A wide-field Kerr microscope was used for magnetiGeattering as will be discussed later.
imaging of the domain structure at room temperatdre. _ The T dependences of the MR ratio as a functiontof
Figure 1 shows an overall plan view of a LCMO film (q.5_4 7 for the 3um polycrystalline and the epitaxial film
grown on a polycrystalline-SrTipsubstrate. The polycrys- are piotted in Fig. 3. The MR ratios for the different fields
talline nature of the underlying substrate with an averagegye defined according hp/py=(po— pu)!pH, Wherepg is
grain size of about um is well replicated by the LCMO  {he zero-field resistivity angy, is the resistivity in the ap-
film. Although the film is grown on polycrystalline ST pjied field,H. For the epitaxial film, the MR ratio has a sharp
cross-sectional TEM images clearly showed the local epltaxpeak at aT slightly below pa, and is very small at low
ial growth on individual SrTiQ grains. The high-resolution  temperatures. Furthermore, it is observed that with increas-
image of the grain-boundaiysB) region, shown as an inset ing 4 the MR ratio increases and the peak moves closer to
in Fig. 1, re\_/eals that the GB’s in the film are W_eII stru?turedtheT for pmay in zero field. The polycrystalline film exhibits
with local disorder as expected for polycrystalline GB's. In- 5 gimjlar behavior. However, in addition, there exists a sig-

dependent TEM and x-ray diffraction measurements of &ificant MR belowp,,,, which is essentially independent of
LCMO film grown on a single-crystall00) SrTiO; substrate

have confirmed epitaxial growth of the film, with a
pseudocubic structure. 10°
The temperatureT) dependences of the resistivify) at
different magnetic fieldsH) are shown in Fig. 2 for an
epitaxial film and polycrystalline LCMO films with three L
different grain sizes. The peak resistivity(,,) occurs at 14 um
about the sam@& (~230 K) for all the samples. This is very
close to theT, determined from magnetization measure-
ments. It is interesting to note that while the dropgdrat
lower temperatures is quite sharp for the epitaxial film, the
decrease occurs more slowly for the polycrystalline films.
Moreover, the zero-fielg increases systematically with de-
creasing grain size over the whole rangeTofThis is not
surprising considering that is increasingly influenced by
the presence of GB’s which act as regions of enhanced scat-

F T 1
F grain size

[ 3pum

ey
(=]
-

: 24 um

Resistivity (@ cm)
(=]
n

_.
o
w
oy
(o]
.
=
»
X,
=
=
\ 3

tering for the conduction electrons. If the polycrystalline 104k o0 oq 02 03
films are idealized to consist of low-resistivity{) grains of S— ——— )
size L separated by thin GB layers of width’ and high- 0 50 100 150 200 250 300 350

resistivity p,, then the effective resistivity is given by Temperature ()

pEpl‘i‘(L’/L)pz.ls Indeed, an almost linear increase in the FIG. 2. Resistivity(in log scal¢ as a function of temperature for poly-

h . . . crystalline (average grain size of 3, 14, and 24n) and epitaxial LCMO
reS|duaIp at 10 K is noted as a function of the reC|procaI films. For each sample, data measured at magnetic fields of 0, 0.5, 2, and 4

grain size for the LCMQand also LXMQ films, as shown T are presented. The inset shows a plot of the zero-field resistivity at 10 K
in the inset of Fig. 2. From the slope the specific GB resis-as a function of the inverse grain size [}/for LCMO and LXMO films.
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T. TheH dependence of the MR ratio at 100 K and 25 K ismost likely related to residual strain in the film which in-
plotted as an inset in Fig. 3. The MR ratio for the epitaxialcreases with increasing grain size in the sample. The hyster-
film is small at both temperatures, increasing almost linearlyesis loops at low fields are magnified and shown as an inset
with H (7-15% at 4 7. A significantly larger drop60—  in Fig. 4. The hysteresis loops of the polycrystalline films are
65 % at 4 T over the same field range occurs for the poly-Proader with higheH, (~200 Og as would be expected for
crystalline film. In fact, the decrease is actually somewhathe average of a random orientation of grains. Note that the
higher at 25 K than at 100 K. At 25 K, a sharp drop is M of the epitaxial film saturates for fields above 1000 Oe.
observed at lowH (<2000 Oe followed by a more gradual This is unlike the polycrystalline samples whadgecontin-
drop at higher values. The low-field drop is correlated withU€S to increase slowly up to the highest measuring field.
switching of magnetic domains as will be discussed later, The low-temperature MR in the polycrystaliine films at
We have observed a very similbir dependence of theand 10w fields can be understood in terms of magnetic domain
the MR ratio for epitaxial and polycrystalline films of Scattering at the boundary regich®® Since the conduction
LXMO and LSMO with T, values of 250 K and 350 K, €lectrons are almost completely polarized inside a magnetic
respectively. domain, electrons are easily transferred between pairs of

The magnetotransport behavior n@arin the manganites Mn*2 and Mn"* ions. However, when these electrons travel
has been attributed to a strong coupling between the condu@€r0Ss grains, strong spin-dependent scattering at the bound-
tion electrons and the local magnetic moment through thétes will lead to a high zero-field. Application of a mod-
so-called double-exchange mechani¥muith decreasing erate;ly Iovy field can readily align the domalns into a parallel
T, the p drops rapidly as the neighboring spins becomeconfiguration causing theto drop substantially. One impor-
aligned and the magnetization approaches its saturation

value. One would, therefore, expect the MR to approach zero ] 60— ; i ' ' ' ' 1 ]

at the lowest temperatures. This is indeed observed for the 600 400 N

epitaxial film. On the other hand, the polycrystalline films 1200 #

exhibit MR effect both neaf . and at lowT. The latter relies 8 4007 ' i

more on a static magnetic structure as opposed to a dynamic g ¢ J-200 y ]

one responsible for the high-temperature effect rigar ~"Ci -400 7 ]
To better understand the source of MR at low tempera- S 07600 o S .

. . . © ]l -1000-500 0 500 1000 um

tures in the polycrystalline samples, we have carried out de- N 2004 Magnetic Field (Oe) —s—24um

tailed magnetization measurements as a functiof @ind =4 ] —=—epitaxial film |

H. Figure 4 shows the magnetic hysteresis loops at a tem- £ -400- . .

perature of 10 K for the polycrystalline and epitaxial LCMO 1 ot T=10K 1

films. The field is applied along thel00) direction in the 800

plane of the substrate for the epitaxial film. Surprisingly, the ] : , : , : , : _ :

magnetization 1) at high fields is found to be higher for the -4 -2 0 2 4

polycrystalline films than the epitaxial film. Moreovey] Magnetic Field (T)

increases with decreasmg grain size and reaches a value FIG. 4. Magnetic hysteresis loops measured at 10 K for the polycrystal-

close to the theoretical limit based on Spin-only ContribUt_ionaine and epitaxial LCMO thin film samples using a SQUID magnetometer.
from all Mn ions (~660 emu/ct. We believe that this is The low-field loops are shown expanded in the inset.
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LSMO films show that, unlike in the polycrystalline samples,

N\

ﬁ gj a/._H_._,_./| magnetization occurs by rotation and domain-wall move-
o e ment over large areas.

é 02 / The high-field MR effect in the polycrystalline samples is

B 00 / f most likely related to alignment of spins in a magnetically

£ 02 b / disordered region near the GBs. The spins are canted in this
8 st . s region and are aligned with increasing magnetic field. This is

5 05 Sk consistent with the fact that the magnetization continues to

increase slowly with field in the polycrystalline samples. On
application of a large magnetic field, the increasing align-
ment of the neighboring spins in the canted region leads to a
reduction in the resistivity. From extrapolation to high fields,
the contribution from the disordered region is estimated to be
about 10% of the total magnetization. The decrease in the
low-field MR at high temperaturg§ig. 3 insef may also be
partly attributed to the increased scattering in the disordered
region.

We finally comment on the relative magnitude of the MR
contribution from GB’s and the conventional MR observed
nearT.. Itis clear that both magnetipf,,9 and structural
(psy) disorder scattering contribute to theof the polycrys-

FIG. 5. Kerr hysteresis loop of a polycrystalline LSMO film sample tg|line films, with different effective lengths existing for the
averaged over a number of grains. The three Kerr images correspond to ”19\/0 components. As determined from the slope of gheer-

points(a), (b), and(c) marked in the hysteresis loop. The external field has . . op
been applied horizontally, as indicated in the image, and swept between pllﬁus 1L plot of the data in Flg.'2, the ;pemﬂc GiBat IOW,
and minus 200 Oe. The Kerr signal is sensitive to changes in the horizontd€Mperatures decreases with increasthgas the magnetic

component of the magnetization. contribution is reduced. Extrapolating to high fields, we es-
timate the structural disorder component to b@x10°
Q cm?. TEM images indicate that the GB structural disorder

tant conclusion is that it is highly desirable to have an abunfhickness is~10 A, thereforep,, is —200 Q cm. This is

dance of magnetic domains along the conduction path 9 pout two orders of magnitude higher than the (& high-

enhance the low-field MR. T oxides® For obtainingp,g, it is necessary to have an

We have directly imaged the magnetic structure at roofMgtimate of the magnetically disordered region. An upper
temperature in a 1000 A polycrystalline film of LMSO using jimit is obtained from the Kerr micrographs in Fig. 5. Since

a wide-field Kerr microscop: The difficulty of imaging at o separate contrast is evident near the GB regions in the
low temperatures has for the present precluded measurgsicrographs, the disorder thickness is estimated to be less
ments on LCMO samples. We find that the magnetic dothan the microscope resolutigr<5000 A). This yields a
mains, which are defined by the grains in the sample, ar@glue of pmag~1 (2 cm. Note that as a lower limify g is
decoupled and orient successively in a magnetic field. Figuretill about two orders of magnitude higher thap,.,, the

5 shows a KerM-H loop of a 14um grain-size polycrys- peakp of the epitaxial film. This suggests that potentially the
talline film and three corresponding Kerr images. Im&ge static MR from the GB region can be significantly larger
displays the nearly uniform magnetic state of the sample atan the intrinsic MR of the manganites, even at its peak
remanence. On moving close to the coercive point, half olalue. From a practical viewpoint, however, the main chal-
the grains switch orientation as seen in imé&lge Finally, in  lenge lies in enhancing the low-field component of the MR
image(c) most of the grains have switched as the loop nearby manipulating the formation and movement of magnetic
saturation. Individual grains can be observed to switch atlomain boundaries.

different fields, and the loop data is an average over the We thank T.R. McGuire, Yu Lu, W.J. Gallagher, J. Slon-
many grains contained in the images. Some of the grains arzewski, and P. Chaudhari for useful discussions. This work
also observed to switch by wall motion. For example, in thewas partially supported by the NSF under Grant No. DMR-
top right corner ofb), a wall can be seen to cross a GB. Wall 9414160. Y.Y.W. was supported by NSF-STCS, Grant No.
motion has been observed to be impeded by surface defed®R 91-20000. V.P.D. was supported by U.S. DOE, Grant
such as scratches. Preliminary experiments on epitaxidio. DE-FG02-92ER45475.
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