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Structural origin of enhanced critical temperature in ultrafine multilayers of cuprate
superconducting films
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The interface layers of La2−xSrxCuO4 (LSCO) thin films epitaxially grown on LaSrAlO4 substrates by
molecular beam epitaxy were investigated using transmission electron microscopy (TEM). In single-phase LSCO
film, we observed an irregular layering sequence near the interface between the film and the substrate, as well
as an abundance of oxygen vacancies in CuO2 layers. A multilayer LSCO film with a high critical temperature
(Tc = 44.5 K) showed perfect interfaces between the sublayers. Furthermore, by combining scanning TEM,
electron energy-loss spectroscopy, and electron holography, we show that there is little or no interdiffusion
between the sublayers. The interfacial defects and oxygen vacancies reduce Tc, while the compressive strain in
high-quality multilayers enhances Tc.
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I. INTRODUCTION

The La2−xSrxCuO4 (LSCO) family of compounds (solid
solutions) has attracted much attention [1–23]; since with
increasing the Sr doping level x, several quantum phase
transitions occur as the system’s ground state transits from
an antiferromagnetic insulator to a high-temperature supercon-
ductor (HTS) and then to a nonsuperconducting metal. Much of
the research has been focused on understanding this behavior
as well as on improving the physical properties, in particular
the critical temperature (Tc). One effective strategy has been
to employ the epitaxial strain, which strongly affects the
superconducting properties [4–9,18], e.g., compressive strain
increases while tensile strain lowers Tc in LSCO. Significantly,
the copper-apical-oxygen distance has been found to also
increase with the compressive strain and decrease with tensile
strain and, in fact, to scale linearly with Tc [24,25].

Another successful strategy has relied on artificial engineer-
ing of HTS multilayers and superlattices. For example, bilayer
and multilayer LSCO films, where the constituent layers
are insulating La2CuO4 and nonsuperconducting metallic
LSCO (e.g., with x = 0.45), have shown Tc enhanced by as
much as 25% compared to the optimized single-phase films,
even though this interface superconductivity originated from
HTS fluid confined to a single CuO2 layer [12–16,19,26,27].
This interfacial enhancement has not been fully understood,
although it was noticed that in such bilayer thin films there
is an additional “Madelung strain”: Long-range electrostatic
interactions cause the c axis lattice constant of the top layer to
adjust to that of the bottom layer, and this correlates with the
enhanced Tc of the film [13].

On the other hand, these paths to increase Tc are hindered
by various technical problems. Interface superconductivity
is vulnerable to many factors that can reduce Tc: inter-
face roughness, cation interdiffusion, structure reconstruction
caused by electrostatic incongruity between the two (ionic)
materials, occurrence of cation or oxygen vacancies, intersite
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substitutions, other structural defects, charge depletion or
accumulation driven by the difference in chemical potentials,
etc. [12–16,19].

Hence, for a full understanding of high-Tc interface super-
conductivity, atomically resolved measurements in chemical
composition along the growth direction of the chemical
composition (e.g., the Sr dopant concentration x) and the
crystallographic structure need to be investigated in de-
tail [18,19,28,29]. Here, we report our study of interfacial
integrity and chemical composition of several LSCO films
by means of advanced scanning/transmission electron mi-
croscopy (S/TEM) techniques, including imaging, electron
energy-loss spectroscopy, and off-axis electron holography.
The data provide an insight into the relationship between
Tc and the interfacial atomistic structure: The enhanced Tc

indeed correlates positively with the compressive strain, while
interfacial defects and oxygen vacancies in the film can largely
reduce Tc.

II. METHODS

For the present study, the LSCO samples were grown
using atomic-layer-by-layer molecular beam epitaxy (ALL-
MBE) [30,31]. For the substrate, we used LaSrAlO4 (LSAO),
which has the same space group and structure as LSCO but
slightly different in-plane lattice parameters, providing a small
compressive strain. For reference, a 30-nm-thick single-phase
LSCO film (sample A in what follows) was grown first. Then
we synthesized a multilayer film (sample B) of the same
thickness film but consisting of six LSCO sublayers, each
5 nm thick, with varied Sr doping (x = 0.35, 0.30, 0.25, 0.20,
0.15, and 0.10), as illustrated schematically in the inset of
Fig. 1. The critical temperature of sample B, measured by
the ac susceptibility (mutual inductance) technique, was Tc =
44.5 K (see Fig. 1). (For comparison, in the best single-phase
LSCO films grown under the same conditions, we had Tc <

40 K.) In the imaginary (dissipative, out-of-phase) channel
of mutual inductance, we also notice four extra and small
peaks close to the main big peak, suggestive of some small
variations in the chemical composition. Investigations using
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FIG. 1. (Color online) Temperature dependence of susceptibility,
measured by the mutual inductance technique, of a multilayer LSCO
film, showing a superconducting transition at 44.5 K.

TEM, including high resolution TEM (HRTEM), scanning
TEM (STEM), electron energy loss spectroscopy (EELS), and
electron holography, were carried out with JEOL-2100, double
aberration corrected JEOL-2200CMO and probe-corrected
Hitachi HD-2700 microscopes. High-resolution numerical
simulations were carried out with the Mac Tempas computer
program using the following parameters as input: spherical
aberration of 1 mm, defocus spread of 8 nm, semiconvergence
angle of illumination of 0.55 mrad, and diameter of the
objective lens aperture of 7 nm−1.

III. RESULTS AND DISCUSSIONS

The microstructure, chemical composition, and electro-
static potentials of the thin films were investigated by various
microscopy techniques. Low-magnification lattice images of
samples A (single phase) and B (multilayer film), taken with
the incident electron beam parallel to the [100] zone axis
of the films, are shown in Figs. 2(a) and 2(b), respectively.
Very flat top surfaces and interfaces are seen in both films.
The horizontal white arrowheads in the images denote the
interfaces between the thin films and the substrates. The
epitaxial nature of both films is evident from Fig. 2. One typical
selected-area electron diffraction pattern for two samples
along the [100] LSCO zone axis was shown in the inset of
Fig. 2. It was acquired with an aperture that simultaneously
collects scattered electrons coming from the LSCO film
and from the LSAO substrate. The diffractogram indicates
the following epitaxial orientation relationships between the
LSCO film and the LSAO substrate: [001]LSCO‖[001]LSAO and
[100]LSCO‖[010]LSAO. Some distinct splitting of diffraction
spots can be detected only along the out-of-the-plane direction,
as indicated by the red arrowheads in Figs. 2(a) and 2(b). Based
on the tetragonal LSAO lattice with a = 0.3754 nm and c =
1.2635 nm, the image calibration allows us to determine the
lattice parameters of the LSCO films: a = 0.375 nm and c =
1.33 nm in film A versus a = 0.375 nm and c = 1.32 nm in
sample B, both of which are smaller than the original values
(a � 0.3775 nm) [18]. The diffractogram observations indicate

FIG. 2. (Color online) (a), (b) Low-magnification cross-section
TEM images of a single-layer LSCO sample A and a multilayer LSCO
sample B, respectively. In both samples, sharp and flat top surfaces
and interfaces between the films and the substrates are observed.
Insert: electron diffraction shows a split peak only in the out-of-plane
direction, indicating that both films are epitaxialy strained.

that both films are fully strained with very little relaxation. This
conclusion was confirmed by HRTEM and STEM (Figs. 3
and 4). The interfacial lattice images of these and other
MBE-grown LSCO films show film-substrate interfaces that
are atomically sharp over a large area. Few dislocations were
detected at the LSCO/LSAO interface due to the small lattice
mismatch between the two compounds.

Figure 3(a) shows the [100] lattice fringe image of sample
A. Although no misfit dislocations were observed at the
interface between LSCO film and LSAO substrate, one kind
of heteroepitaxy imperfection was detected: The sequence
of atomic layers at the interface between the film and the
substrate was found to be different from what one would
expect. Image simulation based on the model [the left side in
Fig. 3(a)] shows that the stacking sequence at the interface can
be described as (LaSr)O-(LaSr)O-AlO2-(LaSr)O-(LaSr)O-
(LaSr)O-(LaSr)O-CuO2-(LaSr)O-(LaSr)O [see the red dotted
square in Fig. 3(a) and the region between the red dashed
line in the structural model], which means that there is
an intermediate (LaSr)6AlCuO12 layer at the interface. Our
simulation also shows that in Fig. 3(a), white bright dots in
the film and the substrate correspond to the CuO2 and AlO2

layers, respectively. The white dots are due to overlapping
columns of Cu or Al and oxygen atoms. Using the spacing
of AlO2-AlO2 layers along growth direction as the reference,
separation of 6.63 Å between the two nearest CuO2 planes
was obtained directly from the lattice images refinement. The
spacing between the last AlO2 plane and the first CuO2 plane is
12 Å. Besides imperfection at the interfaces, inhomogeneous
density of atomic columns in CuO2 layers was also observed
in film A. Figures 3(b) and 3(c) are the line scanning profiles
of the film and the substrate, respectively. It is clear that the
intensity of CuO2 layer has very large fluctuations, while they
are quite small in AlO2 layers in the substrate. One possibility
is that the oxygen vacancies largely occur in the CuO2 layers.
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FIG. 3. (Color online) (a) A lattice image of sample A showing formation of an unusual “interface compound”; i.e., a sequence of
reconstructed atomic layers that compensate for the polarization discontinuity at the interface. A possible interface model and a simulated
image (red dotted square) are shown in the inset. (b), (c) The line profiles from regions in Fig. 3(a) enclosed in red-dotted and blue-dotted
rectangles. (d) A model of CuO2 layer (top) based on the simulated image (middle) and the scanning profile with different oxygen vacancies
(numbers 2–9 correspond to the oxygen occupancy from 20–90% in the atomic columns).

As a prerequisite for quantitative measurement of oxygen
vacancies, we have investigated the dependence of column
image intensity on oxygen occupancy, for example, the
fraction of column sites along the view direction occupied
by oxygen atoms. Figure 3(d) is a model of the CuO2 layer
with 100% copper occupancy and differing percentages of
oxygen occupancy, the simulated images based on our model,
and the intensity profile of calculated image. Our model has
15 copper and oxygen overlapping columns for which the
occupancy is set to 0.2–0.9 (i.e., 20–90%) for positions 2–9
from left to right; the remaining positions are at 1.0. Aside from
oxygen occupancy, the calculated peak intensity of the oxygen
columns is dependent on sample thickness and defocus value.
Therefore, we simulated images with a range of thickness and
defocus values and selected the best one by cross-correlation
between experimental and simulated data. We found that
the intensity increases linearly with the occupancy when the
oxygen vacancy content is greater than 0.3. By comparing
the line profiles in Figs. 3(b) and 3(d), the oxygen vacancy
concentration in CuO2 layers should be in the 0.1–0.4 range.

Figure 4(a), the STEM image of the multilayer film (sample
B), shows a perfectly coherent interface between the film

and the substrate. The image encompasses one 10-nm-thick
film from film/substrate interface, which should include one
interface between the sublayers. We cannot see it clearly due
to very small differences in composition, or atomic number Z
in the projected atom columns, between these two sublayers.
However, the average image intensity of the selected region of
sublayer 1 in the STEM image is higher than that of sublayer
2, depicted in Fig. 4(b). Sublayer 1 of the film appears about
5 nm thick, in agreement with the MBE growth sequence. In
order to investigate the compositional variation of La across the
interfaces between the film and the substrate and between the
sublayers, a series of high spatial resolution core-loss EELS
data in the STEM were collected [32]. Figure 4(c) shows
white lines of La M4,5 edges across the LSCO/LSAO interface
and the sublayer1/sublayer2 interface, corresponding to the
positions of the eight colored dots in Fig. 4(a). The EELS data
depict that the height of La M4,5 peaks of LSAO substrate is
about 2.5 arb. units (grid cells), while for sublayers 1 and 2,
they are 4 and 3.8 arb. units tall, respectively. This indicates
that the difference between the two sublayers can be detected
by the line-scanning EELS. In order to further verify whether
the sublayer interface is really atomically sharp or not, we
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FIG. 4. (Color online) (a) A cross-section STEM image of
sample B. The red-dotted square is the enlarged STEM image of
the corresponding part. (b) A projected intensity profile from the
boxed are in (a). (c) EEL spectra in the energy range from 780 to 890
eV obtained from the eight positions in Fig. 4(a).

investigated the electrostatic potential of each sublayer us-
ing off-axis electron holography [33]. Electron holography
retrieves the electron-wave phase shift when it passes through
the sample that is proportional to the electrostatic potential
of the sample. In Fig. 5(a), the bottom part is the ideal case
of the potential for each sublayer in the multilayer thin film;
the top part is the derivative of the ideal potential of each
sublayer, which clearly shows six functionlike peaks for the
six interfaces between sublayers. Our electron holography

FIG. 5. (Color online) (a) The electrostatic potential distribution
of an ideal multilayer thin film and its derivative dI/dx. (b) The
reconstructed phase image. (c) The phase shift profile of the
multilayer thin film (sample B) in Fig. 5(b). (d) The derivative dI/dx
from the boxed region in Fig. 5(c).

experiments agree with the STEM/EELS measurements, fur-
ther confirming atomically sharp interface between the two
sublayers. Figure 5(b) is a reconstructed phase image from
electron holograms that includes two pieces of thin film placed
together face to face. The dark region (vacuum) separates
these two pieces, and each piece contains both the film and
the substrate. This phase information reflects the electrostatic
potential of the samples; the area outlined by a white box is
from the multilayer thin film. Figure 5(c) shows the line-scan
of the phase profile of the boxed area in Fig. 5(b), and the dotted
rectangle covers the multilayer thin film. The line for the film
part is not flat because it includes the phase contribution due
to the local thickness variation. It also does not exhibit similar
profile as the bottom part in Fig. 5(a) because of the apparatus
resolution limit. However, the derivative profile of the potential
of the thin film in Fig. 5(d) clearly shows the six peaks, and the
spacing between the peaks is around 5–6 nm; these findings
match well the MBE growth sequence. These results show
that there is a potential jump at the interface between the
two sublayers, although they have very small differences in
composition. An implication is that the high-quality multilayer
film has very sharp interfaces with little or no interdiffusion.

It is well known that both compressive strain and full
oxygenation are beneficial to enhance the Tc of LSCO
superconductor film [6,8]. Actually, the compressive strain
and full oxygenation correlate with each other and are
always strengthened or weakened concurrently. This is the
exact reason that motivates researchers to achieve structure
engineering (e.g., multilayer) to extend compressive strain
to all the film regions and full oxygenation in order to
enhance the Tc. For monolayer sample A, we found there
was an intermediate (LaSr)6AlCuO12 layer between the LSAO
substrate and La1.85Sr0.15CuO4 monolayer film. The interlayer
formed to relieve the compressive strain between the substrate,
and the film is actually of richer oxygen or poorer copper,
compared to LSCO film, and in turn results in the oxygen
vacancies in CuO2 layers of LSCO monolayer film. Thus,
the irregular layering sequence interlayer and an abundance
of oxygen vacancies near the substrate-film interface made the
compressive strain localized at the interface without expanding
the compressive strain all over the film (fully strained), thus
explaining why Tc was not enhanced in monolayer film system.
On the contrary, for multilayer film system, no obvious oxygen
vacancies (full oxygenation) can be found, and the interfaces
are considerably perfect with little interdiffusion between
sublayers (i.e., compressive strain is maintained). Based on
these observations, we proved that the compressive strain
arising from the slight in-plane lattice difference between
LSAO substrate and LSCO film is well extended to all epitaxial
film regions, which is believed to be the structure origin of the
enhanced Tc in multilayered LSCO film.

The underlying mechanism of the enhancement on the Tc

has not been fully understood. The widely accepted strategies
to enhance Tc are employing the compressive strain and
artificially engineering the multilayer: The compressive strain
can enhance the copper-apical-oxygen distance, which scales
linearly with Tc [25], while the high-quality multilayer can
introduce long-range electrostatic interactions, causing the c

axis lattice constant of the top layer to adjust to that of the
bottom layer and thus enhancing the Tc of the film [13]. In
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the present work, we successfully discovered direct structural
evidences for the above two aspects, the so-called structural
origin of enhanced Tc. The above obvious difference between
multilayer system and monolayer system indicate that the
well-maintained compressive strain, full oxygenation, and
high-quality multilayers are beneficial to the Tc enhancement,
while the interfacial defects (i.e., intermediate layer between
substrate and film) and oxygen vacancies have detrimental
effects.

IV. CONCLUSION

The microstructure and strain status of LSCO films grown
on LSAO substrates by ALL-MBE technique were investigated
at atomic scale by TEM combined with HRTEM, STEM,

EELS, and electron holography analysis. Very little or no
interdiffusion across the interfaces between the sublayers was
observed by STEM, EELS, and electron holography. It was
found that the films are fully strained, and this accounts for the
enhanced Tc.
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