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Local electronic transport in La0.7Sr0.3MnO3 thin films studied by scanning
tunneling potentiometry
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We have used a scanning tunneling microscope in potentiometry mode to investigate the local electric
potential distribution in current carrying epitaxial La0.7Sr0.3MnO3 thin films, with magnetotransport properties
similar to the ones of single crystals. Scans imaging simultaneously the surface topography and the potential
distribution have been obtained with an unprecedented resolution. In textured La0.7Sr0.3MnO3 /MgO, sharp
potential steps coincide with some of the grain boundaries, whereas other grains are electrically well con-
nected. The precise nature of the local electronic transport, the percolation of the current through the grain
network, and the existence of phase separated insulating domains are then discussed.
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There is increasing interest in the study of natural1–5 or
artificial6–8 grain boundaries in manganese perovski
R12xAxMnO3, as their low-field magnetoresistance respon
~LFMR! amplitude is known to be intimately related to th
presence of interfaces. In the case of La12xSrxMnO3 thin
films, LFMR effects have been found in films deposited
polycrystalline3 or bicrystal7,8 SrTiO3 substrates, and also i
polycrystalline La0.7Sr0.3MnO3 films grown on mismatched
single crystalline MgO substrates.5 Epitaxial and polycrystal-
line La0.7Sr0.3MnO3 /MgO films were obtained by Rann
et al. depending on the substrate temperature.5 The epitaxial
films ~with grains textured along@100# directions for
La0.7Sr0.3MnO3 /MgO) exhibit magnetotransport propertie
similar to that recorded in single crystals~the expression
‘‘single-crystal like’’ refer here to such properties!. The ab-
solute value of the resistivity may be somewhat higher th
in single crystals, but has the same temperature-
magnetic-field dependence: these films are metallic in
low-temperature ferromagnetic phase, and the so-called
lossal magnetoresistance is significant only near the C
temperature. In contrast, the transport properties of the p
crystalline films~for which the grains grow without any crys
tallographic relation with the substrate! are quite different.
The absolute value of their resistivity is several orders
magnitude higher, and theT dependence of the resistivity i
determined by intergrain conduction. The resistivity then d
plays a nonmonotonic behavior in the ferromagnetic pha
and presents a low-T increase associated with localizatio
effects. Moreover, a strong LFMR effect~or intergrain mag-
netoresistance, IMR! is observed at low temperatures.

In the case of La12xSrxMnO3 /MgO thin films, a striking
question concerns the absence of an intermediate tran
regime between the single-crystal like magnetotransp
shown by textured samples, and the low-field IMR regime
polycrystalline mismatched films. This well-marked fronti
between both regimes is rather surprising, as it is possibl
vary continuously the deposition conditions from textured
polycrystalline samples.5 We underline here that the precis
nature of the local electronic transport through the grain n
work of textured samples is a nontrivial question. Indeed
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account for their single-crystal-like transport properties, o
shall assume a negligible contribution of grain boundaries
the resistivity. Nevertheless, it is widely accepted that
grain boundaries increase significantly the macroscopic
sistivity of thin films. This raises the question of the diffe
ences between intergrain transport in textured and polyc
talline samples. So far, as macroscopic transp
measurements cannot really answer correctly these q
tions, a correct picture of the electronic transport in the
films is still missing.

To really understand these features, it is necessary
study the transport properties using local probes. This can
done by using scanning tunneling potentiometry9 ~STP!,
which gives a direct measurement of the local electric pot
tial distribution under current flow.

In this study, we have performed STP measurements w
an unprecedented spatial resolution, on epitax
La0.7Sr0.3MnO3 /MgO thin films with single-crystal-like
macroscopic transport properties, despitea non-negligible
density of grain boundaries between crystallites.The scan-
ning tunneling microscope~STM! was used to image both
the topography and the local electric potential in a curre
carrying line patterned on the sample. Both topographic
potentiometric images obtained present extremely well
solved features, which allow a careful analysis of the el
tronic transport. Sharp steps in the electric potential are
ambiguously related to the presence of grain boundar
whereas some grains are ‘‘electrically well connected’’ wit
out any potential drop at their boundaries. In the light
these results, we discuss the existence of a percola
mechanism for the current through the grain network, a
the differences in the intergrain transport between epita
and polycrystalline samples.

For this work, a 60-nm-thick epitaxial La0.7Sr0.3MnO3
thin film on MgO ~001! ~textured along the three axes! was
grown by pulsed laser deposition, with the deposition para
eters used in Ref. 5 for high-temperature-grown epitax
samples. The transport properties of such a sample are
tensively described in Ref. 5. We thus only underline that
T dependence of its resisitivity~four points measurements
8596 ©2000 The American Physical Society
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see Fig. 1! is single-crystal like, and that the low-T resistivity
is two orders of magnitude lower than in the case of po
crystalline samples (r0;300 mV cm at 4.2 K in Ref. 5!.

The STP measurements were performed at room temp
ture on a 20-mm narrow and 0.5-mm long line~see Fig. 2A!,
patterned on the film using a standard lithographic proc
The sample was cleaned in acetone~in an ultrasonic bath!
and annealed under 500 mbars of pure oxygen for 10 h
deposition chamber, with the aim to restore the surface q
ity after the lithographic process. The total resistance of

FIG. 1. Temperature dependence of the resistivity of
La0.7Sr0.3MnO3 /MgO epitaxial thin film investigated in this study

FIG. 2. ~A! Scanning electron microscope image showing
coarse approach of the STM tip on the 20-mm narrow patterned
line. The dc voltageVS is applied between the ground electrode~at
left! and the potential electrode~at right!. ~B! Typical I t(Vb) curve
showing the interpolation of the local potentialVloc value ~corre-
sponding toI t50). The inset shows the circuit used for scanni
tunneling potentiometry in this study.
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line after annealing is 35 kV ~at 300 K!, corresponding to a
resistivity value of 8 mV cm. The sample was then tran
ferred in an UHV-analysis chamber~base pressure
,10210 mbars) equipped with a scanning electron mic
scope and a STM. Last, theT dependence of the resistivit
was measuredex situafter the STP measurements.

The STP technique used here is described in detail in R
10, and we will here restrict our presentation to some spec
points. A dc voltageVS is applied between the two extrem
ties of the sample, designated here as the ground elect
and the potential electrode~Fig. 2A!. To measure simulta-
neously the topography and the local electric potentialVloc ,
a bias voltageVb is introduced relative to the tip~grounded!
at an electrically equivalent point under the tip by a brid
circuit ~see the insert of Fig. 2B!. Topography is acquired in
a constant current mode at relatively high bias (Vb

510.6 V in this study!. Then, the feedback loop is sus
pended and measurements of the tunneling currentI t are
made by sweepingVb from values below to aboveVloc .
Linear interpolation of the bias valueVb for which I t50
then gives a direct measure ofVloc . This potential measure
ment was done after reducing the bias voltage (Vb5
150 mV) before opening the feedback loop, in order
decrease the tunnel resistance and increase the signal to
ratio of the I t(Vb) curves. Fifty spectra were averaged
interpolate each pixel of potentiometry data. A typicalI t(Vb)
characteristic obtained during a potentiometric scan is
played in Fig. 2B. For low bias values, theI t(Vb) curves
display a perfect linearity, which enables accurate interpo
tions of Vloc .

Let us now consider a potentiometric two-dimension
~2D! image on a 200032000-Å region with an average fiel
117.6 V/mm ~applied from right to left! on the sample,
displayed in Fig. 3B, with the corresponding topograph
image in Fig. 3A. Both images consist of 50350 pixels of
information, and the absolute scale for potentiometric dat
4 mV from black ~low potential! to white ~high potential!.
The local potential increases from left to right in good agre
ment with the average field direction. On the topograp
image, very distinct grains appear, separated by bounda
revealed by more or less sharp topographic features. To
knowledge, both electric potential and topography we
never simultaneously so precisely imaged in the case of m
ganites or high-TC superconducting thin films.

One of the most remarkable features is the frequent p
ence of sharp potential steps associated with the grain bo
aries. Besides these features, the potentiometric image sh
large plateaus where the potential varies smoothly. So
grains seem then to be ‘‘electrically well connected’’ wi
good metallic contact, as some intergrain regions display
potential steps in the corresponding part of the potentiom
ric image.

This case is illustrated by the cross sections displayed
Fig. 4. On the upper cross section~Fig. 4A! with a total drop
DVloc51.5 mV across the 2000-Å-long potentiometr
trace, only one pair of grains is badly connected, whereas
three following grains~viewing the image from the left to the
right part! are well connected. ThisDVloc value is much
lower than the average drop that one should observe o
2000 Å if the potential drop was uniform in this film
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DVmean53.5 mV. We also note that the slope inside t
grain is about 1/5 of the average potential gradient. T
middle cross section~Fig. 4B! shows two pairs of badly con
nected grains, with a larger total dropDVloc52 mV. A
third 2000-Å cross section~Fig. 4C!, was extracted from a
2D potentiometric image~not displayed! taken at another
part of the sample, before and after reversing the sign of
applied voltageVS . Here, we observe several potential ste
corresponding to three neighboring pairs of badly connec
grains, and the total potential dropDVloc53.4 mV is there
almost equal to the average valueDVmean53.5 mV. At this
stage, it seems very likely thatan important part of the po-
tential drops occurs at the grain boundariesin this film, as
several badly connected grains are needed to reach the
age value forDVloc . Besides this result, we observe in th
last cross section a reversal inVloc variations, corresponding
to the inversion ofVS polarity, which definitely confirms tha
the measured local potential is directly related to the app
voltage on the sample.

FIG. 3. ~A! Topographic and~B! potentiometric gray scale
200032000-Å images of La0.7Sr0.3MnO3 /MgO epitaxial thin film
acquired simultaneously with an applied electric field of 17
V/mm. The gray scale for topography covers a range of 177
from black ~low! to white ~high! with a rms value of 30 Å. The
absolute scale for potentiometric data is 4 mV from black~low
potential! to white ~high potential!. The black lines indicate the
positions of the cross sections displayed in Figs. 4A and B,
white line presents a possible percolation path for the current~see
the text!.
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Before going further in the analysis of the local electron
transport, it is now necessary to discuss whether the pote
drops are due to intrinsic intergrain resistivity, or if they a
artifacts due to a discontinuous change in the tunneling
sition during the scan over the grain boundary.10 For ex-
ample, let us consider the first cross section with only o
step in the potential, with an amplitudeDVstep50.9 mV.
For this cross section, both topographic~top part of Fig. 4A!
and potentiometric plots~bottom part of Fig. 4A! are dis-
played, and an arrow indicates what would be the dista
of such a discontinuous change in the tunneling posit
~also called ‘‘tip jump’’!, assuming that the real potentia
drop in the film is uniform. The total drop over the 2000-
length isDVloc51.5 mV, theDVstep value should then cor-
respond to a tip jump on a distance of (0.9/1.5)32000
51285 Å. Such a tip jump would actually imply that th
sample is ‘‘imaging’’ the tip,10 which is highly incompatible
with the excellent resolution of the topographic image, wh
does not display the typical aspect of identical features

e

FIG. 4. ~A! and ~B! Single line cross sections extracted fro
Fig. 3. ~A! both topographic~upper part! and potentiometric data
~lower part! are displayed. The arrow indicates what would be t
distance of a hypothetical tip jump~see the text!. ~C! Single line
potentiometric cross section taken in another part of the sam
before and after reversing the direction of the applied voltageVS .
The uniform potential distributionDVmean ~dotted lines! expected
for the applied field is shown in A, B, and C.
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produced systematically during the scan in the case of ‘
imaging.’’ Moreover, we have already noticed that a cert
number of potential drops are needed to reach the expe
mean value forDVloc on the potentiometric cross section
As previously mentioned,this strongly supports the idea tha
the major part of the real potential drop occurs across t
grain boundaries, so that the sharp steps are intrinsica
linked to the local electronic transport properties of the t
film. For all these reasons, we are confident that the po
tiometric images discussed here reflect the real local po
tial distribution in the thin film.

Now we want to discuss the implications of these resu
concerning the microscopic factors determining the natur
the electronic transport in La0.7Sr0.3MnO3 thin films. The
previous analysis ofVloc topology suggests an importan
contribution of grain boundaries to the global resistivity~at
300 K!, although the macroscopic transport remains sing
crystal like in our La0.7Sr0.3MnO3 /MgO thin film. An expla-
nation which comes naturally, is that the transport proce
via a percolation of the current through the ‘‘electrically we
connected’’ crystallites evidenced by the STP imaging. C
sidering the STP image, it is actually possible to follow so
topologic paths from right to left, without meeting we
marked drops inVloc ~a possible path is proposed in Fi
3B!. In such a percolating picture, theT dependence of the
resistivity is in majority due to the intrinsic contributions o
crystallites, and is therefore similar to the one found in sin
crystals. Moreover, as the current is strongly blocked
tween certain badly connected grains, the global resistivit
not directly related to the high resistance of the bounda
separating the latter grains, but rather to the restricted ge
etry of the percolation path. In this context, we can estim
from our results an averageeffectivegrain boundary resis
tance in the range 0.331027 V cm2 to 0.831027 V cm2.
It is here of interest to note that in a previous STP stu
Versluijs et al. reported GB resistivities one or two order
magnitude higher for polycrystalline La0.7Sr0.3MnO3 films.11

In their study,11 the authors claimed that sharp potent
steps were only present in the case of polycrystall
La0.7Sr0.3MnO3 /MgO thin films, whereas such steps we
totally absent in the case of epitaxial La0.7Sr0.3MnO3 /MgO
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samples with an intrinsic homogeneous single-crystal-l
transport. Our results force us to reconsider this picture.
authors analyzed the local potential in a very low-resist
epitaxial thin film, with a residual resistivity one order o
magnitude lower than that of our sample (r05100 mV cm
in their work11 andr051 mV cm in our study!. Indeed, in
such a very low-resistive sample, the major part of the cr
tallites should be electrically well connected, thus leading
a more homogeneous electronic transport.

Next, it is important to realize that our analysis points
the existence of a percolation threshold for the current
La0.7Sr0.3MnO3 /MgO thin films. When varying the synthesi
conditions from epitaxial to polycrystalline samples, the a
erage misorientation angle between grains increases, an
crystallites become less connected. Below a certain perc
tion treshold, the macroscopic transport properties get th
fore suddenly dominated by intergrain transport, whereas
transport remains single-crystal like above the percolat
threshold. This consistently accounts for the absence o
intermediate regime between single-crystal-like and po
crystallinelike electronic transport.

Last, it is also interesting to consider our results in t
frame of recents STS results12 reported for La0.7Ca0.3MnO3,
and presented in favor of phase separation between me
and more insulating clusters on a submicronic scale. In
case of textured La0.7Sr0.3MnO3 /MgO, only a continuous
and small voltage drop is evidenced inside the grains do
to the scale of10–20 nm ~corresponding to our experimen
tal resolution for the intra-grain voltage drops!. The absence
of additional intragrain resistance suggests that there is
static electronic phase separation in La0.7Sr0.3MnO3 /MgO at
300 K. This aspect will be extensively discussed in a for
coming communication.

In conclusion, we have demonstrated by local STP m
surement that a large fraction of potential drops can occu
the grain boundaries, even in the case of epitax
La0.7Sr0.3MnO3 /MgO thin films with single-crystal-like
transport properties. It has been directly shown by STP
aging that a significant part of the transport proceeds vi
percolation between electrically well connected crystallite
pl.
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