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In this paper we report electronic transport in nanostructured films of the rare-earth manganite
La0.67Sr0.33MnO3. The films were grown by chemical solution deposition. The films show a
resistivity peak in the temperature range of 250–265 K and have average grain size
��50–60 nm�. The grain size can be controlled by postdeposition annealing. The films also show a

I. INTRODUCTION

Electronic transport in nanostructured materials is a
topic of considerable interest. In a nanostructured film the
physical properties can be significantly different from those
in textured and epitaxial single-crystalline films. These arise
from mainly two sources; �1� the nanocrystalline grains in
these films can be morphologically different from the
micron-sized grains in oriented and epitaxial films, and �2�
the transport through grain boundaries and at the internal
interfaces can be very different from the transport in the
grains. The utilization of these two factors gives the oppor-
tunity to engineer the properties of nanostructured films. In
this paper our principal motivation is to study electronic
transport �including magnetoresistance� in nanostructured
�NS� films of rare-earth manganites with the perovskite-type
structure. These oxides have attracted wide attention as co-
lossal magnetoresistance �CMR� materials in the last
decade.1 It has been established through studies of polycrys-
talline bulk material2 as well as artificial grain-boundary
junctions,3 formed in epitaxial films on bicrystal substrates,
that the electronic transport through the grain boundary �GB�
can be substantially different from that through the bulk.
This can be seen most clearly in the low-field magnetoresis-
tance �LFMR�. For polycrystalline samples, one observes
significant negative LFMR at low field. This is dependent on
particle size.2 The smaller the particle size the higher is the
magnetoresistance �MR� at low temperatures at low field.
For single-crystal or epitaxial films, the MR at low tempera-

tures is very small and it peaks close to the ferromagnetic
transition temperature �TC�. Studies on artificial GB devices
prepared3 by growing CMR oxide films on bicrystal sub-
strates have shown the role of GB on LFMR as well as on
nonlinear transport.4,5 Recognizing that transport in GBs in
manganites is very different from the bulk we argued that if
a NS film of a manganite can be prepared then the presence
of a large number of GBs can make the electronic transport
rather different from oriented and epitaxial films. The inves-
tigation reported in this paper has been done with the specific
motivation of making nanostructured films of manganites us-
ing a simple chemical route on different substrates and in-
vestigating the role of natural GBs present in these films. We
have investigated the MR and nonlinear transport in nano-
structured films of La0.67Sr0.33MnO3 �LSMO� over a wide
temperature and magnetic-field range and compared this with
the same properties seen in epitaxial films with artificial GB.
In addition we have used a variable-temperature scanning
tunneling microscope �STM� to map the local electronic
properties of these films.

II. EXPERIMENT

The nanostructured polycrystalline thin films of LSMO
were prepared by chemical solution deposition �CSD� tech-
nique on fused quartz substrates �with no preferential orien-
tation�. Similar films were also grown on RCA-cleaned6 Si
or on Si with an oxide layer. The CSD method has been used
in the past to grow functional oxide films.7–9

The solutions of the three component oxides were pre-
pared from lanthanum acetate hydrate, strontium acetate hy-
drate, and manganese �II� acetate by dissolving in a solution
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rise in resistivity at low temperature �T�40 K�, reasonable low-field magnetoresistance up to 200
K, and nonlinear conductivity that shows up below 30 K. We ascribe these behaviors to the large
number of natural grain boundaries that are present in these nanostructured films. We were also able
to map the inhomogeneous local electronic properties arising from these grain boundaries using a
variable-temperature scanning-tunneling microscope. We found that as the temperature is lowered,
due to differences between the electronic properties of the grains and grain boundaries, the transport
becomes more inhomogeneous. The nonlinear conduction as well as the low-field magnetoresistance
in these nanostructured films closely resemble those in films with artificial grain boundaries.
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of water and acetic acid �1:1 by volume�. The concentration
of the solution was maintained at 0.2 M–0.4 M. The solution
of LSMO was prepared by mixing the component solutions
in the correct proportion to produce films having the compo-
sition La0.67Sr0.33MnO3. Thin films were prepared by spin
coating on clean substrates at 7000 rpm for 20 s, each fol-
lowed by pyrolysis at 350 °C for 30 min. In Fig. 1 the steps
involved are shown in a schematic diagram for quick refer-
ence. Typically four consecutive coatings were done before
annealing at higher temperature. Annealing was done at 850–
900 °C for 12–28 h in oxygen atmosphere. Each coating pro-
duces a film of thickness �100 nm.

X-ray diffraction �XRD� was used to confirm the phase
formation and phase purity of the films. The grain morphol-
ogy was probed with an atomic force microscope �AFM�
working in contact mode. The resistivity and magnetoresis-
tance of the sample was measured in the temperature range
of 4.2–300 K up to a magnetic field of 6 T in a bath-type
cryostat using the standard four-probe method. The dynamic
conductance �G�=dI /dV� vs V� at different temperatures
�4.2–200 K� of the films was also investigated in order to
study the nonlinear conductance.

A homemade high-vacuum variable-temperature scan-
ning tunneling microscope �VT-STM� was used to study the
local electronic properties by mapping the local tunneling
conductance, which we call local conductance map
�LCMAP�. LCMAP was done down to liquid-nitrogen tem-
perature. We made a simultaneous recording of the topo-
graphic image as well as a map of the tunneling conductance
�taken at a given bias� across the entire topographic scan
range �200�200 nm2�. The LCMAP is thus a spatially re-
solved two-dimensional �2D� map of the tunneling conduc-
tance across the surface for a fixed bias and at a fixed aver-
age tunnel current. The details of the experimental setup are
given elsewhere.10,11 Briefly, the dc bias to the sample �ap-
plied for topographic imaging� was modulated by a small ac
signal so that the modulating signal is much smaller than the
applied dc bias ��Vac�Vdc�. In addition to the dc tunneling
current there is an additional ac component of the tunneling
current ��Iac� at the ac excitation frequency which was mea-

sured using a lock-in amplifier. This gave the differential
conductance +=�Iac /�Vac and was used to generate a simul-
taneous tunneling conductance map of the scan area. The dc
component of the tunnel current was used to keep the feed-
back loop active and this generated the topographic image.
At low biases, +�N�E� �Ref. 12� where N�E� is the surface
density of states at energy E=eVdc. Regions which are more
metallic will have larger N�E� and hence larger +. The con-
trast in the LCMAP image was thus created by variation in
N�E� from region to region.

III. RESULTS AND DISCUSSION

The substrates used in the CSD film are �1� fused quartz,
�2� RCA-cleaned Si, and �3� Si with oxide layer. In all the
cases the films that form are nanostructured polycrystalline
films with average grain size ��50–60 nm� with no prefer-
ential texturing and they have similar properties. The results
presented in this paper are for films made on fused-quartz
substrate. It is interesting to note that when the same CSD
method was done using a single-crystalline SrTiO3 �STO�
substrate, one obtains a very high quality textured film with
single-crystalline character.13 This happens because LSMO
and STO have very good lattice matching. In the substrates
used by us, there is no matching of the lattice of the film with
that of the substrate. It thus appears that the absence of lattice
matching with the substrate leads to strain. The strain due to
large lattice mismatch relaxes by the formation of NS film
with incoherent grain structure. Since it happened in the
same way on crystalline Si and amorphous fused quartz, it
appears that the absence or presence of the crystallinity of
the substrate is of secondary importance when the lattice
mismatch is large.

Figure 2�a� shows the XRD data on the NS film and its

FIG. 1. Flow diagram for the preparation of LSMO films by CSD technique.

FIG. 2. XRD data of �a� nanostructured LSMO film grown on fused-quartz
substrate by CSD route and �b� polycrystalline LSMO powder prepared by
standard ceramic route.



comparison with a polycrystalline sample of LSMO of the
same composition made by standard ceramic route shown in
Fig. 2�b�. The film formed has random texturing.

An example of the surface morphology of LSMO thin
films heat treated at around 850 °C for 28 h as measured by
AFM is shown in Fig. 3. The film contains circular grains.
The average grain size of the film shown is 57 nm. The
average grain size was �50–60 nm for most of the films
formed on the substrates used. The grain-size distribution
follows a log-normal distribution and most of the grains fol-
low a unimodal distribution. Occasionally one finds a small
tail of larger grains as shown in Fig. 3. Some of the larger
grains grow to much larger size and presumably at the ex-
pense of the somewhat smaller grains. We note that heating
for even longer periods can make the grains grow up to an
average size in excess of �150 nm. The grain growth varies
with annealing time �t� following the relation �D�� tn, where
�D� is the average grain diameter and n	0.6–0.7.

Figure 4 shows the resistance as a function of tempera-
ture. The resistivity � in zero field shows the usual behavior
of the hole-doped manganite—a high-temperature-activated
transport and a peak in � followed by a metallic-type behav-
ior with a positive temperature coefficient of resistivity. The
temperature at which the resistivity shows a maximum, Tp,
shifts from �245 to 267 K on longer annealing. But the
observed Tp is around 100 K less in the NS films compared
to that in textured films grown by the same method and same
conditions on STO substrate. The typical �p �resistivity at Tp�
in the NS films is �9 m� cm. This is also about three orders
larger than the films grown on STO.13 The enhanced � as

well as suppressed Tp arise due to the increasing contribution
of the GBs to the electronic transport. The resistivity data
shown in Fig. 4 is rather typical and for films prepared in
similar conditions the variation of � and Tp is around 10%–
15%. It is interesting to note that the resistivity shows a large
upturn below 40 K. This upturn as shown below is related to
the grain-boundary transport. The transport across the GB is
believed to arise from multistep tunneling process.4 The rise
in � for T�20 K forms an activated dependence on tempera-
ture.

The temperature dependence of the MR of the LSMO
samples has been measured down to 4.2 K at 6 T magnetic
field and is shown in Fig. 5. The MR for a typical NS film at
6 T is �35% as T→0 and decreases to �25% at T=TP. For
comparison, in Fig. 5, we show the MR of an artificial grain-
boundary junction �GBJ� made by pulsed laser deposition
�PLD� on a bicrystal substrate.4 The MR of the film is
roughly about twice that of the NS film. However, the two
films have similar temperature dependence from low tem-
peratures up to TP. This behavior of the MR is also similar to
the MR seen in polycrystalline pellets with average grain
size of 25 nm.2 The magnetic-field dependence of the MR of
the film has been measured at different temperatures from
4.2 to 250 K. Two typical examples are shown in Fig. 6. For
comparison, in the inset of Fig. 6 we show the MR at 4.2 K
of a GBJ measured by us previously.4 In the GBJ as well as
the NS film one sees the typical low-field region �typically

FIG. 3. �Color online� AFM image and histogram of grain size and grain-
size distribution of LSMO film annealed at 850 °C for 28 h.

FIG. 4. Temperature dependence of resistivity of the LSMO film grown by
CSD method.

FIG. 5. �Color online� Temperature dependence of the magnetoresistance of
CSD-grown nanostructured �NS� film and PLD-grown artificial grain-
boundary junction �GBJ� film. The MR has been measured at H=6 T.



�0.5 T� where there is a sharp drop of electrical resistance,
which is followed by a gradual decrease �almost linear� at
high field. The low-field region is much sharper in the GBJ.
In Fig. 7 the low-field region for the NS film is shown in a
small field scan range with field cycling at 77 K. The hyster-
esis in the small field region can be clearly seen. The peak
occurs at the coercive field and is in the range of 40–50 mT.
The coercive field decreased as T is increased. The presence
of a distinct low-field region in the MR that starts to domi-
nate at lower temperatures is the hallmark of GB contribu-
tion to MR as has been observed in artificial GBJ.3 This
clearly establishes the role of natural GBs in the transport in
NS films and their predominance due to the fact that they are
present in large numbers in these films.

One of the interesting observations that we made is the
existence of nonlinear conductance in the nanostructured
films. We present the data of the dynamic conductance G
=dI /dV as a function of the bias V. This has been obtained
from the I-V data by numerical differentiation. In Fig. 8, the
normalized dynamic conductance data G /G0 are shown as a
function of V for different temperatures. G0 is the conduc-
tance at zero bias V=0. The nonlinear conductance becomes

stronger as the temperature is reduced. Though the nonlin-
earity is not too severe ��10% at V=1 V even at the lowest
temperatures� it is distinctly present. The nonlinearity is ab-
sent or very small even at 30 K. However, it becomes sub-
stantial below this temperature. We note that in this tempera-
ture region the resistivity shows an upturn and increases
upon cooling �see Fig. 4�. The maximum power dissipated is
less than 1 mW at the highest applied bias. To quantify the
contribution of the nonlinear part the bias dependence of the
dynamic conductance �G vs V� taken at different tempera-
tures are fitted to the empirical expression,

G�V,T� = G0�T� + �G�V,T� = G0�T� + G	�T�
V
	. �1�

Equation �1� is a two-parameter relation that quantifies the
nonlinearity through the exponent 	, and G	 which is a mea-
sure of the weight of the nonlinear transport. G	 ,	, and G0

are all functions of T. 	 is close to 1 at the lowest tempera-
ture where one can determine it more clearly. Figure 9 is a
plot of the parameters G0 and G	 as a function of T for one
of the films. The downturn in G0 below 50 K is the signature
of the resistivity upturn. We can note from Fig. 9 that on
entry to this temperature region, G	 shows substantial en-
hancement. Thus there is a clear link between the resistivity

FIG. 6. �Color online� Magnetic field dependence of the magnetoresistance
of nanostructured �NS� film grown by CSD method in the temperature range
of 4.2–250 K. The inset shows the magnetic field dependence of magnetore-
sistance of the artificial grain-boundary junction �GBJ� film at 4.2 K.

FIG. 7. �Color online� Low field magnetoresistance of nanostructured �NS�
film at 77 K.

FIG. 8. �Color online� Normalized dynamic conductance G /G0 as a func-
tion of voltage of the NS film.

FIG. 9. �Color online� The temperature dependence of the two parameters
G0 and G	 of the NS film.



upturn and the nonlinear conductance, both of which we link
to the presence of the large number of GBs in the NS films.
We draw this inference from the observation that films with
artificial grain-boundary junctions also show similar nonlin-
earity as well as the upturn in the resistivity upon cooling.4

We also note the similarity in the temperature dependence of
MR as well as LFMR of the two. In the case of the artificial
GBJ the nonlinear transport was interpreted as resulting from
multistep tunneling. A similar mechanism can be operative in
the NS film as well.

The presence of a large number of GBs in these films is
expected to make the transport inhomogeneous. This is seen
by using a spatially resolved probe. Figure 10 shows a typi-
cal example of �a� the topography and �b� LCMAP at room
temperature obtained using the VT-STM. Figure 10�c� shows
a typical line scan across the LCMAP �of Fig. 10�b�� along
the solid line. In the LCMAP’s, the brighter areas correspond
to regions of higher tunneling conductance �g� while the
darker areas correspond to regions of lower conductance.
The topography image and LCMAP images were taken si-
multaneously. Comparison with the corresponding topo-
graphic image reveals that within the grains, the tunneling
conductance is higher and relatively constant. However,
there are sharp drops in g at the GB’s. This can be seen in
Fig. 10�c�. One can clearly see the drop in g as the line
crosses the GB. The low tunneling conductance g at the GB
would mean that these regions have low density of states at
the Fermi level N�E=EF� �Ref. 12� and have lower conduc-
tivity than the grains. Any electronic transport through the
film has to encounter these regions of low conductance and
this leads to large inhomogeneities in the transport. From the
LCMAP images taken at different temperatures one can find
the variation of the average local conductance �g� and the
standard deviation ��g�2 as a function of temperature. This is
shown as a function of T in Fig. 11. Both �g� and ��g�2

increase on cooling. As the temperature is lowered, the
grains increase their electronic conductivity which presum-
ably happens largely due to the buildup of N�EF� below the
ferromagnetic TC. This will lead to an overall increase in the

average tunneling conductance �g�.14 However, the grain
boundaries being tunneling regions presumably retain a low
N�EF� which makes the local + at GB low.11 Due to regions
of this locally low g the distribution of g becomes broader as
T is lowered leading to an increase of ��g2�. As a result the
transport in the NS film becomes more inhomogeneous as
the temperature is lowered.

One very important point that emerges from the study of
the NS films is the nature of the GB. They have close resem-
blance to the artificial GB junctions though they are formed
by a very different process. The artificial GB junctions have
much sharper low-field response than the NS films although
their physical extent can be large and in scale of
micrometer.15 In the NS film the GB region are in scales of
20–25 nm as can be seen from LCMAP data. It implies that
the details of the GB formation is not of primary importance
when it comes to their overall physical properties, in particu-
lar, the nonlinear conductance as well as the low magnetic-
field response.

IV. SUMMARY

To summarize, we have fabricated nanostructured films
of the CMR material La0.67Sr0.33MnO3 by chemical solution
deposition. The films with average grain size 50–60 nm have
a suppressed TP and high resistivity. The films have suffi-

FIG. 10. �Color online� Example of simultaneous �a�
topography and corresponding �b� LCMAP taken on NS
film �850 °C� at room temperature. �c� The line scan of
the LCMAP shows a large drop in the mean local con-
ductance at the grain boundary.

FIG. 11. The temperature dependence of mean local conductance �+� and
the standard deviation �SD� of the NS film �850 °C�.



cient MR over the whole temperature range and show non-
linear conductivity both of which originate from the large
number of grain boundaries in the film. STM-based mapping
of local tunneling conductance of the film revealed that the
GB regions have much less density of states at the Fermi
level compared to the bulk of the grains. This leads to the
inhomogeneous nature of transport in these materials.
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