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Mesoscale magnetism at the grain boundaries in colossal magnetoresistive films
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We report mesoscale regions with distinctive magnetic properties in epitaxial La12xSrxMnO3 films which
exhibit tunneling-like magnetoresistance across grain boundaries. By using temperature-dependent magnetic
force microscopy we observe that the mesoscale regions are formed near the grain boundaries and have a
different Curie temperature~up to 20 Khigher! than the grain interiors. Our images provide direct evidence for
previous speculations that the grain boundaries in thin films are not magnetically and electronically sharp
interfaces. The size of the mesoscale regions varies with temperature and nature of the underlying defect.
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Since the observation of large low-field magnetores
tance in polycrystalline La12xAxMnO3 (A5Ba,Ca,Sr!,1–4

where the effect was attributed to domain-wall scattering
spin-polarized tunneling between grains, much attention
been drawn to the role of grain boundaries~GB’s! in the
magnetotransport of manganites.5–7 To isolate the grain
boundary contribution to magnetotransport, mesoscopic
vices were patterned on La12xAxMnO3 films grown on bic-
rystal substrates with an artificial grain boundary.8–10Despite
evidence that the grain boundaries contribute in a cru
way to the electrical properties of colossal magnetoresista
~CMR! materials,11 there is no microscopic information o
the magnetic and electronic properties of the grain bou
aries themselves. Here, we provide such information in
form of temperature (T)-dependent images obtained by ma
netic force microscopy~MFM!, which has a much highe
resolution~30 nm! than other magnetic microscopies used
study manganites.12–14 The images lead to the discovery
mesoscale regions around the grain boundaries which h
magnetic, and therefore also electronic, properties diffe
from those away from the grain boundaries. Apart fro
yielding an essential fact about thin transition metal ox
films, which are important both scientifically and technolo
cally ~especially where microelectronic applications are c
cerned!, our work is significant as a demonstration of the u
of force microscopy for discovering a spatially inhomog
neous temperature-dependent magnetic phenomenon.

We prepared our samples via the same procedures us
prepare the material for the grain boundary magnetotrans
devices.8,10 Epitaxial La12xSrxMnO3 films with x50.3 and
0.23 were grown by pulsed laser deposition on bicrys
SrTiO3~001! substrates with an artificial grain bounda
where the crystals are misaligned by 45°. On one side of
artificial grain boundary the@100# crystal axis of SrTiO3
crystal is parallel to the grain boundary, whereas on the o
side, the@100# axis is rotated by 45° with respect to the gra
boundary. The films are 100 nm thick. Because the lat
constant of SrTiO3 is larger than that of La12xSrxMnO3, the
films grown on SrTiO3 are subject to tensile strain, resultin
in a suppression of the Curie temperature (Tc! compared to
the bulk15 and a magnetization vectorM lying in the plane of
the film.16 We confirmed the in-plane orientation ofM by
measuring hysteresis loops at 300 K with the fieldH in the
plane of the sample using a superconducting quantum in
0163-1829/2000/63~2!/020402~4!/$15.00 63 0204
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ference device~SQUID! magnetometer~see the inset of Fig.
1!. M as a function ofT was measured for the film compo
sition x50.3 and its corresponding target material~Fig. 1!.
Tc for the film and the target material are 350 and 373
respectively, with the target material displaying aTc which
is 23 K higher than that of the film.

We used MFM to image the magnetic domain patterns
our films. The microscope was operated in the tapping m
where the phase shiftf of the oscillating cantilever was
detected as the tip was scanned at a fixed height above
sample. The magnetic tips were magnetized along the l
axis of the tips, which is perpendicular to the film plane. A
the scans were done for zero external field. Since the fi
have an in-plane easy axis, the MFM will be sensitive to
regions where the magnetization vector is rotating, or,
other words, the magnetic domain walls. Panel~b! of Fig. 2
shows a typical magnetic domain pattern for t
La0.77Sr0.23MnO3 film around the artificial grain boundary
Panel ~a! is the corresponding atomic force microsco
~AFM! image, which attests both to the sharpness of
domain wall as well as the smoothness (&1 nm root mean
square~RMS! variation in thickness over a 20320 mm2

area! of the film. We can clearly see a sharp magnetic d
main wall that coincides with the artificial grain boundary.
addition, there are magnetic domain walls on opposite si
of the grain boundary which are not nucleated along a
feature visible in the AFM image. Although they meet at t
artificial grain boundary, they have different orientations
either side, which represent the crystal orientation of the
derlying substrate and consequently that of the film itself.
the left side of the grain boundary, the domain walls a
parallel or perpendicular to the grain boundary. From
right side of the grain boundary, a magnetic domain w
initially emanates at an angle of 45° relative to the gra
boundary. Because a 45° angle also characterizes the
tion of the crystal axes across the grain boundary in the
crystal substrate, this confirms that our La0.77Sr0.23MnO3 film
is epitaxial and a bicrystal with an artificial grain bounda
coincident with that of the bicrystal substrate. The magn
zation vectors of the magnetic domains in the film a
coupled to the crystal axes of the substrate—as we cross
grain boundary the magnetization vector has to rotate,
therefore it is natural to form a magnetic domain wall at t
grain boundary. Figure 2 shows large magnetic domain
room temperature. Their sidelengths are of order 50mm,
much larger than the 100 nm film thickness.
©2000 The American Physical Society02-1
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We established the evolution of magnetic domains a
function of T for an x50.3 bicrystal film by imaging the
domains using the MFM with the sample mounted on a v
able temperature sample stage.17 As shown in the left column
of Fig. 3, raisingT towardsT.Tc @panel ~b!# reduces the
magnetic contrast which exists at room temperature@panel
~a!#. As we increaseT further, aboveTc , we notice a re-
markable thing—the emergence of a magnetic region@indi-
cated by blue in panel~c!#, very different from the domain
pattern observed belowTc . Specifically, at 355 K, there is a
distinct mesoscale region along the grain boundary, wit
half width of approximately 0.7mm. At T5360 K, the me-
soscale region shrinks to a half width of 0.5mm and it dis-
appears entirely atT5370 K. The effect is observed no
only at the artificial grain boundary~which was introduced
intentionally! but also at other locations on the film~see right
column of Fig. 3!, where there are naturally occurring su
strate defects. These defects can be clearly seen in the to
raphy ~AFM! channel. In such a location, we followed th
evolution of the magnetic images in smallerT increments.
TheT dependence of the new magnetic region is the sam
that around the artificial grain boundary. It appears aT
*Tc , peaks at 360 K, and vanishes at 370 K.

To quantify the magnetic contrast, we calculated the R
of f in the MFM image at each temperature, wheref rms

5A^@f(x,y)2fav#
2&. f(x,y) represents the phase shift

each pixel andfav is the average phase shift in the MF
image. The results are plotted in Fig. 4~c!. The magnetic
contrast between the mesoscale region@indicated by blue in
panels~c!, ~d!, ~g!, and~h!# and the rest of the sample@indi-
cated by yellow and green in~c!, ~d!, ~g!, and ~h!# arises
because the mesoscale region is ferromagnetic~FM! and the

FIG. 1. ~Color! M versusT of La0.7Sr0.3MnO3 film and bulk
powder sample. For the film,H was 20 G (. coercive field! and
was applied in the plane of the sample and perpendicular to
grain boundary. For the bulk powder sample which had a nee
shape,H was 500 G and was applied along the long axis of
sample. TheTc of the film is 350 K, which is 23 K lower than the
Tc5373 of the powder target material. The inset shows the m
netic hysteresis loop of the film at 300 K, with the field applied
the plane of the film and perpendicular to the grain boundary.
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rest is paramagnetic~PM! at T*Tc . When both the mesos
copic region and the bulk part of the film are ferromagne
~whenT,Tc , i.e., at 300 K!, the magnetization vector has
large magnitude, and therefore the interaction between
tip and the sample is strong, resulting in a large magn
contrast in the MFM image at regions where the magnet
tion vector rotates~i.e., at the domain walls!. When the film
becomes weakly ferromagnetic~when T;Tc), the interac-
tion between the tip and the sample is weak all across
sample. Therefore, the variation off across the scanned im
age is small resulting in a smallf rms. As the ferromagnetism
of the bulk part vanishes, the difference in magnetic fo
between the mesoscopic region~ferromagnetic! and the rest
of the sample~paramagnetic! increases, giving rise to a larg
variation off across the image and resulting in a largef rms
as shown in Fig. 4~c!. Eventually, the difference in magneti
force between the two regions decreases and vanishes a
ferromagnetism of the mesoscopic region vanishes and
whole film becomes paramagnetic.

It is notable that the magnetic regions aboveTc are mag-
netized in one direction when imaged with the MFM~as
evidenced by the dominant blue color in the images! and the
force between the tip and these ferromagnetic regions is
ways attractive. We believe that the tip magnetizes th
regions in a direction perpendicular to the film plane as
scans the sample. This is likely to happen given that th
regions are isotropic soft magnets with a small coercive fi
(Hc&8 G), as described below and shown in Fig. 4~b!.
From the images,Tc can be mapped spatially by locating th
ferromagnetic–paramagnetic boundary as a function oT
since at the boundaryT5Tc @Fig. 4~a!#. That the mesoscopic
regions shrink asT is raised shows thatTc varies spatially,
with the regions closer to the grain boundary having a hig
Tc .

We have discovered that a thin manganite film has in
mogeneous magnetic properties due to both natural and
ficial grain boundaries. Because the grain boundaries, e
cially when the micron scale healing length observed direc
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FIG. 2. ~Color! Room temperature AFM and MFM images o
the region around the artificial grain boundary in th
La0.77Sr0.23MnO3 film grown on a bicrystal SrTiO3~001! substrate.
The scan size is 74mm for both images.~a! The AFM image
shows the topography of the film, which indicates the presenc
an artificial grain boundary. Thez scale is in units of nm.~b! The
MFM image displays the magnetic domain walls in the system,
of which coincides with the artificial grain boundary. Thez scale
represents the phase shift of the oscillating cantilever in deg
units.
2-2
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in the MFM images is taken into account, occupy an app
ciable volume of the film, we expect to see evidence
ferromagnetism extending up to 370 K in very sensitive b
magnetization measurements. Therefore, we have meas
hysteresis loops using SQUID magnetometry. Indeed,
found that although the temperature dependence of the o
parameter indicates aTc5350 K for x50.3 film composi-
tion, there is still a tiny hysteresis left atT*Tc @see Fig.
4~b!#. The tiny hysteresis loops close exactly at the sa
temperature (T5370 K) at which the mesoscale region
disappear in the MFM image. The hysteresis loops aT
*Tc have the same shape whether the field is applied in
plane or perpendicular to the plane of the film. This indica
that the ferromagnetic regions around the grain bounda
are isotropic, in contrast to the rest of the film, which sho
an in-plane easy axis throughout the whole tempera

FIG. 3. ~Color! The evolution of the magnetic pattern in th
La0.7Sr0.3MnO3 film around the artificial grain boundary and aroun
natural defects as a function ofT. Images~a!, ~b!, ~c!, and~d! were
taken around the artificial grain boundary at 300, 350, 355, and
K, respectively. The scan size for these images was 5mm and a
commonz scale was used, which is displayed at the left of t
images in degree units. Images~e!, ~f!, ~g!, and ~h! display the
magnetic pattern around natural defects at 300, 350, 355, and
K, respectively. The scan size for this region was 14mm. The z
scale for the scans is displayed at the right of the image in de
units. AsT is raised from 300 K, the magnetic contrast diminish
As T is raised aboveTc , a magnetic region emerges around t
grain boundary. The width and strength of this magnetic reg
evolves as a function ofT. The region eventually vanishes atT
5370 K.
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FIG. 4. ~Color! Comparison between magnetic information d
rived from MFM measurements and standard bulk magnetom
data.~a! Dependence ofTc on the distance from the artificial grai
boundary, as established from the MFM images in Fig. 3.~b! Mag-
netic hysteresis loops of the La0.7Sr0.3MnO3 film for T.Tc were
measured with the magnetic field applied in the plane of the fi
and perpendicular to the artificial grain boundary. The loops, wh
are open atT,370 K, close at 370 K.~c! Left axis shows the
magnetic contrast of the MFM images in Fig. 3 represented by
RMS of f in the MFM signal as a function ofT. This is compared
against the quantity plotted on the right axis, which is the coerc
field Hc of the La0.7Sr0.3MnO3 film at T.Tc extracted from the
magnetic hysteresis loops in panel~b!. The solid line is a smooth fit
of the RMS off and serves as a guide to the eye. TheT depen-
dence ofHc aboveTc has a similarT dependence asf rms for fol-
lowing similar reasons. The measured magnetization is the su
position of a hysteretic contribution from the FM GB regions and
nonhysteretic term due to the rest of the film, which is PM. ForT
;Tc , the second term will dominate because of the high susce
bility of the PM film, with the result that the apparentHc , defined
as the field whereM crosses zero in theM vs H loop will be much
suppressed relative to the coercive fieldHc

GB which would be mea-
sured for the FM GB regions by themselves. AsT is increased and
the PM susceptibility drops, the observedHc would rise to ap-
proachHc

GB . Eventually thoughHc
GB itself will drop as the GB

ferromagnetism disappears, pullingHc down as well. The outcome
is then thatHc will display a maximum somewhere between theTc

of the bulk film and the maximumTc for the GB’s, which of course
is precisely what we observe.
2-3
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range including the vicinity ofTc . The isotropic magnetic
phase atT.Tc , explains why it is easy to align the momen
perpendicular to the plane with the field exerted by the MF
tip.

We also measured magnetization loops in the bulk po
der ~ceramic! target La0.7Sr0.3MnO3 from which the film was
grown. Hysteresis ceases at 370 K, which is also the C
temperature deduced fromM versusT data ~see Fig. 1!.
Therefore, in the bulk ceramic sample, which has a la
number of grain boundaries, we do not detect regions w
local Tc higher than the nominalTc of the sample. This
means that the presence of grain boundaries as they ex
the ceramic is not sufficient for the observation of a high
local Tc . If we compare the magnetization per unit volum
for the film to that of the bulk powder target for temperatur
aboveTc of the film, we can estimate the volume fraction
the film which is ferromagnetic at these temperatures. AT
5355, 360, and 365 K, which are intermediate between
nominal Curie temperatures of the film and the powder,
ferromagnetic volume fractions are 0.03, 0.02, and 0.01,
spectively. These values are consistent with an estim
(0.0251 mm width/50 mm distance between grain boun
aries! of the volume fraction occupied by mesoscale fer
magnetic regions in the film, and so indicate that the sm
‘‘foot’’ in M (T) aboveTc for the film ~see Fig. 1! is actually
due to grain boundary magnetism. Almost needless to sa
the absence of our MFM data, the foot would have ma
possible interpretations.

We attribute the variation of localTc to the variation of
strain in the film. The effect of strain on theTc of CMR films
has been reported by various groups18–20 and is by now a
well-accepted phenomenon. Depending on the lattice m
match between the film and the substrate, the strain on
film can be modulated, which in turn modulatesTc substan-
tially. This phenomenon has been attributed to the Ja
Teller distortion arising from biaxial strain.18 The coinci-
dence of Curie temperatures~the ceramic Tc and the
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maximum localTc at the defects! and the magnetization pe
unit volume make it very likely that the mesoscale regions
our films are very similar to the bulk starting material. Ther
fore, near the grain boundaries, the film is strain reliev
leading to aTc almost the same as that of the bulk. On t
other hand, away from these crystal imperfections, the film
under tensile strain and itsTc is suppressed by 20 K. Th
width of the mesoscale region is an indication of the ran
over which strain propagates from the grain boundary.

To summarize, we have discovered distinctive magne
properties—most notably a higher Curie temperature—
mesoscale regions around grain boundaries in mangan
The distinctive properties obtain whether the grain bou
aries occur naturally in unplanned fashion, or are introdu
deliberately via a bicrystal substrate. They therefore nee
be incorporated in descriptions of the electronic transpor
all CMR films. Instead of sharp boundaries that divide cry
tal grains, one needs to consider separate regions aroun
grain boundaries, which may have not only different ma
netic properties, but also different electronic structures.
magnetically disordered region or mesoscale region aro
the grain boundaries has been invoked4,5,7 to explain magne-
totransport results, which could not be explained by sp
polarized tunneling at a sharp interface. Our results repre
direct evidence that the interfaces have magnetic prope
which are actually modulated over mesoscopic distanc
Beyond its implications for a topic of great current intere
namely exploiting grain boundaries for electronic devic
our experiment is significant because it is pioneering in
sense of imaging a spatially varying Curie temperature
using force microscopy as a quantitative tool in the study
a temperature-dependent magnetic phenomenon.

We are very grateful to Peter Littlewood for helpful di
cussions and the contacts which made this collaboration
sible, as well as to Chang-Yong Kim for valuable x-ra
analysis of our films.
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