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Current-induced giant electroresistance in Lg ;SrgMnO 3 thin films
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The electroresistand&R) and magnetoresistan@®R) of La, ;Sr, sMnO5 (LSMO) thin films with different
thicknessest) are investigated. We found a metallic-to-insulatiiy!) transition in films witht =80 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 percolation model, and is associated with the quantum effect.
A detailed analysis will be discussed in the following.
The phenomenon of colossal magnetoresistéd@84R) in

perovskite compounds La,A,MnO; (Refs. 1 and 2 (A EXPERIMENTS
=Ca, Sr, Ba, Pphas attracted considerable attention in re-
cent years due to the related physics and potential applica- A series of films with various thicknesses were fabricated
tions. A large number of experiments on polycrystals, singléy rf magnetron sputterirtg under identical deposition con-
crystals, and thin films have been carried out to explore thelitions using a sintered stoichiometric LSMO target in an
dependence of the magnetoresista(M®) on the tempera- Ar+0, atmosphere, with a pressure and a rf power of 20
ture (T), magnetic field(H), and compositions as well as on mTorr and 3.56 W/cr respectively. Films were synthesized
synthesis process. Indisputably, shaping them into the formn a LaAlO; (LAO) (100 substrate. After deposition the
of a thin film is mostly required for the application of mag- samples were post-annealed at 920 °C under flowing oxygen.
netronic devices ° The basic behavior of CMR’s generally The processing parameters were first optimized to obtain
the same in both bulk and thin-film samples, except for somd .>300 K for 150-300-nm films; then the same parameters
properties associated with the strain effect induced by thavere adopted for other thicknesses. The four-point contact
lattice mismatch between film and substrfté©ne of the preparation and the experimental setup for the electrical re-
serious problems in a practical application of CMR materialssistivity (p) and current-voltagel ¢V) measurements was al-
is the insufficient magnetoresistive response at room tenready described in Refs. 14 and 15. For a resistance-field
perature(RT) under a low field H<1 KQO,). Fortunately, (R-H) measurement a sweep field frorl to 1 T is applied.
some studies showed that the manipulation of resistive statdhe MR ratio is defined as{(py=17—PH=0)/PH=0}
in CMR manganites can be achieved not only by a magnetie 100%], and the ER ratio is defined &g (dV/dI(l)
field but also by an electriE) field. It has been reported that —dV/dI(0))/dV/dI(0)}<100%]. The film thickness was
an electric currentl) could trigger the transformation of the measured by the stylus method on a Dektek-3030 ST profilo-
electrically insulating charge-ordered state to a ferromagnetimeter. The surface morphology and composition of films
metallic staté”® Furthermore, a correlatiof between elec- were determined using a high resolutigfOL-JSM 6700F
troresistance (ER) and MR has been established in scanning electron microscopéSEM) and by energy-
Lag gLCa 1gMNO53 (LCMO) single crystal, and the function of dispersive x-ray EDX analysiHitachi-S570, respectively.
an electric current of 0.3 mA was shown to be equivalent torhe phase purity and structure of the film were identified by
1.5 T at a temperature below Curie temperatrg (and 0.4  the x-ray-diffraction method.
T at RT. A rough estimatiof! shows that a 1-nm-wide fila-
mentary path biased with 1 mA could produce a magnetic
field of 1 T. Since the ER effect is strongly correlated with RESULTS AND DISCUSSION
the MR effect and the MR ratio is very much dependent on EDX results indicate that our films were slightly Mn de-
the film thickness(t),*12 the simultaneous investigation of ficient, and the La/Sr ratio was found to be 2.29 after post-
ER and MR effects with different thicknesses is essential fomnnealing. Figure 1 displays(T) plots at zero and 1 T for
not only the basic research but also for technological applifilms with different thicknesses. Fdr>100 nm, thep(T)
cations. In this paper, we report our ER and MR studies orbehavior is very similar to that af=100 nm; we therefore
Lay /SthsMnO; (LSMO) thin films. We choose this compo- do not show the data here. As seen in Figa) and Xc), the
sition because it possessesTg>300 K, which is a great 60-nm film behaves as insulating with an upturn at 150 K,
advantage for practical applications at room temperaturenhile the 100-nm film shows a metallic feature wiphde-
Our finding is the giant ER ratio of 11.3% at RT forta creasing with lowering temperature. The result in these two
=80 nm film, which is four times larger than the MR ratio panels clearly demonstrates that there exists a critical thick-
produced by an applied field of 1 T. This large current-ness for driving the insulating phase to the metallic phase.
induced resistive change cannot be explained simply by th€or the intermediate thickness=80 nm [see Fig. )], p
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FIG. 1. p vs T under zero and 1-T fields for LSMO/LAO films FIG. 2. MR(T) plots of LSMO/LAO films with different thick-
with different thicknessega) 60 nm,(b) 80 nm, and(c) 100 nm. nesses(a) 60 nm,(b) 80 nm, and(c) 100 nm.

first decreases with a sharp drop at 200 K, then behaves as anFigure 2 displays the- MR(T) plots for t=60, 80, and
insulator whenT decreases from 200 to 10 K. This type of 100 nm films. It is observed that the MR ratio for all films
low-temperaturep upturn has been observed in a polycrys-increases with decreasing temperature, but its value is thick-
talline samplé&® as well as in thin films’ The former was ness dependent. At 15 K, it increases from 15.2% to 25.8%
attributed to an intergranular Coulomb gap between grainas the film thickness decreases from 100 to 60 nm. In a
(20-25 nm), and the latter to the coexistance of high-strain/simple negative MR picture, the application of a magnetic
low-strain mixed phases. Our sample condition is very simifield aligns the spins of ferromagnetic metallic regions; as a
lar to the latter case. First, the average grain size of ouresult p of the sample decreases. Our 100-nm film shows
polycrystalline films is more than 50 nitbased on SEM metallic conductionFig. 1(c)] and the 60-nm film shows
data, which should not yield much difference in their elec- insulating behavior[Fig. 1(a)]. However, the MR of a
trostatic energy. Second, the high-strain/low-strain mixedL00-nm film is observed to be slightly higher than that of 60
phases were observed in a LCMO/LAO film, in which the nm at RT, but at low temperature the MR behavior is oppo-
lattice mismatch between the fil0.386 nm and substrate site to that at RT. We interpret the results as follows. Struc-
(0.379 nm is —1.85%. Therefore, the possible origin for the tural disorder can enhance the electron localization, and the
p upturn behavior in our film of 80-nm thickness is the struc-conduction electrons in FM mixed valence manganites are
tural disorder by strain in association with the large latticedeclocalized on an atomic scale; however, they may be
mismatch(—2.37% between LSMO(0.388 nm and LAO.  weakly localized in large wave packets as described in an
Similarly, the strain-induced lattice distortion still remains extended localization modét.It is obvious that at low tem-
for 60-nm LSMO films'®'°and the strained lattice deforma- perature the spin disorder reduces, and the applicatid# of
tion is shown to control the direction of easy magnetizationmay easily induce a net spin alignment of the localized
of LSMO films whatever the thickness of the film may be. states; as a resufi reduces substantially. Hence the low-
Moreover, disorder has been observed even in epitaxial thitemperature MR is higher for a high-strained 60-nm film.
(La,Ca)MnQ films?® deposited by the sputtering technique. Indeed, several groups have repofted’ an enhanced MR
The structural disorder can result in spin disorder, and eneffect in manganite films and bulks by introducing structural
hance the electron localizatiGhpr may lead to the absence and spin disorder. The rati%) of low (15-K) and high-

of the characteristic insulator-metal transition in ferromag-temperatur¢300-K) MR are found to be 8.7, 6.5, and 3.9 for
netic manganite% This behavior very likely appears in our t=60, 80, and 100 nm, respectively. This increase in the MR
60/80-nm film, since the structural disorder and surface spimatio at low temperature with decreasing thickness is consis-
disorder effects become more significant as the film thicktent with the reported results.

ness is reduced. The disorder yields a reduction in the mo- Figure 3 shows the MR{) graphs derived fronR-H
bility of the conduction electrons and enhances the resistivplots at RT. We observed a linear decreas® @fith increas-

ity. Thus the upturn ofp(T) in our films seems to be the ing H, which indicates spin-related electron scattering at
localization effect due to structural disorder. Recently, agrain boundarie® In this case the MR increases from
similar p upturn was also seen in 80-nm La-Sn-Mn-O epi-2.96% to 3.85% as the film thickness increases from 60 to
taxial films and was described as the localization efféé. 100 nm. This marginal increase of the MR with thickness is
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FIG. 3. MR ratio(%) vs H at RT for LSMO/LAO films with
different thicknessesi@ 60 nm, (b) 80 nm, and(c) 100 nm. MR
values at 1-T are displayed on right top corner of each layer.

consistent with the repdtt that high-field MR remains al-
most constant for a film with>20 nm. This low MR at RT
is ascribed to the spin disordering of LSMO at high® Our

result from MR (3.85% for t=100 nm is very close to the
reported value of 3.81% forts= 200 nm LSMO film under a

1-T field %°
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FIG. 4. Differential resistanced(v/dl) vs current(l) at RT for
LSMO/LAO films with different thicknessega) 60 nm,(b) 80 nm,
and(c) 100 nm.

type of filamentary pattern has also been observed by apply-
ing current in amorphous hydrogenated silicon deviées.
Hence current flow through space, limited within the fila-
mentary regions, induces an intense local magnetic field
which polarizes the FM regions and induces the CMR effect.
In this case the resistive changes due to a magnetic field and

The ER effect was studied by measuring the differentialyplied current are expected to be equivalent, as reported for

resistanc¥ (dV/dl) as a function of.

The obtained results 5 | cMO crystal® However, our studies show that the thick-

are shown in Fig. 4. The main features of ER curves argegg dependence of the MR and ER effects are in the oppo-

almost same as the MR graphs, as shown in Fig. 3. The effect
of the Joule heating due to the current flow can be examined
in the higher current range. The differential resistance de-
creases with increasing current, which is opposite to the
Joule heating effect. It is therefore reasonable to assume that
Joule heating is irrelevant to our transport results, qualita-
tively at least. Figure 5 shows the ER rati) vs current(l)
derived fromdV/dI—1 plots. With1=0.3 mA, we obtained
5.6%, 6.4%, and 3.5% of ER ratio at RT fo= 60, 80, and

100 nm, respectively. With=0.9 mA the ER ratio increases

to 11.3% and 4.6% for=80 and 100 nm, respectively. This
indicates that the room-temperature ER value decreases 1.6
times whent increases from 60 to 100 nr{see Fig. 5,
whereas the MR increases to 1.3 timese Fig. 3 for the
same thickness variation. Although there is similarity be-
tween MRH) anddV/dI(l) curves(Figs. 3 and 4 the in-
creasing(decreasingtendency of the MR dV/dl) with in-
creasing thickness suggests that both effects may not have
exactly the same origin as normally argued for the magnetic
and electric field effects. According to the percolation model,
an electric field perturbs the coexistence of metallic and in-
sulating regions by creating metallic inclusidhsvithin the
insulating regions. This metallic inclusion may in turn pro-
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duce a filamentary path where the outer layer is insulating FIG. 5. ER ratio(%) vs current(l) for LSMO/LAO films with
and the inner one is metallic. Besides CMR materials, thiglifferent thicknessega) 60 nm,(b) 80 nm, and(c) 100 nm.
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TABLE I. A comparison of room-temperature MjRand MR . TABLE II. A comparison of MR, MR, , andr values obtained
MRy : MR ratios (%) obtained at 1 T. The MR ER ratio (%) at at 15 K.
different applied currenfl) in mA as shown in the bracket: the

ratio of MR, and MR; . Film thickness(nm) MRy MR, r
Film thickness(nm) MRy MR, r 80 18.5 20.8(=0.3) 11
100 15.0 14.71(=0.3) 0.98
60 2.96 5.6 (=0.3) 19
80 2.85 6.4 (=0.3) 2.3

11.3 1=0.9) 40 almost equivalent at 15 K. Some sir_nple calculations further
' : ' demonstrate why the argument of filamentary current could
100 3.85 35(=0.3) 0.9 not work in our films. The room-temperatupevalues(from
4.6 (1=0.9) 12 the raw data of Fig. lare 0.098 and 0.228 cm for 80 and
100-nm films, respectively. Based on the percolation scen-

site direction. Furthermore, based on the ER and MR studie@'10. the local electric fieldE=Jp; Jis the current density

in a single crysta(Ref. 10, the value of the ER ratio should Produced by 0.3-mA current in an 80-nm film should be
be nearly equivalent to that of the MR ratio at various tem-!OWer than that producedin a 100-nm film, and should result
peratures from 295 and 65 K. In the percolation picture, d" less MR ratio for an 80-nm film. But our data for the MR

I . ratio (see Table)l show an opposite result. Another example
local electric field perturbs the coexistence of phases of d|fis as follows:p of an 80-nm film at 15 K is 1.6 higher than

ferent electronic densities, and sets up filamentary currentg ..+ 1o room-temperature value. Hence the 0.3-mA cur-
across nonconductive regions. Th|s filamentary current,' Ment would produce a stronger local electric field and, accord-
turn, produces a magnetic field to induce MR drop. Keeping, i “the MR ratio should increase 1.6 times. However, our

in mind that the local magnetic field generated by the sam@aia show that its MRratio at 15 K is 3.2 times larger than
current could be different at different temperatures dependmqat at room temperature.

ing on the. resistance change, the increase or decrease rate ofy comparison of the resistive changes due to magnetic
the local field should be the same as the increase or decreaggid and current effects is given in Table I. The ER r48i6)
rate of the MR ratio. As described in Ref. 10, for the Sing|8at different app“ed Currentén mA, as shown in bracke)t's
crystal, a current of 0.3 mA is equivalent to the effect ofthe MR ratio (%) at 1-T magnetic field, and their ratio are
applying a magnetic field of 1.5-2 T at low temperature, ancesignated as MR MRy, , andr, respectively. It is seen that
only 0.4 T at room temperature. Therefore, both the ER antR,, and MR are almost equal for a 100-nm film. But the
MR increase five times at low temperature. Nevertheless, thikigher values of MR, as compared to MR for 60- and
model could not explain the results of our films with high 80-nm films, indicate that there is some other mechanism
strain (60 and 80-nm filmg because the ER value is much involved in addition to the percolation scenario. According to
higher than the MR ratio at room temperature, while they ardrig. 1(b), the p(T) of the 80-nm film has a/-l transition
around 200 K, but the value at the low temperature is much
lower than the regular insulator. It is also well known that
any kind of disorder in the conduction channel can lead to
the localization of electrons and to a possiMd transition
and also to an instability against the formation of an
insulator’®34 Disorder has been observed in epitaxial thin
(La,Ca)MnQ films?® deposited by the sputtering technique.
It is, therefore, reasonable to consider our sample to be a
[ strongly disordered metallic system, and the occurence of the
7+ 00 02 04 Iy
I (mA) M-I transition may be caused by a quantum effect—_the
Ll Anderson transitior® In the model of the Anderson transi-
tion, an electron moving in a random potential may have
(b) either a localized or extended eigenstate depending on the
energy of the electron. Extended states can carry a direct

42
39

dvidi (kQ)
a8 N

16 current whereas localized states are bound to a certain region
. 8 and can move only with the assistance of another mechanism
1ak 212 / (e.g., phonon-assisted hoppjri§ When one passes a current
x © to the sample, localized electrons gain energy and become
W s conductive via phonon-assisted hopping. Accordingly, the
12l I(mA) | . electrical resistance decreases. This explains why thedfiR
-0.4 0.2 0.0 0.2 0.4 an 80-nm film for a current of 0.3 mfequivalent to a 1.5-T
I (mA) field; see Ref. 1Dis 2.3 times larger than that of MRat a

1-T field. Hence, to get a clear picture on the phonon-assisted
FIG. 6. Differential resistanced(/dl) vs current(l) at low  delocalization effect, we studied the ER effect fer80 and
temperature(15 K) for LSMO/LAO films with different thick- 100 nm films at low temperature to minimize the phonon
nessesta) 80 nm andb) 100 nm. Insets display the ER rafi%h) vs contribution.
current(l) for corresponding thicknesses. The results are displayed in Fig. 6 in which insets depict
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the corresponding ER rati@®b) vs thel plot. It is seen that in an 80-nm film which is about a four times larger resistive
ER ratio increases with increasing current. The ER value isesponse than that observed in a MR ratio under 1 T. Based
found to be 1.4 times higher in an 80-nm film than that ofon our analysis, we suggest that phonon-assisted delocaliza-
100-nm film. Table Il gives comparison between MBnd tion may be the origin of the giant ER effect in the disor-
MR, values. It is seen that MRvalues at 15 K for both 80- dered metallic LMSO thin films. It is also revealed that a
and 100-nm films are close to the correspondingM@Blues ~ Mixture of localized and FM metallic states are advantageous
(ther values are all close to)1The evidence, that the current fOr the enhancement of room temperature ER in LSMO thin
effect is almost the same as the magnetic-field effect at lovfiims-
temperature, while it is more influential than the magnetic-
field effect at room temperature, is consistent with the model
of phonon-assisted delocalization. The authors wish to thank S. L. Cheng for SEM and
In summary, we have investigated simultaneously the EREDAX measurements. This project was supported by the Na-
and MR effects in LSMO films with different thicknesses tional Science Council of R.O.C. under grant No. NSC 90-
and we have observed a room-temperature ER ratio of 11.3%112-M-002-027.
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