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1. Introduction

Cuprate high transition temperature (Tc) superconductors are 
naturally layered systems, where charge reservoir (CR) blocks 
are alternated with blocks containing CuO2 planes with an 
infinite layer ( IL) s tructure. When the CR blocks are charge 
unbalanced by cation substitution or oxygen deficiency/excess, 
they provide mobile holes or electrons to the CuO2 layers. 
The recent improvements of the layer by layer deposition 
techniques have allowed the growth of high quality oxide 
heterostructures with sharp interfaces. In particular, the 
opportunity to mimic the layered structure of cuprates super- 
conductors has been exploited by synthesizing novel high Tc
superconducting heterostructures based on insulating and non- 
superconducting metallic cuprates [1, 2]. Tc as high as 80 K 
was first found in C aCuO2/BaCuO2 superlattices [1]. Subse- 
quently, other cuprate/cuprate heterostructures based on the
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superconductivity shows up [4]. The superconductivity in this
case is confined within a few unit cells at the interface, and
the CR role is played by the interface itself, thanks to the extra
oxygen ions which enter at the interfaces during the growth in
highly oxidizing growth conditions [4, 5]. Here we show that
the Tc is strongly dependent on the substrate used and that Tc as
high as 50 K (larger than the previously obtained 40 K in [4])
can be achieved in [(CaCuO2)n/(SrTiO3)m]N superlattices.
We also give additional evidence that the interfaces are of
fundamental importance for the superconductivity in these
systems.

2. Experimental details

We used the pulsed laser deposition (PLD) technique (KrF
excimer laser = 248 nm) to synthesize several superlattice
(SL) films [(CaCuO2)n/(SrTiO3)m]N , made by N = 10–20
repetitions of the supercell (CaCuO2)n/(SrTiO3)m. Most of
the films were deposited on 5 × 5 mm2 NdGaO3 (110)
(NGO) oriented mono-crystalline substrates. Indeed, NGO
is the most suitable substrate to grow CCO [6] and has a
pseudocubic in-plane lattice parameter (a = 3.87 Å) just in
the middle between CCO (a = 3.84 Å) and STO (a = 3.91 Å).
Two targets, with CaCuO2 and SrTiO3 nominal composition,
mounted on a multitarget system, were used. The STO target
is a commercial crystal obtained from CRYSTAL GmbH. The
CCO target was prepared by standard solid state reaction, as
described in [4]. The substrate was placed at a distance of about
2.5 cm from the targets on a heated holder and its temperature
during the deposition of the SLs was T ≈ 600 ◦C. For the
growth of the superconducting SLs the deposition chamber
was first evacuated down to P ≈ 10−5 mbar and then a mixture
of oxygen and 12% ozone atmosphere at a pressure of about 1
mbar was used, followed by a rapid quenching in high oxygen
pressure (about 1 bar). Non-superconducting SLs were grown
at the same temperature and pressure but with no ozone and
no high pressure quenching.

The transport properties of the films have been measured
by using the four-probe dc technique in the van der Pauw
geometry, so that the measured resistance R is given by
R = Rs ln 2/π , where Rs is the sheet resistance. Four small
contacts were made by silver epoxy directly at the corners
of the square substrate before the film deposition, in order to
avoid any chemical reaction between the SL and the solvent
utilized in the silver epoxy.

The structural properties of the films were determined
by means of x-ray diffraction using a θ–2θ Bragg–Brentano
diffractometer with Cu Kα radiation.

The x-ray absorption spectroscopy (XAS) experiment was
performed at the beamline ID08 of the European Synchrotron
Radiation Facility using the high scanning speed Dragon-type
monochromator. The x-ray source was an Apple II undulator
delivering almost 100% polarized radiation in both horizontal
and vertical directions. The total electron yield detection had
a probing depth of 3–6 nm, so that several superlattice cells
under the surface could be investigated. The incident beam
formed a 60◦ angle with the sample surface normal, which
is parallel to the crystal c-axis. In this geometry, with vertical
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Figure 1. XRD spectra of CCO film (a), STO film (b) and
CCO/STO superlattice (c) with the corresponding lattice structure.

polarization, the electric field vector E of the incident radiation
was parallel to the ab-plane. With horizontal polarization, E
was mostly parallel to the c-axis, so that 75% of the intensity
comes from the final states lying perpendicular to the ab-plane.

3. Results and discussion

In figure 1, the XRD spectra of a CCO film, a STO film, and a
[(CCO)7/(STO)2]20 superlattice are shown. All three spectra
indicate a good structural quality of the films grown, with
absence of spurious phases. In the STO spectrum (figure 1(a)),
only the (002) reflection is revealed, since the (001) one is
hindered by the (001) reflection of NGO. The small peak at
2θ ≈ 38◦ in all the spectra of figure 1 is due to the silver
paint spots on the surface of the samples used for transport
measurements. From the comparison of figures 1(a) and (b)
with figure 1(c), it is clear that the spectrum of the SL is not
just the sum of the CCO and STO spectra, but represents a new
structural phase, confirming the occurrence of a superlattice
structure, where SL0 is the mean structure peak, and the SL±i
are the satellite peaks.

To check the occurrence of a superlattice structure, we
also made XRD measurements on a series of SLs [(CaCuO2)n/

(SrTiO3)2] with fixed number of STO unit cells, m = 2, and
various numbers of CCO unit cells n ranging from 3 to 20.
The spectra around the NGO substrate (001) reflection are
shown in figure 2. The good quality of the superlattice structure



Figure 2. θ–2θ scan around the (001) peak of the NdGaO3 substrate
on a sequence of SLs (CCO)n/(STO)2 where the number of STO
unit cells is fixed at m = 2 and that of CCO is varied from n = 3 to
n = 20. Right inset: rocking curve at the SL0 peak of the n = 3.5
superlattice. Left inset: GPA image of (CCO)3.5/(STO)2 SL. Along
the in-plane direction it is shown that both materials, CCO and STO,
adopted the lattice parameters of NdGaO3.

is clearly demonstrated by the presence of sharp superlattice
satellite peaks SL−i and SL+i around the mean structure peak
SL0 and by their evolution with n. Indeed, since the c-axis
parameter of the CCO (bulk value 3.19 Å) is smaller than
that of STO (bulk value 3.91 Å), as the number of CCO
unit cells increases, the SL0 peak shifts towards higher 2θ
values (smaller average c-axis parameter), while the distances
of satellite peaks from SL0 shrink because of the increased
thickness of the supercell (CaCuO2)n/(SrTiO3)2. All films
were found to have a very small value of the mosaic spread
(≈0.07◦) very close to the substrate one (≈0.06◦) (see, as
an example, the rocking curve of the (CaCuO2)3.5/(SrTiO3)2
superlattice in the inset of figure 2).

The overall experimental data collected up to now on
CCO/STO SLs suggest the confinement of superconductivity
within a few unit cells at the CaCuO2/SrTiO3 interface and
the important role of additional oxygen atoms entering the
interfaces during growth in an oxygen rich environment [4,
5, 7]. The excess oxygen atoms, most likely, lie in the Ca
planes of CCO at the interface with the TiO2 planes of STO
(see schematic structure of CCO, STO and CCO/STO SLs in
figure 1) and provide doping holes to the inner CuO2 planes [4,
5]. Therefore, the interfaces in these SLs behave as a charge
reservoir for the CuO2 planes, allowing superconductivity in
the CCO layer.

To further confirm the important role of the interfaces as
the location where the doping and superconductivity occur,
we made XAS measurements on the superconducting SL
[(CCO)13/(STO)2]18, with m = 2 u.c. of STO and n =
13 u.c. of CCO, to compare with the already measured
superconducting SL [(CCO)3/(STO)2]18, which has the same
number of STO unit cells (m = 2) but thinner CCO (n = 3).
The two samples were grown in identical oxidizing conditions
in order to guarantee the same amount of extra oxygen and thus
the same doping. XAS is a well established synchrotron based

Figure 3. XAS spectra with E ‖ c (upper panel) and E ‖ ab (lower
panel) of two superconducting superlattices: (CCO)3/(STO)2
(taken from [4]) and (CCO)13/(STO)2.

technique providing chemical and site selective information
on the electronic states close to the Fermi level. In highly
correlated 3d transition metal systems L2,3 edge XAS (mainly
2p→ 3d transitions) can reveal the symmetry of unoccupied
3d states and distinguish among sites with different valences.
We measured XAS at the Cu L3 edges [8] at T = 5 K.

In figure 3 the normalized XAS spectra at the Cu L3 edge
with E ‖ c (upper panel) and E ‖ ab (lower panel) are shown
for the two films. The Cu L3 XAS main features, indicated with
U and D in figure 3, have been associated, in analogy with the
same measurements in cuprate high Tc superconductors [9,
10] and in other cuprate based superlattices [11], to the
processes 3d9

→ c3d10 (U) and 3d9L→ c3d10L (D), for
the undoped and hole doped Cu sites, respectively, where c
indicates a Cu 2p core hole and L indicates the oxygen ligand
hole arising from Cu 3d–O 2p hole mainly with an O 2p
character [4]. Indeed, as shown in [4], in both the polarizations
the region around D acquires spectral weight in the case
of superconducting SLs with respect to non-superconducting
SLs grown in less oxidizing growth conditions. This finding
clearly indicates the increased hole concentration in the O
2p bands and the presence of apical oxygen for the doped
Cu sites. The comparison between the two superconducting
SLs with different thicknesses of the CCO block shows that
the intensity of the D peak, associated with the doped Cu
sites, relative to the intensity of the U peak, associated with
undoped Cu sites, substantially decreases with increasing n
from 3 to 13. On the other hand, with increasing n, the



relative contribution to the XAS spectrum of the interface
layers decreases. Thus, this result represents a spectroscopic
confirmation of the importance of the interfaces in the doping
process, and that the superconductivity is confined close to
them.

Moreover, an increased spectral weight on the low energy
side of the Cu L3 absorption edge in the E ‖ c spectrum is
observed for the n = 3 superlattice, that is, when a higher
density of interfaces is probed. In general, an energy shift
in an XAS experiment is caused by changes in the elec-
trostatic energy at the ion site, driven by a change in the
effective ion charge. Therefore, a complex electronic recon-
struction must be envisaged near the interfaces, provided that
a lower attractive electrostatic energy at the undoped Cu site
occurs. As reported in the paper of Chakhalian et al [12]
for La0.67Ca0.33MnO3/YBa2Cu3O7 heterostructure, and con-
firmed in the case of La0.7Sr0.3MnO3/CaCuO2 [13], the pres-
ence of a Cu 3dz2−r2 orbital at the interface may give rise
to a covalent chemical bond with the facing transition metal
ion (Ti, in our case) via the pz orbitals on the apical oxygen.
Therefore, a substantial fraction of the negative charge density
in the covalent bond resides on Cu, giving rise to spectral
weight on the low energy side of the Cu L3 absorption edge.
Thus, apical oxygen is also present at the undoped Cu sites.
Indeed, there are two kinds of interface in the superlattices, as it
is possible to evince from the schematic representation of the
SL in figure 1. In an ideal situation, the Cu ions can have
apical oxygens only at the interface Ca–CuO2–SrO–TiO2,
provided by the oxygen ions in the SrO planes, which, being
stoichiometric, do not provide hole doping, whereas at the
interface CuO2–Ca–TiO2–SrO, the Cu ions do not have apical
oxygens. However, when the superlattice is grown in strongly
oxidizing conditions, non-stoichiometric x oxygen ions enter
at the CuO2–CaOx–TiO2–SrO interface in the Ca planes,
providing hole doping. Therefore, the spectral weight on the
low energy side of the Cu L3 edge presumably derives from
the undoped Cu site at the interface with the SrO plane of
STO, whereas that on the high energy side (D) comes from
the doped Cu sites at the other interface. This interpretation
is also confirmed by the fact that the non-superconducting SL
with n = 3 (see [4]) presents exactly the same low energy side
behaviour of the superconducting SL with the same interface
density (n = 3).

Since, as shown, the superconductivity in CCO/STO
SLs is an interface phenomenon and it is obtained by the
introduction of excess oxygen ions at the interface between
CCO and STO, we tried to increase the oxidation of our
films by adjusting the experimental growth setup. In particular,
we have found that by correctly tuning the ozone flux into
the growth chamber the Tc (zero resistance temperature) can
be increased from 40 K [4] to 50 K (see figure 4). Indeed,
the oxygen/ozone flow is generally delivered by a small
tube (diameter 1 mm) positioned between the target and the
substrate, in order that the plume coming from the target is
well oxygenated before reaching the substrate. To improve
the oxygenation, we moved the tube closer to the surface
of the substrate. In this way, part of the flow also hits the
substrate. In this situation, the amount of delivered flow is also

Figure 4. Temperature dependence of the resistance for the best
superlattice grown on NGO (full line) and one superlattice grown on
LAO (dashed line). Inset: XRD spectrum of the superlattice grown
on LAO.

critical. A fine tuning, which depends on the geometry of the
chamber, the base pressure reached before the introduction of
the oxygen/ozone mixture, and the growth pressure, allowed an
increase of Tc by 10 K. Therefore we deduced that, in this way,
higher oxygenation is induced. The fact that a Tc larger than
40 K, which is about the maximum Tc for the electron doped
cuprate superconductors and also for the family of hole doped
cuprate superconductors La(2−x)SrxCuO4, has been reached
suggests the possibility that Tc higher than 50 K could be
obtained.

Another way to tune the Tc is the application of epitaxial
strain throughout the substrate. Geometric phase analysis
(GPA) [14] was performed to evaluate this strain on the same
sample as used for the HRTEM image [4]. The GPA image
(right up inset of figure 2) recorded along the out-of-plane
direction (g001) shows that the CCO and STO layers have
different lattice parameters along the film growth direction.
The colour change between CCO and STO indicates that
the out-of-plane lattice parameter of STO is larger than the
NGO one, whereas that of CCO is smaller, as expected. On
the other hand, along the in-plane direction of the substrate
(g010), no difference in colour between the substrate, chosen as
reference, and the superlattice layers is evidenced, indicating
that both materials, CCO and STO, are strained within the
in-plane direction and adopted the in-plane lattice parameters
of the NdGaO3 substrate. Therefore, by changing the substrate,
this will affect a large fraction of the superlattice supercells.
We have thus grown some superlattices on LaAlO3 (LAO)
substrate. As previously found in the samples used for a Raman
study [15], the SLs grown on LAO show a much lower Tc
than those grown on NGO. The R(T ) for a representative
sample is shown in figure 4 together with the R(T ) curve of
the optimal SL grown on NGO. The experimental observation
that the quality of the XRD pattern, still being good (see inset
of figure 4), is a little worse than that of SLs grown on NGO
(lower intensity of the superlattice peaks, fewer superstructure
orders shown, larger peak width) could in part explain this
suppression of Tc, since we observed that high Tc and high
structural quality (and thus sharpness of the interfaces) are



generally connected. However, other factors could be invoked.
The effect of pressure on the Tc in cuprate superconductors
has been widely studied [16–19] and it was found [20] that Tc
increases with increasing in-plane uniaxial pressure, whereas
it decreases with compression of the c-axis. Epitaxial strain
thus has a substantial effect. For compressive strain, the
in-plane lattice constant reduces, whereas the c-axis should
increase because of the Poisson effect and thus an increase
of Tc is expected. In contrast, tensile epitaxial strains should
reduce Tc. However, in our superconducting cuprate/titanate
superlattices, it seems that the effect of compressive epitaxial
strain induces a decrease of Tc. Bozovic et al [21] observed
that in La(2−x)Srx CuO4+δ films the great sensitivity to oxygen
content, modified with the annealing processes, is the primary
cause for the variations of Tc, rather than the epitaxial strain.
Therefore, we think that in our SLs, which superconduct
thanks to the extra oxygen atoms forced to the interfaces, the
positive effect of in-plane lattice compression is overcome by
the concomitant effects of the worse quality of the interfaces
and the reduced space available for the extra oxygen ions. Both
the latter effects could drastically reduce the number of extra
oxygen ions within the active interfaces, thus reducing the hole
doping and suppressing Tc.

4. Conclusions

We have reported a study of the recently discovered CaCuO2/

SrTiO3 superconducting artificial superlattices. The XRD
showed a good quality superlattice structure. The GPA analysis
revealed that both CCO and STO in-plane lattice parameters
are matched with those of the substrate. Thus, the use of
LAO substrate, with lattice parameters substantially smaller
than NGO, strongly affected the superlattice by inducing a
compressive epitaxial strain. This caused a suppression of Tc,
which turned out to be much lower than the maximum of 50 K
found in superlattices grown on NGO under optimized growth
conditions. The important role played by the interface layers
has been demonstrated using x-ray absorption spectroscopy
measurement as a function of the thickness of the CaCuO2
block. This study confirmed that the hole doping and super-
conductivity are located close to the CCO/STO interfaces.
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