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Abstract

We successfully grew epitaxial LaNiO3(1 u.c.)/LaAlO5(1 u.c.) superlattices on single crystal LaAlO; (0 0 1) substrates using pulsed laser
deposition method. Specular RHEED intensity oscillations were repeated continuously throughout the entire growth. Large angle 6—26 X-ray scans
show only the peaks from the superlattices and substrates. These results verify the highly qualified crystal structure of the superlattices. The
temperature dependence of the resistivity exhibits a semiconducting behavior in the entire temperature range studied. These observations indicate
that the semiconducting characteristics of the superlattice are attributed to the radical alteration of the electronic structure of the NiO, layers.
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1. Introduction

Due to recent advances in the synthesis of complex oxide
thin films, building up perovskite-based hetero-structures with
abrupt interface and artificial superlattices becomes an
emerging field because expected their exotic properties can
open up new possibilities of next generation devices [1-4]. As
an example for the hetero-structure, unusual quantum-meta
phase is stabilized at the interface in LaAlO5/SrTiO3
heteroepitaxial thin film as reported by Ohtomo and Hwang
[5] and has attracted enormous attention due to the possibilities
of interface-controlled devices [6-9]. The alternate stacking of
different MO, layers in perovskite superlattice structure
provides another approach for novel material through the
artificial atomic order that have not been achieved in the bulk.
The representative example is the realization of ferromagnetic
spin order in [LaCrOs(1 u.c.)/LaFeOs5(1 u.c.)]y superlattice
grown on SrTiO; (1 1 1) substrate [1]. The exploring of non-
cupurate-based superconductivity in [LaNiOs(1 u.c.)/LaA-
105(1 u.c.)]y is one of the examples of such efforts with the
aim of new novel materials [10]. Toward this goal, delicate
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synthesis technology in stacking the MO, layers is of
fundamental importance.

In this paper, we report on the growth of [LaNiOs(1 u.c.)/
LaAlO3(1 u.c.)]go superlattices and their structural and elec-
trical-transport properties. Of particular interests are the
expitaxial stabilization of LaNiO3(LNO) and LaAlO5;(LAO)
layers in the form of superlattice and their electronic
characteristics. To clarify the effect of oxygen vacancies in
the superlattices on the electronic characteristics, we have post-
growth annealed the superlattice samples carefully and
investigated the changes of the temperature dependencies of
the resistivity.

2. Experimental

Epitaxial LNO/LAO superlattices were grown on TiO,-
terminated LAO single crystal substrates by pulsed laser
deposition with in situ monitoring by reflection high energy
electron diffraction (RHEED, Pascal RHD-307-2 Japan) using
a KrF excimer laser. To obtain flat surface structures with
straighten terrace steps, all substrates used were pre-annealed at
950 °C in an oxygen environment of 5 x 1076 Torr for at least
30 min followed by lowering to the growth temperature of
750 °C, as measured by an external optical pyrometer. A single
crystalline LAO and sintered stoichiometric poly crystalline
LNO pellet were used as targets. The laser fluence and
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repetition rate were fixed to 0.4 J/cm? and 2 Hz, respectively.
The oxygen partial pressure Po, was kept to 1 mTorr
throughout the growth. After growth the samples were cooled
to room temperature in Po, = I mTorr, the same oxygen
environment to during the growth. These as-grown samples
were subjected to an ex situ post-growth annealing in a
quartz tube for 5h under flowing high purity O, gas
(99.995%) at 600 °C to remove any possibly driven oxygen
vacancies during the growth. Electrical resistivity was
measured by the conventional four-probe method using
Physical Property Measurement System (PPMS, Quantum
Design U.S.A)).

3. Results and discussion

Fig. 1(a) shows the designed crystal structure of
LNO(1 u.c.)/LAO(1 u.c.) superlattice. To realize the design,
successive layers of AlO,, LaO, NiO, and LaO were grown by
turns with a total thickness of ~47 nm, resulting in the atomic
order of Al-O-Ni along the surface normal direction of the
films. To control the sequence of the atomic layers, we
monitored specular RHEED intensity on time throughout the
entire growth. After the growth of AlO,-LaO layers with AlO,
termination, as indicated by a recovered specular intensity after
damping, the LAO single crystal target was exchanged to LNO
to grow subsequent NiO,-LaO layers. For all LAO and LNO
growths, the recovered and then saturated behavior of the
specular RHEED intensity in a period of oscillation is believed
to originate from the complete growth of MO, layers if we
consider the two facts: (i) MO, termination is favored for both
LNO and LAO growth [11,12] and (ii) signal implying the
conversion of the terminating atomic layer as reported by
Rijnders et al. [13] in the growth of SrRuQj is not observed at
here.

Just after the subsequent growth of LNO after LAO, the
intensity enhanced rapidly followed by a clear oscillation. At
here it should be noted the relative difference in the recovered
intensity after the each growth of LAO and LNO. The typical
RHEED patterns after the growth of LAO (Fig. 1(e)) are
relatively darker than those after the growth of LNO (Fig. 1(d)).
These observations indicate that the surface structure of AlO,
layer after the growth of LAO is relatively rough compared to
that of NiO, layer after the growth of LNO. The relatively rough
AlQ, surface is understandable if we consider the rhombohe-
dral crystal structure of LAO and the textured surface of the
single crystal which can be easily observed even by naked eyes.
For the observed rapid enhancement of the RHEED intensity
just after the growth of LNO, we suggest a flattened surface by
the subsequently grown LaO layer while the followed single
oscillation is attributed to the growth of flat NiO, layer. Fig. 1(c)
and (d) is observed RHEED patterns of LAO single crystal
substrate taken before growth and superlattice after the entire
growth with NiO, layer termination, respectively. The bright
specular spot and streaky RHEED patterns in Fig. 1(d) which
are similar to that in Fig. 1(c) indicate the flat surface even after
thick (~47 nm) growth.

Fig. 2(a) shows the X-ray diffraction data for the grown
[LNO(1 u.c.)/LAO(1 u.c.)]¢o superlattice sample. Large angle
6-20 X-ray scans (10-80°) show only the diffraction peaks from
the substrate and superlattice. These results contrast with the X-
ray diffraction data for the single layered LNO thin film grown
on LAO (00 1) substrate with the same growth parameter
showing the additional peaks from the secondly phase and also
other crystal orientations (the data is not shown at here). These
observations indicate that the growth of LNO is epitaxial
stabilized through the form of LNO/LAO superlattice. If we
define the unit cell of the superlattice to double-perovskite
La,AINiOg (LANO), the peaks at ~22.7°, 46.4° and 72.5° are
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Fig. 1. (a) Crystal structures of LaNiOs/LaAlO; superlattice with alternating AlO, and NiO, planes. (b) Specular RHEED intensity oscillations observed during
growth of the superlattice. As shown in the inset the slashed and shaded areas correspond to the growth of LaAlO5 and LaNiO; layers, respectively. Observed RHEED
patterns for (c) the TiO, layer terminated LaAlO; substrate, (d) after the growth of LaNiOs, (e) LaAlO; layers, and (f) after the entire growth. The specular spot is in

the white circle at (c). The growth was terminated with a LNO deposition.
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Fig. 2. The 6-20 X-ray diffraction data for La,NiAlOg superlattice grown on
LaAlO; substrate. Open circles and filled squares signify the peaks from
La,NiAlOg superlattice and from LaAlO; substrate, respectively. (b)—(d)
Magnified views of each peak.

from the (0 0 2), (0 0 4) and (0 0 6) crystal planes of the double-
perovskite, respectively. Note that any satellite peaks are not
observed which may appear due to the deviated periodicity
from 1 u.c./1 u.c. These results confirm that the superlattices
with alternating AlO, and NiO, layers are successfully grown.

The c-axis lattice constant of the double-perovskite unit cell
extracted from the X-ray diffraction data is 0.7820 nm, the
larger than the value (0.7627 nm) deduced from the pseudo-
cubic lattice constant of LNO (a = 0.3838 nm) [14] and LAO
(a=0.3789 nm) [5] in the bulk. These observations indicate
that LNO layers in the superlattices are elongated along the c-
axis due to the bi-axial strain applied from the LAO substrate as
well as adjacent AlO, layers. The observed shoulders at the
right side of the peaks from LANO which can be observed at the
zoomed view in Fig. 2(b)—(d) are attributed to the volume
fraction in the superlattices with slightly smaller c-axis lattice
constant than the majorly observed phase. These structural
changes are thought to be caused by a relaxation of the bi-axial
strain at the thick side of the superlattices.

Fig. 3 shows the temperature dependencies of the resistivity
for the as-grown and post-growth annealed superlattices. The
post-growth annealing was carried out carefully at 600 °C; this
temperature is believed to high enough in removing the possible
oxygen vacancies in LNO layers as reported by Wang et al. [15]
but further lower than the growth temperature (750 °C) and
therefore may avoid any structural change by annealing. As
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Fig. 3. Temperature dependency of resistivity for as-grown (filled circles) and
post-growth annealed (open circles) superlattice samples studied. The solid
(dashed) line is a mimic data for the single layered LaNiO; thin film grown at
0.5 (30) mTorr oxygen partial pressure followed by cooling in 1 atm of oxygen
[12].

shown, the temperature dependency of the resistivity of the as-
grown superlattice exhibits semiconducting behavior with an
upturn at low temperature. This semiconducting behavior is not
changed after post-growth annealing while only the value of the
resistivity is decreased as shown, indicating the existence of
oxygen vacancies in the as-grown superlattice. From these
observations, we can rule out oxygen vacancies as an origin of
the observed semiconducting behavior of the superlattices. To
understand the microscopic origin of this semiconducting
behavior, further study is needed.

4. Conclusions

We grew epitaxial [LNO(1 u.c.)/LAO(1 u.c.)]gp superlat-
tices on LAO single crystal substrates using pulsed laser
deposition. The layer-by-layer growth mode with clear specular
RHEED intensity oscillations is observed to the end of the
growth. The large angle 6—26 X-ray scans show only the peaks
from the superlattices and substrates without any indication of
the deviated periodicity from 1 u.c./1 u.c. These results confirm
the high quality of the superlattices. Even the value of the
resistivity is decreased after post-growth annealing, the
semiconducting behavior in the temperature dependency of
the resistivity is not changed. These experimental observations
indicate that the observed semiconducting characteristics of the
superlattices are from the radical alteration of the electronic
structure of LNO layers in the superlattices.
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