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Local electronic transport in Lag;SryaMnO 5 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 &1, ;MnO; 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 textuge8rd#MnO;/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.

There is increasing interest in the study of nattitabr  account for their single-crystal-like transport properties, one
artificial®® grain boundaries in manganese perovskitesshall assume a negligible contribution of grain boundaries to
R, AMnQO;, as their low-field magnetoresistance responsehe resistivity. Nevertheless, it is widely accepted that the
(LFMR) amplitude is known to be intimately related to the grain boundaries increase significantly the macroscopic re-
presence of interfaces. In the case of, L&Br,MnO; thin  sistivity of thin films. This raises the question of the differ-
films, LFMR effects have been found in films deposited onences between intergrain transport in textured and polycrys-
polycrystalliné or bicrystal® SrTiO; substrates, and also in talline samples. So far, as macroscopic transport
polycrystalline Lg .S, sMnO; films grown on mismatched measurements cannot really answer correctly these ques-
single crystalline MgO substraté&pitaxial and polycrystal- tions, a correct picture of the electronic transport in these
line Lay;SrpMnO;/MgO films were obtained by Ranno films is still missing.
et al. depending on the substrate temperafufée epitaxial To really understand these features, it is necessary to
films (with grains textured along[100] directions for study the transport properties using local probes. This can be
Lag 7St sMNnO3/MgO) exhibit magnetotransport properties done by using scanning tunneling potentiomét(gTP),
similar to that recorded in single crystalthe expression Wwhich gives a direct measurement of the local electric poten-
“single-crystal like” refer here to such propertiesThe ab-  tial distribution under current flow.
solute value of the resistivity may be somewhat higher than In this study, we have performed STP measurements with
in single crystals, but has the same temperature- andn unprecedented spatial resolution, on epitaxial
magnetic-field dependence: these films are metallic in théagStoMnO3/MgO thin films with single-crystal-like
low-temperature ferromagnetic phase, and the so-called ca#nacroscopic transport properties, desmtenon-negligible
lossal magnetoresistance is significant only near the Curidensity of grain boundaries between crystallitébe scan-
temperature. In contrast, the transport properties of the polyaing tunneling microscopéSTM) was used to image both
crystalline films(for which the grains grow without any crys- the topography and the local electric potential in a current-
tallographic relation with the substratare quite different. carrying line patterned on the sample. Both topographic and
The absolute value of their resistivity is several orders ofpotentiometric images obtained present extremely well re-
magnitude higher, and thE dependence of the resistivity is solved features, which allow a careful analysis of the elec-
determined by intergrain conduction. The resistivity then distronic transport. Sharp steps in the electric potential are un-
plays a nonmonotonic behavior in the ferromagnetic phaseambiguously related to the presence of grain boundaries,
and presents a lowW- increase associated with localization whereas some grains are “electrically well connected” with-
effects. Moreover, a strong LFMR effe@r intergrain mag- out any potential drop at their boundaries. In the light of
netoresistance, IMRis observed at low temperatures. these results, we discuss the existence of a percolation

In the case of La ,Sr,MnO3/MgO thin films, a striking mechanism for the current through the grain network, and
question concerns the absence of an intermediate transpdhte differences in the intergrain transport between epitaxial
regime between the single-crystal like magnetotransporand polycrystalline samples.
shown by textured samples, and the low-field IMR regime of For this work, a 60-nm-thick epitaxial kaSryMnO;
polycrystalline mismatched films. This well-marked frontier thin film on MgO (001 (textured along the three ayesas
between both regimes is rather surprising, as it is possible tgrown by pulsed laser deposition, with the deposition param-
vary continuously the deposition conditions from textured toeters used in Ref. 5 for high-temperature-grown epitaxial
polycrystalline samplesWe underline here that the precise samples. The transport properties of such a sample are ex-
nature of the local electronic transport through the grain nettensively described in Ref. 5. We thus only underline that the
work of textured samples is a nontrivial question. Indeed, tol dependence of its resisitivitffour points measurements,
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line after annealing is 35 (& (at 300 K), corresponding to a
resistivity value of 8 il cm. The sample was then trans-
ferred in an UHV-analysis chambeirbase pressure
<10 1° mbars) equipped with a scanning electron micro-
scope and a STM. Last, thedependence of the resistivity
was measuredx situafter the STP measurements.

The STP technique used here is described in detalil in Ref.
10, and we will here restrict our presentation to some specific
points. A dc voltageV/g is applied between the two extremi-

0 . . . . . ties of the sample, designated here as the ground electrode
0 50 100 150 200 250 300 and the potential electrodéig. 2A). To measure simulta-
Temperature (K) . .
neously the topography and the local electric poteifjgl ,

FIG. 1. Temperature dependence of the resistivity of thed bias voltage/y, is introduced relative to the tifgrounded

Lay -St, MnO,/MgO epitaxial thin film investigated in this study. at an electrically equivalent point under the tip by a bridge
circuit (see the insert of Fig. 2BTopography is acquired in

see Fig. 1is single-crystal like, and that the loWresistivity @ constant current mode at relatively high bia¥} (

is two orders of magnitude lower than in the case of poly-=+0.6 V in this study. Then, the feedback loop is sus-

crystalline samplesp;~300 mf) cm at 4.2 K in Ref. & pended and measurements of the tunneling currerre

The STP measurements were performed at room temperaade by sweepind/, from values below to abov#,.
ture on a 20um narrow and 0.5-mm long linesee Fig. 24, Linear interpolation of the bias valué, for which 1,=0
patterned on the film using a standard lithographic processhen gives a direct measure ¥f,.. This potential measure-
The sample was cleaned in acetdite an ultrasonic bath  ment was done after reducing the bias voltagé,=
and annealed under 500 mbars of pure oxygen for 10 h in & 50 mV) before opening the feedback loop, in order to
deposition chamber, with the aim to restore the surface quallecrease the tunnel resistance and increase the signal to noise
ity after the lithographic process. The total resistance of thisatio of thel,(V,) curves. Fifty spectra were averaged to
interpolate each pixel of potentiometry data. A typicéV,)
characteristic obtained during a potentiometric scan is dis-
played in Fig. 2B. For low bias values, thgV,) curves
display a perfect linearity, which enables accurate interpola-
tions of V|, .

Let us now consider a potentiometric two-dimensional
(2D) image on a 2008 2000-A region with an average field
+17.6 V/Imm (applied from right to left on the sample,
displayed in Fig. 3B, with the corresponding topographic
image in Fig. 3A. Both images consist of 880 pixels of
information, and the absolute scale for potentiometric data is
4 mV from black (low potentia) to white (high potential.

The local potential increases from left to right in good agree-
ment with the average field direction. On the topographic
image, very distinct grains appear, separated by boundaries
revealed by more or less sharp topographic features. To our
knowledge, both electric potential and topography were
never simultaneously so precisely imaged in the case of man-
ganites or highF: superconducting thin films.

One of the most remarkable features is the frequent pres-
ence of sharp potential steps associated with the grain bound-
aries. Besides these features, the potentiometric image shows
large plateaus where the potential varies smoothly. Some

Resistivity (m Qcm)

t VIoc grains seem then to be “electrically well connected” with

. : . . good metallic contact, as some intergrain regions display no

10 -5 0 5 10 potential steps in the corresponding part of the potentiomet-
V.. (mV) fic image. . . .

bias This case is illustrated by the cross sections displayed in

FIG. 2. (A) Scanning electron microscope image showing theF'g' 4. On the upper cross sectidfig. 4A) with a tOtaI_ drop .
coarse approach of the STM tip on the 263 narrow patterned A Viec=1.5 mV across the 2000-A-long  potentiometric
line. The dc voltage/s is applied between the ground electrqde  frace, only one pair of grains is badly connected, whereas the
left) and the potential electrodat right. (B) Typical I,(V,,) curve  three following graingviewing the image from the left to the
showing the interpolation of the local potentid),, value (corre-  right pary are well connected. ThidV,. value is much
sponding tol,=0). The inset shows the circuit used for scanninglower than the average drop that one should observe over
tunneling potentiometry in this study. 2000 A if the potential drop was uniform in this film:
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FIG. 3. (A) Topographic and(B) potentiometric gray scale X (A)
2000x 2000-A images of Lg;SryaMnO3;/MgO epitaxial thin film
acquired simultaneously with an applied electric field of 17.6
V/mm. The gray scale for topography covers a range of 177 A
from black (low) to white (high) with a rms value of 30 A. The
absolute scale for potentiometric data is 4 mV from blddw
potentia) to white (high potential. The black lines indicate the
positions of the cross sections displayed in Figs. 4A and B, th
white line presents a possible percolation path for the culisrd
the tex}.

FIG. 4. (A) and (B) Single line cross sections extracted from
Fig. 3. (A) both topographiqupper part and potentiometric data
(lower par} are displayed. The arrow indicates what would be the
distance of a hypothetical tip jumfsee the tejt (C) Single line
potentiometric cross section taken in another part of the sample,
before and after reversing the direction of the applied voltdge

he uniform potential distributiodV .., (dotted line$ expected
for the applied field is shown in A, B, and C.

AV ear=3.5 mV. We also note that the slope inside the Before going further in the analysis of the local electronic
grain is about 1/5 of the average potential gradient. Thdransport, it is now necessary to discuss whether the potential
middle cross sectiofFig. 4B) shows two pairs of badly con- drops are due to intrinsic intergrain resistivity, or if they are
nected grains, with a larger total drapV,,.=2 mV. A  artifacts due to a discontinuous change in the tunneling po-
third 2000-A cross sectiofFig. 40), was extracted from a sition during the scan over the grain bound¥hyFor ex-

2D potentiometric imagenot displayed taken at another ample, let us consider the first cross section with only one
part of the sample, before and after reversing the sign of thetep in the potential, with an amplitudeV;=0.9 mV.
applied voltage/s. Here, we observe several potential stepsFor this cross section, both topograpftiop part of Fig. 4A
corresponding to three neighboring pairs of badly connectednd potentiometric plotgbottom part of Fig. 4A are dis-
grains, and the total potential dradpV,,.=3.4 mV is there played, and an arrow indicates what would be the distance
almost equal to the average vald® ,.,,=3.5 mV. At this  of such a discontinuous change in the tunneling position
stage, it seems very likely than important part of the po- (also called “tip jump”), assuming that the real potential
tential drops occurs at the grain boundariesthis film, as  drop in the film is uniform. The total drop over the 2000-A
several badly connected grains are needed to reach the avéngth isAV,,c=1.5 mV, theAV,.,value should then cor-
age value forAV,,.. Besides this result, we observe in this respond to a tip jump on a distance of (0.9/X%000

last cross section a reversal\fy, variations, corresponding =1285 A. Such a tip jump would actually imply that the
to the inversion o¥/g polarity, which definitely confirms that sample is “imaging” the tip:° which is highly incompatible
the measured local potential is directly related to the applieavith the excellent resolution of the topographic image, which
voltage on the sample. does not display the typical aspect of identical features re-
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produced systematically during the scan in the case of “tipsamples with an intrinsic homogeneous single-crystal-like
imaging.” Moreover, we have already noticed that a certaintransport. Our results force us to reconsider this picture. The
number of potential drops are needed to reach the expectedithors analyzed the local potential in a very low-resistive
mean value folAV|,. on the potentiometric cross sections. epitaxial thin film, with a residual resistivity one order of
As previously mentionedhis strongly supports the idea that magnitude lower than that of our sampley&100 Q) cm

the major part of the real potential drop occurs across thejy their work! and po=1 mQcm in our study. Indeed, in
grain boundaries so that the sharp steps are intrinsically g;,ch a very low-resistive sample, the major part of the crys-
linked to the local electronic transport properties of the thingjites should be electrically well connected, thus leading to

film. For all these reasons, we are confident that the poteny e homogeneous electronic transport.

t@omgtriq im_age_s discus_seq here reflect the real local poten- Next, it is important to realize that our analysis points to
tial distribution in the thin film. the existence of a percolation threshold for the current in

Now we want to discuss the implications of these result L . .
concerning the microscopic factors determining the nature o 3975l MNO3/MgO thin films. When varying the synthesis

the electronic transport in aSr MnO; thin films. The conditions fr.om epitaxial to polycrystallirje ;amples, the av-
previous analysis oW,.. topology suggests an important erage rmsonentanon angle between grains increases, and the
contribution of grain boundaries to the global resistiviag qrystallltes become less connected. Below a celrtaln percola-
300 K), although the macroscopic transport remains singIeI'O” treshold, the macroscopic transport properties get there-
crystal like in our L@ St aMnOs/MgO thin film. An expla- fore suddenly d_omln_ated by intergrain transport, Whereas_the
nation which comes naturally, is that the transport proceedd@nsport remains single-crystal like above the percolation
via a percolation of the current through the “electrically well threshold. This consistently accounts for the absence of an
connected” crystallites evidenced by the STP imaging. Conintermediate regime between single-crystal-like and poly-
sidering the STP image, it is actually possible to follow somecrystallinelike electronic transport.
topologic paths from right to left, without meeting well Last, it is also interesting to consider our results in the
marked drops inv,,. (a possible path is proposed in Fig. frame of recents STS resuitseported for Lg-Cay sMnOs,
3B). In such a percolating picture, thiledependence of the and presented in favor of phase separation between metallic
resistivity is in majority due to the intrinsic contributions of and more insulating clusters on a submicronic scale. In the
crystallites, and is therefore similar to the one found in singlecase of textured LgSr sMnO5;/MgO, only a continuous
crystals. Moreover, as the current is strongly blocked beand small voltage drop is evidenced inside the grains down
tween certain badly connected grains, the global resistivity iso the scale 0f.0—20 nm (corresponding to our experimen-
not directly related to the high resistance of the boundariesal resolution for the intra-grain voltage drop3he absence
separating the latter grains, but rather to the restricted geonof additional intragrain resistance suggests that there is no
etry of the percolation path. In this context, we can estimatestatic electronic phase separation in k8r, ;MnO3;/MgO at
from our results an averagsffectivegrain boundary resis- 300 K. This aspect will be extensively discussed in a forth-
tance in the range 02810 7 Qcn? to 0.8<10°7 Qcn?.  coming communication.
It is here of interest to note that in a previous STP study, In conclusion, we have demonstrated by local STP mea-
Versluijs et al. reported GB resistivities one or two order of surement that a large fraction of potential drops can occur at
magnitude higher for polycrystalline aSr MnO; films!!  the grain boundaries, even in the case of epitaxial
In their study'* the authors claimed that sharp potential Lag St gMnO3/MgO thin films with single-crystal-like
steps were only present in the case of polycrystallingransport properties. It has been directly shown by STP im-
Lay /S1psMnO;/MgO thin films, whereas such steps were aging that a significant part of the transport proceeds via a
totally absent in the case of epitaxial 581, ;MNO3;/MgO  percolation between electrically well connected crystallites.
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