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Current-induced giant electroresistance in La0.7Sr0.3MnO3 thin films

A. K. Debnath* and J. G. Lin†

Center for Condensed Matter Sciences, National Taiwan University, Taipei 10617, Taiwan
~Received 26 August 2002; published 13 February 2003!

The electroresistance~ER! and magnetoresistance~MR! of La0.7Sr0.3MnO3 ~LSMO! thin films with different
thicknesses~t! are investigated. We found a metallic-to-insulating~M-I! transition in films witht580 nm. For
the 80-nm film, a giant room-temperature ER ratio of 11.3% is achieved with an electric current of 0.9 mA.
This value of the ER ratio is four times larger resistive response than that of the MR ratio under 1 T. The
enhancement of the ER value in these disordered metallic LSMO thin films is correlated with the coexistence
of metallic and insulating phases and attributed to the mechanism of phonon-assisted delocalization.
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INTRODUCTION

The phenomenon of colossal magnetoresistance~CMR! in
perovskite compounds La12xAxMnO3 ~Refs. 1 and 2! (A
5Ca, Sr, Ba, Pb! has attracted considerable attention in
cent years due to the related physics and potential app
tions. A large number of experiments on polycrystals, sin
crystals, and thin films have been carried out to explore
dependence of the magnetoresistance~MR! on the tempera-
ture ~T!, magnetic field~H!, and compositions as well as o
synthesis process. Indisputably, shaping them into the f
of a thin film is mostly required for the application of ma
netronic devices.3–5 The basic behavior of CMR’s generall
the same in both bulk and thin-film samples, except for so
properties associated with the strain effect induced by
lattice mismatch between film and substrates.6,7 One of the
serious problems in a practical application of CMR materi
is the insufficient magnetoresistive response at room t
perature~RT! under a low field (H,1 KOe). Fortunately,
some studies showed that the manipulation of resistive st
in CMR manganites can be achieved not only by a magn
field but also by an electric~E! field. It has been reported tha
an electric current~I! could trigger the transformation of th
electrically insulating charge-ordered state to a ferromagn
metallic state.8,9 Furthermore, a correlation10 between elec-
troresistance ~ER! and MR has been established
La0.82Ca0.18MnO3 ~LCMO! single crystal, and the function o
an electric current of 0.3 mA was shown to be equivalen
1.5 T at a temperature below Curie temperature (Tc), and 0.4
T at RT. A rough estimation10 shows that a 1-nm-wide fila
mentary path biased with 1 mA could produce a magn
field of 1 T. Since the ER effect is strongly correlated w
the MR effect and the MR ratio is very much dependent
the film thickness~t!,11,12 the simultaneous investigation o
ER and MR effects with different thicknesses is essential
not only the basic research but also for technological ap
cations. In this paper, we report our ER and MR studies
La0.7Sr0.3MnO3 ~LSMO! thin films. We choose this compo
sition because it possesses aTc.300 K, which is a great
advantage for practical applications at room temperat
Our finding is the giant ER ratio of 11.3% at RT for at
580 nm film, which is four times larger than the MR rat
produced by an applied field of 1 T. This large curre
induced resistive change cannot be explained simply by
0163-1829/2003/67~6!/064412~5!/$20.00 67 0644
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percolation model, and is associated with the quantum eff
A detailed analysis will be discussed in the following.

EXPERIMENTS

A series of films with various thicknesses were fabrica
by rf magnetron sputtering13 under identical deposition con
ditions using a sintered stoichiometric LSMO target in
Ar1O2 atmosphere, with a pressure and a rf power of
mTorr and 3.56 W/cm2, respectively. Films were synthesize
on a LaAlO3 ~LAO! ~100! substrate. After deposition th
samples were post-annealed at 920 °C under flowing oxyg
The processing parameters were first optimized to ob
Tc.300 K for 150–300-nm films; then the same paramet
were adopted for other thicknesses. The four-point con
preparation and the experimental setup for the electrical
sistivity ~r! and current-voltage (I -V) measurements was a
ready described in Refs. 14 and 15. For a resistance-
~R-H! measurement a sweep field from21 to 1 T is applied.
The MR ratio is defined as@$(rH51T2rH50)/rH50%
3100%#, and the ER ratio is defined as@$(dV/dI(I )
2dV/dI(0))/dV/dI(0)%3100%#. The film thickness was
measured by the stylus method on a Dektek-3030 ST pro
meter. The surface morphology and composition of film
were determined using a high resolution~JEOL-JSM 6700F!
scanning electron microscope~SEM! and by energy-
dispersive x-ray EDX analysis~Hitachi-S570!, respectively.
The phase purity and structure of the film were identified
the x-ray-diffraction method.

RESULTS AND DISCUSSION

EDX results indicate that our films were slightly Mn de
ficient, and the La/Sr ratio was found to be 2.29 after po
annealing. Figure 1 displaysr(T) plots at zero and 1 T for
films with different thicknesses. Fort.100 nm, ther(T)
behavior is very similar to that oft5100 nm; we therefore
do not show the data here. As seen in Figs. 1~a! and 1~c!, the
60-nm film behaves as insulating with an upturn at 150
while the 100-nm film shows a metallic feature withr de-
creasing with lowering temperature. The result in these t
panels clearly demonstrates that there exists a critical th
ness for driving the insulating phase to the metallic pha
For the intermediate thicknesst580 nm @see Fig. 1~b!#, r
©2003 The American Physical Society12-1
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A. K. DEBNATH AND J. G. LIN PHYSICAL REVIEW B 67, 064412 ~2003!
first decreases with a sharp drop at 200 K, then behaves a
insulator whenT decreases from 200 to 10 K. This type
low-temperaturer upturn has been observed in a polycry
talline sample16 as well as in thin films.17 The former was
attributed to an intergranular Coulomb gap between gra
~20–25 nm!, and the latter to the coexistance of high-stra
low-strain mixed phases. Our sample condition is very si
lar to the latter case. First, the average grain size of
polycrystalline films is more than 50 nm~based on SEM
data!, which should not yield much difference in their ele
trostatic energy. Second, the high-strain/low-strain mix
phases were observed in a LCMO/LAO film, in which th
lattice mismatch between the film~0.386 nm! and substrate
~0.379 nm! is 21.85%. Therefore, the possible origin for th
r upturn behavior in our film of 80-nm thickness is the stru
tural disorder by strain in association with the large latt
mismatch~22.37%! between LSMO~0.388 nm! and LAO.
Similarly, the strain-induced lattice distortion still remain
for 60-nm LSMO films,18,19and the strained lattice deforma
tion is shown to control the direction of easy magnetizat
of LSMO films whatever the thickness of the film may b
Moreover, disorder has been observed even in epitaxial
(La,Ca)MnO3 films20 deposited by the sputtering techniqu
The structural disorder can result in spin disorder, and
hance the electron localization,21 or may lead to the absenc
of the characteristic insulator-metal transition in ferroma
netic manganites.22 This behavior very likely appears in ou
60/80-nm film, since the structural disorder and surface s
disorder effects become more significant as the film thi
ness is reduced. The disorder yields a reduction in the
bility of the conduction electrons and enhances the resis
ity. Thus the upturn ofr(T) in our films seems to be th
localization effect due to structural disorder. Recently
similar r upturn was also seen in 80-nm La-Sn-Mn-O e
taxial films and was described as the localization effect.12,23

FIG. 1. r vs T under zero and 1-T fields for LSMO/LAO films
with different thicknesses:~a! 60 nm,~b! 80 nm, and~c! 100 nm.
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Figure 2 displays the2MR(T) plots for t560, 80, and
100 nm films. It is observed that the MR ratio for all film
increases with decreasing temperature, but its value is th
ness dependent. At 15 K, it increases from 15.2% to 25.
as the film thickness decreases from 100 to 60 nm. I
simple negative MR picture, the application of a magne
field aligns the spins of ferromagnetic metallic regions; a
result r of the sample decreases. Our 100-nm film sho
metallic conduction@Fig. 1~c!# and the 60-nm film shows
insulating behavior@Fig. 1~a!#. However, the MR of a
100-nm film is observed to be slightly higher than that of
nm at RT, but at low temperature the MR behavior is opp
site to that at RT. We interpret the results as follows. Str
tural disorder can enhance the electron localization, and
conduction electrons in FM mixed valence manganites
declocalized on an atomic scale; however, they may
weakly localized in large wave packets as described in
extended localization model.24 It is obvious that at low tem-
perature the spin disorder reduces, and the application oH
may easily induce a net spin alignment of the localiz
states; as a resultr reduces substantially. Hence the low
temperature MR is higher for a high-strained 60-nm fil
Indeed, several groups have reported25–27 an enhanced MR
effect in manganite films and bulks by introducing structu
and spin disorder. The ratio~%! of low ~15-K! and high-
temperature~300-K! MR are found to be 8.7, 6.5, and 3.9 fo
t560, 80, and 100 nm, respectively. This increase in the M
ratio at low temperature with decreasing thickness is con
tent with the reported results.11

Figure 3 shows the MR(H) graphs derived fromR-H
plots at RT. We observed a linear decrease ofR with increas-
ing H, which indicates spin-related electron scattering
grain boundaries.28 In this case the MR increases from
2.96% to 3.85% as the film thickness increases from 60
100 nm. This marginal increase of the MR with thickness

FIG. 2. MR(T) plots of LSMO/LAO films with different thick-
nesses:~a! 60 nm,~b! 80 nm, and~c! 100 nm.
2-2



tia

ar
ffe
ne
de
th
th

ita

s
is
s

e

ha
et
e
in

o-
tin
th

ply-
s.
a-
eld
ct.
and
for

k-
ppo-

CURRENT-INDUCED GIANT ELECTRORESISTANCE IN . . . PHYSICAL REVIEW B67, 064412 ~2003!
consistent with the report21 that high-field MR remains al-
most constant for a film witht.20 nm. This low MR at RT
is ascribed to the spin disordering of LSMO at highT.29 Our
result from MR~3.85%! for t5100 nm is very close to the
reported value of 3.81% for at5200 nm LSMO film under a
1-T field.30

The ER effect was studied by measuring the differen
resistance10 (dV/dI) as a function ofI. The obtained results
are shown in Fig. 4. The main features of ER curves
almost same as the MR graphs, as shown in Fig. 3. The e
of the Joule heating due to the current flow can be exami
in the higher current range. The differential resistance
creases with increasing current, which is opposite to
Joule heating effect. It is therefore reasonable to assume
Joule heating is irrelevant to our transport results, qual
tively at least. Figure 5 shows the ER ratio~%! vs current~I!
derived fromdV/dI2I plots. With I 50.3 mA, we obtained
5.6%, 6.4%, and 3.5% of ER ratio at RT fort560, 80, and
100 nm, respectively. WithI 50.9 mA the ER ratio increase
to 11.3% and 4.6% fort580 and 100 nm, respectively. Th
indicates that the room-temperature ER value decrease
times whent increases from 60 to 100 nm~see Fig. 5!,
whereas the MR increases to 1.3 times~see Fig. 3! for the
same thickness variation. Although there is similarity b
tween MR(H) anddV/dI(I ) curves~Figs. 3 and 4!, the in-
creasing~decreasing! tendency of the MR (dV/dI) with in-
creasing thickness suggests that both effects may not
exactly the same origin as normally argued for the magn
and electric field effects. According to the percolation mod
an electric field perturbs the coexistence of metallic and
sulating regions by creating metallic inclusions31 within the
insulating regions. This metallic inclusion may in turn pr
duce a filamentary path where the outer layer is insula
and the inner one is metallic. Besides CMR materials,

FIG. 3. MR ratio ~%! vs H at RT for LSMO/LAO films with
different thicknesses:~a! 60 nm, ~b! 80 nm, and~c! 100 nm. MR
values at 1-T are displayed on right top corner of each layer.
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type of filamentary pattern has also been observed by ap
ing current in amorphous hydrogenated silicon device32

Hence current flow through space, limited within the fil
mentary regions, induces an intense local magnetic fi
which polarizes the FM regions and induces the CMR effe
In this case the resistive changes due to a magnetic field
applied current are expected to be equivalent, as reported
a LCMO crystal.10 However, our studies show that the thic
ness dependence of the MR and ER effects are in the o

FIG. 4. Differential resistance (dV/dI) vs current~I! at RT for
LSMO/LAO films with different thicknesses:~a! 60 nm,~b! 80 nm,
and ~c! 100 nm.

FIG. 5. ER ratio~%! vs current~I! for LSMO/LAO films with
different thicknesses:~a! 60 nm,~b! 80 nm, and~c! 100 nm.
2-3
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A. K. DEBNATH AND J. G. LIN PHYSICAL REVIEW B 67, 064412 ~2003!
site direction. Furthermore, based on the ER and MR stu
in a single crystal~Ref. 10!, the value of the ER ratio shoul
be nearly equivalent to that of the MR ratio at various te
peratures from 295 and 65 K. In the percolation picture
local electric field perturbs the coexistence of phases of
ferent electronic densities, and sets up filamentary curr
across nonconductive regions. This filamentary current
turn, produces a magnetic field to induce MR drop. Keep
in mind that the local magnetic field generated by the sa
current could be different at different temperatures depe
ing on the resistance change, the increase or decrease r
the local field should be the same as the increase or decr
rate of the MR ratio. As described in Ref. 10, for the sing
crystal, a current of 0.3 mA is equivalent to the effect
applying a magnetic field of 1.5–2 T at low temperature, a
only 0.4 T at room temperature. Therefore, both the ER
MR increase five times at low temperature. Nevertheless,
model could not explain the results of our films with hig
strain ~60 and 80-nm films!, because the ER value is muc
higher than the MR ratio at room temperature, while they

FIG. 6. Differential resistance (dV/dI) vs current~I! at low
temperature~15 K! for LSMO/LAO films with different thick-
nesses:~a! 80 nm and~b! 100 nm. Insets display the ER ratio~%! vs
current~I! for corresponding thicknesses.

TABLE I. A comparison of room-temperature MRH and MRI .
MRH : MR ratios ~%! obtained at 1 T. The MRI : ER ratio ~%! at
different applied current~I! in mA as shown in the bracket.r: the
ratio of MRI and MRH .

Film thickness~nm! MRH MRI r

60 2.96 5.6 (I 50.3) 1.9
80 2.85 6.4 (I 50.3) 2.3

11.3 (I 50.9) 4.0
100 3.85 3.5 (I 50.3) 0.9

4.6 (I 50.9) 1.2
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almost equivalent at 15 K. Some simple calculations furt
demonstrate why the argument of filamentary current co
not work in our films. The room-temperaturer values~from
the raw data of Fig. 1! are 0.098 and 0.228V cm for 80 and
100-nm films, respectively. Based on the percolation sc
erio, the local electric field (E5Jr; J is the current density!
produced by 0.3-mA current in an 80-nm film should
lower than that produced in a 100-nm film, and should res
in less MR ratio for an 80-nm film. But our data for the MRI
ratio ~see Table I! show an opposite result. Another examp
is as follows:r of an 80-nm film at 15 K is 1.6 higher tha
that at the room-temperature value. Hence the 0.3-mA c
rent would produce a stronger local electric field and, acco
ingly, the MRI ratio should increase 1.6 times. However, o
data show that its MRI ratio at 15 K is 3.2 times larger tha
that at room temperature.

A comparison of the resistive changes due to magn
field and current effects is given in Table I. The ER ratio~%!
at different applied currents~in mA, as shown in brackets!,
the MR ratio ~%! at 1-T magnetic field, and their ratio ar
designated as MRI , MRH , andr, respectively. It is seen tha
MRH and MRI are almost equal for a 100-nm film. But th
higher values of MRI , as compared to MRH for 60- and
80-nm films, indicate that there is some other mechan
involved in addition to the percolation scenario. According
Fig. 1~b!, the r(T) of the 80-nm film has aM-I transition
around 200 K, but ther value at the low temperature is muc
lower than the regular insulator. It is also well known th
any kind of disorder in the conduction channel can lead
the localization of electrons and to a possibleM-I transition
and also to an instability against the formation of
insulator.33,34 Disorder has been observed in epitaxial th
(La,Ca)MnO3 films20 deposited by the sputtering techniqu
It is, therefore, reasonable to consider our sample to b
strongly disordered metallic system, and the occurence of
M-I transition may be caused by a quantum effect—
Anderson transition.35 In the model of the Anderson trans
tion, an electron moving in a random potential may ha
either a localized or extended eigenstate depending on
energy of the electron. Extended states can carry a di
current whereas localized states are bound to a certain re
and can move only with the assistance of another mechan
~e.g., phonon-assisted hopping!.36 When one passes a curre
to the sample, localized electrons gain energy and bec
conductive via phonon-assisted hopping. Accordingly,
electrical resistance decreases. This explains why the MRI of
an 80-nm film for a current of 0.3 mA~equivalent to a 1.5-T
field; see Ref. 10! is 2.3 times larger than that of MRH at a
1-T field. Hence, to get a clear picture on the phonon-assi
delocalization effect, we studied the ER effect fort580 and
100 nm films at low temperature to minimize the phon
contribution.

The results are displayed in Fig. 6 in which insets dep

TABLE II. A comparison of MRH , MRI , andr values obtained
at 15 K.

Film thickness~nm! MRH MRI r

80 18.5 20.8 (I 50.3) 1.1
100 15.0 14.7 (I 50.3) 0.98
2-4
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CURRENT-INDUCED GIANT ELECTRORESISTANCE IN . . . PHYSICAL REVIEW B67, 064412 ~2003!
the corresponding ER ratio~%! vs theI plot. It is seen that
ER ratio increases with increasing current. The ER valu
found to be 1.4 times higher in an 80-nm film than that
100-nm film. Table II gives comparison between MRH and
MRI values. It is seen that MRI values at 15 K for both 80-
and 100-nm films are close to the corresponding MRH values
~ther values are all close to 1!. The evidence, that the curren
effect is almost the same as the magnetic-field effect at
temperature, while it is more influential than the magne
field effect at room temperature, is consistent with the mo
of phonon-assisted delocalization.

In summary, we have investigated simultaneously the
and MR effects in LSMO films with different thicknesse
and we have observed a room-temperature ER ratio of 11
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