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ABSTRACT

A series of manganite-based superlattices composed of half-metallic La,,Sr,,MnO, and insulating LaMnO, stacking layers were
fabricated by employing pulsed laser deposition method. The dec resistivity increased drastically by simply reducing the stacking
periodicity. The resistivity enhancement was accompanied by a gradual decrease in the temperature (T, of the Metal-to-Insula-
tor Transition (MIT). This observation was interpreted as a small decrease in the effective metallic fraction near the percolation
threshold. For the stacking periodicity less than a certain critical value, there appeared another transition to an insulating state
at temperatures far below T. This low-temperature transition seems to be closely related to the AF-type (C-type) orbital order-

ing in newly formed insulating domains.
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1. Introduction

hin films of alkaline-earth (AE)-cation-modified lantha-

num maganites [La, AE MnO,] that exhibit ‘colossal’
magnetoresistivity (CMR) provide us numerous interesting
potential applications."® These perovskites with an inter-
mediate doping level of x exhibit a paramagnetic-to-ferro-
magnetic transition at T, with a concomitant transition to a
half-metallic state at a temperature very close to Tc.ﬁ)
Although the theoretical understanding of the CMR phe-
nomena is still incomplete, double exchange,” electron-
phonon coupling,” and orbital ordering effects” are com-
monly regarded as important ingredients to the manifesta-
tion of these peculiar effects.

Parallel to the studies based on these nondisordered ato-
mistic models, several interesting studies have also
appeared, correlating the extraordinary transport proper-
ties with an inhomogeneous local structure. Using the tech-
nique of scanning tunneling spectroscopy, Fath and co-
workers'® made the first direct observation of an electronic
phase separation into insulating and metallic ferromagnetic
(FM) regions in La, ,Ca MnO, (LCMO with x~0.3) at near
T.. They further observed that the fraction of these metallic
FM domains increased with the applied magnetic field, sug-
gesting the formation of a magnetic field-induced percola-
tive network of the metallic FM domains. The theoretical
studies based on the Monte Carlo simulation using the ran-

*Corresponding author : Hyun M. Jang
E-mail : hmjang@postech.ac.kr
Tel : +82-54-279-2138 Fax : +82-54-279-2399

dom-field Ising model strongly supported this electronic
phase-separated percolation scenario’? and successively
explained the complicated behavior of p, as a function of
temperature.lz)

Using ®Mn NMR spectroscopy, Papavassiliou and co-
workers'® further obtained an interesting evidence of the
bifurcation of FM metallic phase into FM metallic and FM
insulating regions in polycrystalline LCMO samples near
the antiferro(AF)-type orbital ordering temperature, Too,"?
which is far below their T, Since this low-temperature
bifurcation seems to be closely related to the AF-type (i.e.,
C-type) orbital ordering,'® the formation of insulating FM
domains at Too would be enhanced in a superlattice com-
posed of alternating FM CMR (e.g., LSMO or LCMO) layers
and insulating layers that exhibit the AF-type orbital order-
ing (e.g., LMO at x=0). Because of the interfacial effects,
this would be especially pronounced in a superlattice having
the stacking periodicity shorter than a certain critical value.
Considering a percolative nature of the metallic FM
domains,''® we further propose that there exists a certain
critical periodicity below which the Metal-to-Insulator Tran-
sition (MIT) at T, effectively vanishes in a superlattice com-
posed of alternating metallic FM and insulating LMO
layers.

In view of the above discussion, the main purpose of the
present study is to critically examine the following two
propositions; (i) the disappearance of the MIT below the per-
colation threshold, and (ii) the formation of insulating FM
domains at a low temperature in a superlattice with its
stacking periodicity shorter than a certain critical value.
For this purpose, we have fabricated a series of manganite-
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based superlattices composed of LSMO (La,,,Sr,,MnO,) and
LMO stacking layers by varying the stacking periodicity
and examined their structural and transport properties.

2. Experimental Procedure

La, SrMnO, (x=0 and 1/3) single-layer films (100 nm
thick) and superlattices with alternating stacking layers
composed of x=1/3 and x=0 were fabricated by employing
pulsed laser deposition method. KrF excimer laser (A=248
nm) pulses were focused on each stoichiometric target at an
energy density of 2.5 J/cm? The deposition was carried out
on a single-crystal LaAlO, substrate at 700°C while keeping
200 mTorr oxygen pressure. The layer-by-layer growth of
LSMO and LMO was contolled by monitoring the Reflection
High-Energy Electron Diffraction (RHEED) patterns. Six
superlattices with different stacking periodicitis but with
essentially the same overall thickness were fabricated :
[125/125],, [63/63],, [31/31],, [12/12],,, [5/5],,, and [2/2],,. In
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Fig. 1. (@) RHEED oscillation pattern obtained during the
deposition of the [5/5],; superlattice, indicating a
layer-by-layer growth of each constituent layer. Peaks
and plateaus respectively correspond to the layer
growth and the surface recovery and (b) XRD in-plane
Phi scan around (011) plane of the LSMO layer, indi-
cating an epitaxial growth of all six distinct superlat-
tices.
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a notation of [M/N], M and N respectively indicate the
number of LSMO and LMO atomic layers whereas n
denotes the number of repeated units in the LSMO/LMO
stacking. X-Ray Diffraction (XRD) was carried out by a four-
circle diffractometer with Cu Ko, and synchrotron radiation
source at Pohang Light Source (PLS). Magnetic transport
properties were measured by employing the four-probe
method at a magnetic field up to 7 Tesla appliéd along the
film plane.

3. Results and Discussion

Fig. 1(a) shows the RHEED oscillation pattern of the [5/
5],, superlattice, demonstrating the layer-by-layer growth.
The XRD phi scan data presented in Fig. 1(b) indicate an
epitaxial growth of each constituent layer for a wide range
of the stacking periodicity. In order to examine whether
these superlattices had well-defined interfaces or not, we
further carried out more detailed XRD experiments using
the BL3C2 synchrotron beamline at PLS.

Fig. 2 compares the experimental XRD pattern of the [12/
12],, superlattice with the calculated pattern based on the
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Fig. 2. (a) Synchrotron XRD data of the [12/12],, superlattice
and (b) calculated superlattice diffraction pattern of
the [12/12],, superlattice based on the one-dimen-
sional step model.
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one-dimensional step model."*'” In conventional §-20 scan
with the scattering vector normal to the film plane (k =kf——
k), both the main peak and the satellite peaks associated
with (00) planes of a superlattice structure are observed.
The satellite peaks denoted as ‘-1’ and ‘-2’ in Fig. 2(a) come
from the superlattice modulation of [12/12],, along the
growth direction. Because of the broadness of the substrate
peak, the satellite peaks with their 1/d (= | k|) values higher
than the one corresponding to the substrate are not shown.
The superlattice intensity I(k) as a function of the scatter-
ing vector was theoretically estimated,'” and the results for
the [12/12],, are presented in Fig. 2(b). Comparing these two
patterns, one can conclude that the compositional profile at
the LSMO/LMO interface is abrupt with a well-defined
structure and the c-axis lattice parameter is regularly mod-
ulated along the growth direction with d;q,=3.83 A and
dyo=4.02 A.

Fig. 3 presents the temperature dependence of the electri-
cal resistivity of six distinct superlattices under various
magnetic fields. As shown in the figure, the dc resistivity
changes drastically by simply varying the stacking periodic-
ity. This resistivity enhancement is accompanied by a grad-
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Fig. 3. Temperature dependence of the dc electrical resistiv-
ity of six different superlattices under various mag-
netic fields. The filled arrows indicate the metal-to-
insulator transition at T..
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ual decrease in the MIT temperature. The MIT characteri-
stics finally disappear for the stacking periodicity shorter
than a certain critical value (for M=N<5), and thus the [2/
2], superlattice is insulating for a wide range of tempera-
ture. In other words, as the half-metallic LSMO layer is con-
fined along the growth direction, the LSMO/LMO super-
lattice eventually becomes insulating with a concomitant
disappearance of the MIT characteristics.

The pronounced stacking periodicity-dependent resistivity
characteristics are very similar to the MC- simulation
results of the metallic fraction (p)-dependent p, near the
percolative regime (0.4<p<0.5)."” As the stacking periodic-
ity decreases, the resistivity of the half-metallic LSMO layer
is increasingly affected by the adjacent insulating LMO lay-
ers because of the increase in the number of LSMO/LMO
interfaces. Thus, the effective metallic fraction (p) is
expected to be slightly decreased with decreasing periodicity
(M or N) in [M/N]_ -type superlattices. According to the MC
simulation, the de resistivity increases drastically with a
small decrease of p near the percolation threshold.'” This
suggests that the percolation threshold exists in a superlat-
tice with N (periodicity) between 2 and 5. The observed dis-
appearance of the MIT for N (=M) less than 5 also seems to
reflect that for N less than the critical value, the metallic
connectivity in an insulating matrix'? is strongly inhibited
by the confinement along the growth direction.

Another prominent feature of the result shown in Fig. 3 is
that there appears an interesting low-temperature metal-
to-insulator transition in a superlattice with N between 2
and 31, as marked with open arrows. This low-temperature
transition corresponds to the bifurcation of FM metallic
phase into FM metallic and FM insulating regions.'® As dis-
cussed previously, the formation of the FM insulating
domains is closely related to the AF-type orbital ordering in
newly formed insulating domains, which is enhanced by the
decrease of x in La, AE MnO,."” Because of the interfacial
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Fig. 4. Magnetization-temperature (M-T) curves of the two
superlattices that exhibit a low-temperature transi-
tion to an insulating state. The open arrows, as
obtained from Fig. 3, correspond to the onset of trans-
formation to this low-temperature insulating phase.
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effect from the insulating LMO layer having the AF-type
orbital ordering, the formation of insulating FM domains at
Too is expedited in a LSMO/LMO superlattice with the
stacking periodicity shorter than a critical value. In the
present case, this critical N value seems to be less than 31
but is more than 12.

As presented in Fig. 4, the temperature-dependent mag-
netization of the two superlattices does not change abruptly
at this 2™ MIT temperature. This suggests that either the
newly formed insulating domains are still ferromagnetic or
the metallic FM domains do not completely transform to
insulating domains even below this transition temperature.
According to the previous NMR study,'® both possibilities
are valid, i.e., a coexistence of FM metallic and insulating
regions. However, the resistivity data (Fig. 3) indicate that
the metallic connectivity is effectively destroyed below this
2 MIT temperature.

4. Summary

A series of manganite-based superlattices composed of
half-metallic La,,Sr,,MnO, and insulating LaMnO, stack-
ing layers were fabricated to critically examine the follow-
ing two propositions : (i) the disappearance of the MIT below
the percolation threshold, and (i) the formation of insulat-
ing FM domains at a low temperature in a superlattice with
its stacking periodicity shorter than a certain critical value.
The dc resistivity increased drastically by simply reducing
the stacking periodicity. The resistivity enhancement was
accompanied by a gradual decrease in the temperature (T )
of the Metal-to-Insulator Transition (MIT). This observation
was interpreted as a small decrease in the effective metallic
fraction near the percolation threshold. For the stacking
periodicity less than a certain critical value, there appeared
another transition to an insulating state at temperatures
far below T_. This low-temperature transition seems to be
closely related to the AF-type (C-type) orbital ordering in
newly formed insulating domains.
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