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We present an investigation on spatially resolved studies of electronic transport in nanostructured �NS� films
of the colossal magnetoresistive material La0.67Sr0.33MnO3. The NS films �thickness �500 nm� were grown on
fused quartz and Si substrates using the chemical solution deposition process. In addition to structural charac-
terization, average transport properties of the films were characterized by conventional resistivity and magne-
toresistance measurements �1.5 K�T�300 K and H�10 T�. The presence of a large number of natural grain
boundaries �GB� makes the electronic transport in NS films markedly different from that seen in epitaxial/
textured films of the same material, such as the occurrence of low field magnetoresistance �LFMR� which
increases at lower temperatures. The spatially resolved local electronic properties of the NS films as a function
of temperature and low magnetic field were investigated by local conductance mapping using a variable
temperature scanning tunneling microscope. These measurements reveal the extent of variation of the density
of states �DOS� at and close to the Fermi level �EF� at the grain boundaries and how it evolves as a function
of temperature and in a magnetic field. The DOS in the GB region gets depleted as the temperature is reduced
below 100 K. This eventually leads to an activated transport in the film below 10 K. We were also able to
establish that a part of the LFMR seen in the GB region arises because the DOS of the material in the GB
region is enhanced on application of magnetic field.

I. INTRODUCTION

The field of hole-doped manganites has attracted consid-
erable interest ever since the discovery of colossal magne-
toresistance �CMR� in these materials.1–4 This family of per-
ovskite oxides having the general chemical formula
Re1−xAxMnO3 �where Re is a rare earth element, A=Sr, Ca,
Ba, Pb, etc.� shows a transition from a paramagnetic insulat-
ing state �PMI� to a ferromagnetic metallic state �FMM� at a
characteristic transition temperature �Tc�. This typically oc-
curs for x�0.3. In addition to the FMM phase seen in these
materials, there are other phases that can be observed at hole
concentrations other than x�0.3. It has been established by
early researchers that the grain boundary �GB� transport is
distinct in these materials compared to that in the bulk.5–7

The two most prominent features in the GB transport are �a�
the magnetoresistance �MR� in the GB is found to be more at
T�Tc and the MR of the GB → 0 as T→Tc, and �b� the low
field magnetoresistance �LFMR�, for typical field �1 T, is
more pronounced in the GB compared to that in the bulk of
the crystallite. The LFMR in grain boundary junction devices
has been investigated extensively due to its potential techno-
logical applications following the first GB device reported on
LCMO �La1−xCaxMnO3, x=0.3� films on SrTiO3 �STO� sub-
strates with bicrystal junction.8 The GB transport in CMR
materials is generally probed through two types of experi-
ments. The first method is to study transport in polycrystal-
line materials with monodispersed grains and well-formed
grain boundaries. The second method is to study the trans-
port in an artificial GB junction created in an epitaxial film of
the CMR oxide. �We refer to such a device containing an
artificial grain boundary as grain boundary junction �GBJ�.�
It has been shown through investigations on GBJs that the

transport through the grain boundary is a multistep tunneling
process which also makes the GB transport strongly
nonlinear.9–16 Recent studies have proposed phenomenologi-
cal models that capture some of the observed behavior.17–20

In a recent study on grain boundaries in yet another per-
ovskite oxide SrTiO3 �STO�,21 it has been shown that the
electronic transport through the GB region can be nonlinear
much like the manganites and at low temperatures �T
�10 K� new features tend to appear in the GB transport.
Strong GB transport has also been found in double perovs-
kites like Sr2FeMoO6 �Ref. 22� and it has been concluded
that most of the MR phenomena seen in these systems origi-
nate from the GB. It is interesting that the GB transport in
the perovskite materials have some generality irrespective of
the nature of the perovskite material or the way the GB is
created. We also note that the transport through the GB in
these materials, including the MR, is significantly different
from that in the bulk.

While there are a large number of investigations of MR in
oriented and epitaxial films of manganites, very little atten-
tion has been given to nanostructured films of manganites.
Nanostructured �NS� thin films in which the average grain
size can be of the order of 100 nm or less have a large
density of incoherent natural GBs. Such a high density of
natural GBs will lead to considerably different electronic
transport behavior as compared to oriented and epitaxial
films. Our recent work on nanostructured films �both
La0.67Ca0.33MnO3 and La0.67Sr0.33MnO3 referred to as LCMO
and LSMO, respectively� has shown that they exhibit signifi-
cant LFMR over an extensive temperature range.23,24 The NS
films of LCMO and LSMO show strong nonlinear transport
particularly at low T �T�40 K� and the LFMR seen in these
films is very similar to that seen in artificial GBJs. In addi-
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tion, the resistivity of the NS films shows an upturn on cool-
ing at T�40 K. These behaviors can be ascribed to the large
number of natural grain boundaries that are present in these
nanostructured films. The presence of the GB also makes the
transport in these films rather inhomogeneous.

Though the LFMR and nonlinear conductivity in the GBJ
and the NS films are similar, it is important to note that the
natures of grain boundaries in these two cases are different.
The GB region in artificial grain boundary junctions can ex-
tend over a few nm to even 100 nm and the films on both
sides are epitaxial with the crystallographic orientations
well-defined.25–27 In contrast the GB region in NS films are
between grains that have random crystallographic orienta-
tions. There is no coherence in the crystallographic orienta-
tions of the grain on either side of the grain boundary in NS
films.

The main motivation of the present investigation is to use
a low temperature STM to image the inhomogeneous nature
of transport in these films and elucidate how the transport in
these NS films changes as the temperature is changed. The
NS films in these studies are grown on Si or quartz which
has no lattice matching with manganites. This gives rise to
nanostructured films. If such films are prepared on lattice
matched substrates, one obtains oriented and textured films
instead of NS films.28 We study NS films in particular since,
as stated before, this particular type of material has not been
properly investigated using techniques such as STM. We use
a variable temperature scanning tunneling microscope to fol-
low the evolution of the GB region as well as the grains as
the sample is cooled. The conventional scanning tunneling
spectroscopy �STS� experiment is somewhat modified in our
setup to generate a local map of the tunneling conductance
over the entire scan area which we call local conductance
mapping �LCMAP�. The tunneling conductance at a bias V,
g�V� is �N�E�, where N�E� is the surface density of states
and E=eVdc. Thus the LCMAP technique creates a map of
the local DOS at a given bias. Regions with large �small�
g�V� correspond to regions with large �small� DOS. These
measurements thus can be used to study an inhomogeneous
material whose components have different N�E�. In the con-
text of NS films, these measurements allow us to quantita-
tively distinguish between the behavior of the GB from that
of the grains. We establish very clearly that while the grains
in these materials remain metallic and the DOS at the Fermi
level N�EF� slowly increases as the temperature is lowered,
there is a clear depletion of N�EF� in the GB region on cool-
ing, particularly below 100 K. Thus the GB region becomes
more insulating as the temperature is lowered. The two re-
gions �the high conductivity grain region and the low con-
ductivity GB region� become more differentiated as the tem-
perature is lowered below 100 K. Eventually we find that the
depletion in N�EF� in the GB region leads to activated trans-
port �albeit with low activation energy� at low temperature
�T�10 K�. By also doing these experiments in magnetic
fields, we could clearly follow their effect and we find that
the evolution of LFMR in these films is indeed connected to
the GB in which there is a filling up of N�EF� as the magnetic
field is applied. This also shows up in transport at T�10 K
where the activation energy of GB transport is suppressed on
application of a low magnetic field ��1 T�.

II. EXPERIMENT

A. Sample preparation

The samples used in the present investigation were
nanostructured thin films �thickness �500 nm� of
La0.67Sr0.33MnO3 �LSMO� prepared by the chemical solution
deposition �CSD� route on fused quartz substrates as well as
Si substrates. When the substrate is amorphous like fused
quartz or has no registry with the crystal structure of the
manganites �like Si�, one obtains NS films. This method also
allows preparation of textured and oriented single crystalline
films when the substrate is lattice matched like LaAlO3
�LAO� or SrTiO3 �STO� single crystals.28

Briefly, nanostructured thin films of LSMO were prepared
from a solution of precursors. The solutions of the three
component oxides were prepared from lanthanum acetate hy-
drate, strontium acetate hydrate, and manganese �II� acetate
by dissolving in a solution of water and acetic acid �1:1 by
volume� in the correct stoichiometric proportion. The con-
centration of the solution was maintained at 0.2–0.4 M.
Films were prepared by spin coating the solution on clean
quartz or Si substrates at 7000 rpm for 20 s, each followed
by pyrolysis at about 350 °C for 30 min. Four consecutive
coatings were done before annealing at 850–900 °C for
12–28 h in oxygen atmosphere. The details of the sample
preparation are given elsewhere.28 Heating schedule, like the
annealing time, can control the grain size in these films.

B. Sample characterization

We studied the NS films of LSMO using structural and
microstructural characterization tools like x-ray diffraction
�XRD� and contact mode atomic force microscope �AFM�. A
typical XRD pattern is shown in Fig. 1. The XRD pattern in
the NS film is similar to that seen in a polycrystalline pellet,
shown in the figure for comparison. The films thus have the
proper perovskite phase and there is no preferred texturing.
The fused quartz substrate or the lattice mismatched Si plays
an important role in making the films nanostructured.

The AFM image of a typical NS film �taken in contact
mode by ThermoMicroscopes CP-R� is shown in Fig. 2. In
the same figure we show the grain size distribution of the NS

FIG. 1. �Color online� XRD pattern of the nanostructured
LSMO thin film grown on Si substrate. The XRD pattern of a poly-
crstalline pellet of the same composition is shown for comparison.



film which follows a log-normal distribution. AFM images of
the LSMO nanostructured thin films show a large number of
incoherent grains and natural GBs. The films are also seen to
have compact grains and are well connected. The rms rough-
ness of the films is found to be 6 nm. This roughness mainly
arises from the GB region.

The average grain size of the films grown by this tech-
nique can be controlled very well by the final heat treatment
time as well as the annealing temperature. This is shown in
Fig. 3 where we show the dependence of the square of the
average grain size as a function of the annealing time �ta�.
The average growth time dependence follows a relation of
the type: d� ta

�, where d is the average diameter of the grain

and ��0.6, as estimated from the AFM data. In general, for
a 3D growth which takes place by GB diffusion, the expo-
nent �=0.5 �Ref. 29�. The observed exponent is thus close to
but higher than that of the grain boundary diffusion con-
trolled growth.

The characterization of the NS films establishes the
chemical composition, average grain size and microstructure,
and shows the spatial extent of the GB and the grains. These
characterization tools also show that though the grains are
small �typically of the order of or less than 100 nm�, the GB
and the grain regions can be distinctly seen. We were able to
grow the NS films with average grain size as small as 30 nm.
We find that even in these films the grains are well connected
and the GB and grains are very distinct. The size of the GB
region typically ranges from 2 to 15 nm �depending on the
grain size� as seen from the AFM data. The films used in this
study were annealed in oxygen. However, very long anneal-
ing time cannot be given because this leads to larger grain
growth. A pertinent question is whether the films have proper
stoichiometry. We have measured oxygen stoichiometry �by
titration� as well as the chemical composition �by inductively
coupled plasma-atomic emission spectroscopy� in nanocrys-
tals which can be prepared using the same precursors and
heat treatment. The nanocrystals show proper chemical com-
position as well as stoichiometry. We have also made tex-
tured and oriented single crystalline films by the same
method, using single crystalline substrates,28 which show the
same transition temperatures as single crystals. It can thus be
concluded that the films have proper chemical composition
as well as stoichiometry. This has also been established by
the XRD pattern and the lattice spacing which is similar to a
bulk pellet. The changes in physical properties that we ob-
serve mainly arise from the nanosized grains.

C. Electrical measurements

The NS films of LSMO were characterized by electrical
and magnetoresistance �MR� measurements. The resistivity
��� and MR of the films were measured in the temperature
range from 1.5 to 300 K in a magnetic field up to 10 T using
a standard four probe method in a bath type cryostat. Field
scan data were also taken at fixed temperatures. We have also
taken the low field MR scans by field cycling.

D. Studies using a low temperature scanning tunneling
microscope (STM)

The spatially resolved measurements on the nanostruc-
tured LSMO films were made using a homemade high
vacuum low temperature scanning tunneling microscope �LT-
STM� operating in a magnetic field. The scans were taken on
areas ranging from 200�200 nm2 to 500�500 nm2 at dif-
ferent temperatures above and below the transition tempera-
ture, Tc, of the LSMO thin film and also at different magnetic
fields. In general scanning tunneling spectroscopy �STS� data
are obtained by first positioning the STM tip over a point on
the surface, stabilizing the tunnel current for a given dc bias
and feedback set-point and then sweeping the sample bias
while simultaneously recording the tunnel current. During
this process, the tip-sample separation is kept unchanged by

FIG. 2. �Color online� AFM image of LSMO nanostructured
film and grain size distribution as obtained from the AFM image.

FIG. 3. Dependence of the average grain size of LSMO nano-
structured film, as observed by AFM, on annealing time.



keeping the feedback voltage constant �on hold mode�. The
resulting tunnel current is thus recorded as a function of the
sample bias. In our present study we modify a conventional
STS setup and map the differential tunneling conductance,
g�V�=dI /dV, across the entire topographic scan range at a
fixed bias. We refer to the 2D map of the differential tunnel-
ing conductance thus generated as the local conductance map
�LCMAP�. It is important to note that this method simulta-
neously maps the local differential tunneling conductance
�across the surface for a fixed bias and at a fixed average
tunnel current� and the topographic image as well. The de-
tails of the measurement process can be found
elsewhere.24,30,31

The principle of operation is as follows: the dc bias ap-
plied to the sample is modulated by a small ac signal using a
simple adder circuit, where �	Vac�Vdc�. The tunnel current
thus has additional ac components and is given by Eq. �1�.

I�t� = Idc + �dI/dV�	V cos�
t�

+
1

2
�d2I/dV2�	V2 cos2�
t� + ¯ . �1�

The dc component of the tunnel current is used to keep
the feedback loop active and this generates the topographic
image. Neglecting higher order terms, the component of the
tunnel current at the ac excitation frequency gives dI /dV
directly at Vdc. The ac component of the tunnel current is
measured by a lock-in amplifier and thus dI /dV at every
point on the scan area is simultaneously recorded. Thus,
along with the topographic image, the LCMAP is taken in
the same scan. The frequency of ac modulation is chosen
such that it is much higher than the feedback cutoff fre-
quency. This is done to ensure that the feedback loop does
not compensate for the ac component of the tunnel current
caused by the modulating ac bias. While recording the LC-
MAPs, Vdc is always held lower than the tip and sample
work functions. At such bias values, g�V�=dI /dV is the tun-
neling conductance and g�V��N�E�, where N�E� is the sur-
face density of states and E=eVdc.

III. RESULTS

A. Transport data

In Fig. 4 we show the resistivities ��� as a function of
temperature of two typical NS films of LSMO grown on Si
substrates �with average grain sizes 70 and 150 nm, respec-
tively� in zero field. The temperature axis is shown in the log
scale to emphasize the low temperature regime. The films
show a metal-to-insulator transition around 200–270 K de-
pending on the grain size. For NS film 1 �with average grain
size 70 nm� the peak in resistivity at zero field occurs at Tp
=200 K. For NS film 2 �average grain size 150 nm� the zero
field Tp shifts to nearly 270 K. In the inset of Fig. 4, we
show the resistivity data of an oriented film of LSMO grown
by the same CSD technique on a crystalline lattice matched
LaAlO3 �LAO� substrate. In comparison, the oriented LSMO
film has Tp=350 K. The lower values of Tp observed in the
NS films are due to the predominance of the GBs. The GBs

thus have a rather suppressed Tp compared to the bulk. The
resistivity at Tp of the oriented LSMO film is much lower
�0.44 m� m� as compared to the resistivities at Tp of the
LSMO nanostructured films �0.05 � m for the NS film of
grain size 70 nm and 0.024 � m for the NS film of grain size
150 nm�. This can be attributed to the GB resistivity which is
higher than the bulk resistivity. Also, the resistivity is seen to
be lower and Tp higher in the NS film with the larger grain
size. This occurs due to less contribution of the GB region to
the electronic transport in the film. In the crystalline film
which has been prepared by the same method on LAO sub-
strate, the resistivity ��� is metallic �see the inset of Fig. 4�
until the lowest temperature measured �1.5 K�. In contrast,
the NS films show upturns in resistivity below 50 K.

At even lower temperatures �5 K� an insulatorlike acti-
vated transport �of the form �=�0e�/kT, where � is the acti-
vation energy� is found to set in. This is shown in Fig. 5
where we have plotted the resistivities �in log scale� of the
NS films having average grain sizes 70 and 150 nm as a
function of 1/T for T�5 K. The observed straight lines in-
dicate an activated transport in this region. A very low acti-

FIG. 4. �Color online� The temperature dependence of resistiv-
ities of LSMO nanostructured films with average grain size 70 and
150 nm in zero field. The inset shows the resistivity data of an
oriented film of LSMO grown on lattice matched LaAlO3 by the
same CSD route.

FIG. 5. �Color online� Plot of ln � as a function of 1/T for the
NS films of LSMO having average grain size 70 and 150 nm, indi-
cating activated transport for T�5 K.



vation energy ���0.1 meV� is observed in these films. This
activated transport is linked to the GB transport as will be
discussed later on.

The MR data on the NS film of LSMO in magnetic fields
of 1 and 10 T are shown in Fig. 6�a�. The data was taken on
the NS film of LSMO grown on Si substrate having average
grain size 70 nm. The MR is similar in all the NS films
studied. In contrast to the crystalline LSMO thin film, the NS
films show an MR that increases on cooling. In the region
below 5 K where the activated transport sets in, one obtains

an upturn in the MR also. The upturn in MR below 5 K is
more pronounced in films with smaller average grain size.
The NS film also shows clear low field magnetoresistance
�LFMR� just like polycrystalline samples �pellets� with a
large number of natural GBs.5 This is shown in Fig. 6�b� for
the same film where the MR shows a sharp change �
�25% � in a field of 1 T and this is followed by a linear
change as a function of field until the highest field measured
with no sign of saturation. The temperature dependences of
the MR in the nanostructured film �with a large number of
natural grain boundary junctions� and the film with artificial
grain boundary junction are rather similar. In GBJ the MR is
found to increase upon cooling.9 This is a feature that is
absent in single crystals or epitaxial films of the same com-
position where the MR peaks only around Tp and decreases
upon cooling. Hence the observed MR in the NS films stud-
ied indicates that the presence of GBs plays an important
role in the transport properties of the films.

B. STM and LCMAP data

In Fig. 7 we show a typical example of the local conduc-
tance map �LCMAP� recorded along with the topography
data �scan area 200�200 nm2� taken below the transition
temperature �T=124 K� on the NS film grown on Si sub-
strate having average grain size 70 nm. The left panel shows
the topographic data and the right panel shows the LCMAP.
One can see that there is a strong correlation between the
topographic data and the conductance map.

A representative collection of LCMAPs taken at different
temperatures for both the NS films grown on Si substrates
�average grain sizes 70 and 150 nm, respectively� are shown
in Fig. 8. The brighter areas correspond to regions of higher
conductance while the darker areas correspond to regions of
low conductance. Comparison with the corresponding topo-
graphic image reveals that within the grains, the conductance
is higher and relatively constant. However, there are sharp
drops in conductance at the GBs. The scan area is 200
�200 nm2 in Fig. 8�a� and 500�500 nm2 in Fig. 8�b�.

In Fig. 9 we show a cross section of the data taken as a
function of temperature and at different magnetic fields. The
field region is the same where the bulk data show substantial
LFMR. These LCMAPs have been taken on LSMO nano-
structured thin film grown on a fused quartz substrate having

FIG. 6. �Color online� �a� MR as a function of temperature at
different applied fields and �b� MR as a function of field at different
temperatures of the LSMO nanostructured film having average
grain size 70 nm.

FIG. 7. �Color online� Ex-
ample of simultaneous topo-
graphic image �left panel� and
LCMAP �right panel� taken on NS
film of LSMO at 124 K.



average grain size of 70 nm as estimated from AFM studies.
The scan area in Fig. 9 is 200�200 nm2.

Before we present a quantitative analysis of the image we
mark the important observations to make from the LCMAPs.
We note that there are two distinct regions of tunneling con-
ductances in the images. This can be clearly seen in Fig. 10
where we show two representative line scans over regions
encompassing GBs and also grains. In the grain region, the
conductance is much larger than that in the GB region
�marked by arrows�. In certain regions within a GB the tun-
neling conductance g�V� is very low and is �0. In Fig. 10

we also show a typical histogram of the conductance data
constructed by taking the values of g�V� from the LCMAP.
The histogram of the distribution of g�V� shown in the figure
is a typical histogram for T�Tp. The histogram can be fitted
with two Gaussian distributions: one for the higher and one
for the lower g�V�. This shows that there are two different
classes of local conductances. From the data we can con-
clude that the GB region constitutes a region where the
N�EF� is much less than that in the bulk of the grain. Later on
we do a quantitative analysis of this difference to show that
as the sample is cooled there is a clear differentiation of the
GB region from the bulk of the grain in terms of tunneling
conductances.

�Note: The two sets of images �topography and LCMAP�
though strongly correlated contain different information. To
show this we have taken the conductance maps at different
sample dc biases and the tunneling conductance at a particu-
lar point on the image was read out. This was repeated for
several other points on the image and the data was averaged
and recorded. This procedure generated an average local
conductance as a function of the bias. This is rather similar to
what is obtained from a direct measurement of scanning tun-
neling spectroscopy �STS�. However, the topographic image
is bias independent as quantified by such parameters as the
rms roughness.�

IV. DISCUSSION

The MR seen in the NS films of LSMO are similar to
those seen in the NS films reported by us before.24 We had
explained the observed MR as arising from a combination of
the GB contribution �the low field part� and the contribution
from the bulk of the grain. The focus of this paper is to
understand the information obtained from the spatially re-
solved experiments. We discuss this below. The important
contribution of these experiments is to identify clearly the
two distinct “materials” present in the system: one at the GB
and one in the grains. While the chemical identities of the
two regions have not been established, the electronic distinc-
tion between them is the most relevant aspect when we dis-
cuss the electrical conduction in the NS films. The presence
of the large number of GBs indeed makes the transport rather
inhomogeneous and the local conductance maps taken at dif-
ferent temperatures and magnetic fields adequately establish
this point. From the LCMAP data taken at different tempera-
tures we could establish clearly the temperature variation of
the average tunneling conductance g�V�, in the GB and the
grain regions separately. �The average g�V�s at given tem-
peratures for the two regions were obtained from the distri-
bution shown in Fig. 10 for that temperature.� In Fig. 11 we
show the typical data taken for the NS film grown on Si
having average grain size 70 nm. We obtain similar results
for the other NS films that have been studied.

The figure clearly establishes the difference between the
grain and the GB region. In the grain region, the local g�V�
shows a small feature at Tp �marked by an arrow� and then
the conductance increases slowly as it is cooled. In this con-
text we refer to a recent measurement and analysis of the
tunneling conductance taken on an epitaxial film.31,32 It was

FIG. 8. �Color online� A collection of LCMAPs taken at differ-
ent temperatures above and below the transition temperature Tp, for
the LSMO nanostructured film having average grain size �a� 70 nm
�scan size 200�200 nm2� and �b� 150 nm �scan size 500
�500 nm2�.



found that a gap in the DOS that exists above Tp closes on
cooling �typically by T /Tp�0.75� as the metallic state is
entered and there is a finite N�EF�. Our observation of a finite
N�EF� in the grain region is thus consistent with previous
observation. In this paper, the data presented concern the GB
region. In the GB region the DOS does not show much of a
change in the transition region and remains temperature in-
dependent until about 100 K and then it starts to decrease.

The decrease is more prominent at low bias indicating that
closer to EF the depletion of the DOS in the GB region
becomes severe as the temperature is lowered below 100 K.

Figure 12 shows a typical tunneling curve taken on the
NS film of LSMO at 207 K. This temperature is close to the
transition temperature Tp. Typical grain boundary regions
show data similar to this. The tunneling data shows that there
may be a pseudogap near EF. However, it is not possible to

FIG. 9. �Color online� A collection of LC-
MAPs taken as a function of temperature and
magnetic field for a LSMO nanostructured film
grown on fused quartz substrate having average
grain size 70 nm. Scan size 200�200 nm2.

FIG. 10. �Color online� Line scans showing
differences in tunneling conductance g�V�, be-
tween grain and GBs �marked with arrows� and a
typical histogram of the conductance data taken
from the LCMAP. The zero on the position axis
in the line scan graphs indicates the respective
starting points of the corresponding lines shown
on the LCMAP.



make a conclusive statement owing to the difficulty in fol-
lowing the tunneling curve of a single GB due to thermal
drifts. Nevertheless, it can be concluded from the data that
the tunneling conductance g�V� in the GB region is signifi-
cantly lower than that in the bulk.

The data presented here clearly show that there exists a
difference in the tunneling DOS in the GB and the grain
region even above Tp. This difference is not obvious from
the transport data. The lowering of temperature enhances this
difference. It has been conjectured for a long time that the
grain and the GB region are electronically different and the
GB region provides a route for spin polarized tunneling.6

Transport data are often analyzed using this concept. How-
ever, the spatially resolved experiments, as presented here,
show the extent of the difference between the two. From the
data presented here we also show that the LFMR as seen in
the NS films arises mainly because of the strong dependence
of the DOS in the GB region on magnetic field. In Fig. 13 we
show the average tunneling conductances of the grain region
and the grain boundary region for the NS film taken as a
function of magnetic field at different temperatures. The
magnetic field used is low because we wanted to investigate
the region where the LFMR is generally observed. The av-

erage tunneling conductances are analyzed using the data
shown in Fig. 9. It can be seen from the figure that while the
tunneling conductance g�V�, of the grain region is not af-
fected much by the low magnetic field �typically 5%�, g�V�
in the GB region is strongly affected by the applied low field
and this change becomes more pronounced as the tempera-
ture is lowered. At 75 K, g�V� is enhanced by nearly
30–35% in an applied field of 0.4 T. Interestingly this is
somewhat more but of the same order �15%� that one ob-
serves as the MR in the film at this field at 75 K. The MR
seen in the film is less than that at the GB only because the
current flows both through the GB and the grains, as a result
of which the resistance in the film has a contribution from
the grain part which has very low MR �5%� at this tempera-
ture and at this field. The grains thus act as a “dead path” as
far as the LFMR is concerned and lowers the MR from that
seen in the GB only. Below 50 K as T is lowered, g�V� is
very small in substantial regions of the GB indicating that
they are becoming insulating. These regions eventually make
an increasing contribution to the current path, leading to an
activated transport below 5 K. This observation very nicely
establishes the extent of the quantitative contribution of the
GB region to the LFMR in these NS films. More importantly
the experiment shows that the strong negative MR in the GB
region arises �at least partly� because the DOS in this region
�as measured by g�V�� actually fills up on application of the
magnetic field. This particular observation calls for further
discussion because it has deeper implications on the mecha-
nism of the MR seen in the GB region.

The transport in the GB region in manganites has been
investigated extensively. In contrast to the original view-
point that it is a spin polarized transport where the GB region
acts as a tunnel barrier only, it is now established that the
actual transport mechanism is far more complex. The GB
region does not form a sharp tunnel barrier and multistep
tunneling occurs through it.9,14,15 Generally, the effect of
magnetic field is believed to be mainly to align the spins in
the two ferromagnetic metallic grains on the two sides of the
GB through which the tunneling occurs. This alignment
leads to lowering of the tunnel barrier in the GB junctions.

FIG. 11. �Color online� Variation of the average tunneling con-
ductances g�V� in the grain and GB regions as a function of tem-
perature in NS film of LSMO grown on Si having grain size 70 nm.

FIG. 12. Typical tunneling curve taken on NS film of LSMO
having grain size 70 nm at T=207 K.

FIG. 13. �Color online� Variation of tunneling conductance g�V�
in the grain and GB regions as a function of temperature in different
magnetic fields for the NS film of LSMO grown on fused quartz
substrate having grain size 70 nm.



While this is a viable mechanism for the MR at the GB
region when the barrier is thin, the effect of the magnetic
field on the barrier itself has to be taken into account for a
barrier that has a finite size as is generally seen in both arti-
ficial GB junctions as well as in natural GBs seen in NS
films. The LCMAP establishes that there is substantial en-
hancement in the DOS of the material that makes the GB at
low fields. This will also contribute to the enhancement of
the electron transport through the GB when the magnetic
field is applied, thus giving rise to a negative MR. The spa-
tially resolved experiments, as reported here, which can
separately probe the GB and the grain regions, show that the
contribution to the MR in the GB region can arise due to
change in the DOS.

V. CONCLUSION

We presented an investigation of spatially resolved elec-
tronic transport in nanostructured �NS� films of
La0.67Sr0.33MnO3 �LSMO�. We have used the LCMAP tech-
nique as a function of T and also magnetic field to follow the

tunneling conductance in the grain and the GB region sepa-
rately. From the observed LCMAPs, we establish that as the
temperature is decreased the tunneling conductance in the
GB region becomes lower which is due to depletion of the
DOS at the GB. This becomes more pronounced below
100 K. The depletion of the DOS decreases the conductivity
of the GB region. In this temperature range �T�100 K� the
local DOS in the GB region also gets enhanced by the appli-
cation of magnetic field which contributes to the LFMR seen
in the films. The resistivity of the NS film shows an activated
transport at much lower temperatures �T�5 K� which may
be related to the dominance of the GB region in the electrical
transport at lower temperatures.
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