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The utilization of interface effects in epitaxial systems at the nanoscale has emerged as a very powerful

approach for engineering functional properties of oxides. Here we present a novel structure fabricated by

a state-of-the-art oxide molecular beam epitaxy method and consisting of lanthanum cuprate and stron-

tium (Sr)-doped lanthanum nickelate, in which interfacial high-temperature superconductivity (T. up to

40 K) occurs at the contact between the two phases. In such a system, we are able to tune the super-
conducting properties simply by changing the structural parameters. By employing electron spectroscopy
and microscopy combined with dedicated conductivity measurements, we show that decoupling occurs
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1. Introduction

In recent years, the investigation of interface effects in oxide
structures has led to unprecedented improvements of
materials’ properties and even to the occurrence of unexpected
functionalities. Such a vibrant field provides disruptive oppor-
tunities for the development of next-generation nanoscaled
devices." The approach of oxide material engineering through
the deliberate utilization of interfacial properties has seen
early development in the field of ionic and mixed ionic-elec-
tronic conductors,>* which nowadays crucially shape the devel-
opment of devices for energy storage and conversion.* Here,
massive deviations of the concentration of mobile ionic and
electronic species may occur at material discontinuities (e.g:
grain boundaries and dislocations) compared to the bulk (i.e.
discontinuity-free) situation, leading in some cases to huge
changes in the overall functionalities of the system under
consideration.”® It has been shown that such situations can
be largely explained in the light of the space-charge theory.>°
More recently, an analogous approach has been implemented
in thin film heterostructures (possessing a well-controlled geo-
metry and superior quality), which allowed for the epitaxial
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between the electronic charge carrier and the cation (Sr) concentration profiles at the interface and that a
hole accumulation layer forms, which dictates the resulting superconducting properties. Such effects are
rationalized in the light of a generalized space-charge theory for oxide systems that takes account of both
ionic and electronic redistribution effects.

coupling of a vast array of materials. This concept has yielded
the occurrence of unexpected interface properties including
interface electrical conductivity,"'*> magnetism,"*'* super-
conductivity'>'® and high-temperature superconductivity."’°
Such effects, which are typically confined within a few nano-
meters across an interface and which do not belong to the
single constituting phases, have been ascribed to different
phenomena comprising inter alia epitaxial strain,*>*' elec-
tronic charge transfer’” and cationic and anionic local non-
stoichiometry.>* ¢

In this context, we present here a comprehensive study of
the structural and functional properties of heterostructures
composed of lanthanum cuprate (La,Cu0O,-LCO) and Sr-doped
lanthanum nickelate (La,_,Sr,NiO,~-LSNO), fabricated by
atomic-layer-by-layer molecular beam epitaxy (ALL-MBE),>” and
we demonstrate that high-temperature superconductivity
(superconducting critical temperature T, up to ~40 K) can be
induced in LCO at the contact with LSNO, even though neither
of the two phases alone exhibit superconductivity per se.

While it is well known that LCO undergoes an insulator-to-
high-temperature-superconductor transition upon hole (")
doping (this is normally achieved, in the bulk form, by intro-
ducing interstitial oxygen or acceptor dopants - zero-dimen-
sional or homogeneous doping),***° recent experiments dealt
with the occurrence of local high-temperature superconduc-
tivity (HTSC) in LCO as a consequence of interface effects (two-
dimensional or heterogeneous doping).’® However, so far, this
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has been limited to homoepitaxial systems in which the only
employed phase was LCO-based (e.g. interfacial HTSC in Sr-
doped LCO/LCO bilayers and superlattices or in two-dimen-
sionally doped LCO):'”"*3%3! Here instead it is shown, for the
first time, that interface HTSC can be induced in LCO also at
the heteroepitaxial contact with LSNO. Furthermore, we
demonstrate that the final superconducting properties of the
LCO/LSNO interface can be effectively tuned by simply chan-
ging the structural parameters (doping level x of the nickelate
phase, layers sequencing and spacing) while leaving the stoi-
chiometry of LCO unchanged, unlike the “classical” bulk-
doping picture. Finally, superconductivity is rationalized by
considering a mechanism for hole accumulation at the inter-
face based on local cationic intermixing but also on space-
charge considerations.

The present work demonstrates the power of heterogeneous
doping for local HTSC by introducing a novel successful
example related to heteroepitaxial systems and proposes a
comprehensive thermodynamic picture for oxide interfaces.

2. Results

La,CuO, and La,NiO, share the same Ruddlesden-Popper
structure (AO(ABOs),, A = La, B = Cu, Ni, n = 2) and can be
addressed by similar chemical and defect-chemical consider-
ations. Starting from the insulating stoichiometric com-
pounds, an electronic phase transformation can be achieved
by increasing the electron hole concentration p = [A°]. In par-
ticular, in the case of LNO a transition into a metallic phase
with increasing p (up to p ~ 1.0) is observed,*” whereas high-
temperature superconductivity (for 0.05 < p < 0.36) and metal-
licity (p > 0.36) appear in LCO.** A hole increase can be gener-
ated in LCO and LNO by substituting La with an acceptor
dopant (mostly Sr**, denoted by Sr'i, i.e. Sr on the La-site with
negative excess charge) or by intercalating oxygen excess in the
form of interstitial defects (0";) (homogeneous doping).>*™’
Taking into account that both La,_,Sr,CuO, (LSCO) and LSNO
can also accommodate a large amount of double-positively
charged oxygen vacancies (V;y), the electroneutrality condition
reads:

p+2[V5]=2[0" ] + [St'Ld (1)

The coupling between the various defect concentrations is
determined by the mass action laws of the respective inter-
action reactions (Frenkel-disorder reaction and oxygen incor-
poration reaction).> At interfaces eqn (1) has to be replaced by
Poisson’s equation. A chemical potential gradient for holes
and oxygen vacancies, as well as for Sr, is present once a
contact between nominally undoped LCO and LSNO
is formed. In order to establish equilibrium conditions, an
interdiffusion of all the mobile defect species between LSNO
and LCO should take place,*®*® which in turn is expected to
deeply affect the final conduction properties of the interface
region.
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In order to investigate such a situation, superlattices have
been realized by the atomic-layer-by layer oxide MBE tech-
nique, which allows for a precise control of the film stoichio-
metry at the atomic layer level. The nominal composition of
the superlattices can be written as:

1x Lay 56Sr9.44CuOy + S X (2.5 x Lay_,Sr,NiO, + )
N x La,CuOy) 2)

(see ESI Fig. S1 and S2t for in situ and ex situ structural
characterization and ref. 27 for details on the growth method).
Here S represents the number of superlattice unit repetitions,
whereas N defines the thickness of the LCO phase (expressed
in number of unit cells - u.c.).

The resistance data for a representative set of samples
having different doping levels x of LSNO are shown in Fig. 1
(panel a). Remarkably, for increasing x, high-temperature
superconductivity appears. In Fig. 1b, the T, values as a func-
tion of the doping level are summarized. Superconductivity is
found for x > 0.5, reaching the plateau value of ~35-40 K for
x > 0.8. It is important to note here that none of the constitut-
ing materials, with the stoichiometry as expressed by eqn (2),
is expected to exhibit superconductivity. Rather, high-temp-
erature superconductivity is induced in the LCO phase at the
interface region as a consequence of the contact with the
nickelate phase. (Please consider that, after the growth, the
system has been equilibrated under vacuum conditions, so
that the presence of oxygen interstitials in the bulk, which
could in principle have a role in the occurrence of HTSC in
LCO, can be ruled out - see the Experimental section and ref.
40). As far as the temperature dependence of the resistance is
concerned (0R/0T), one cannot infer a clear correlation with
the doping level x of LSNO. This, together with a certain
broadness which characterizes the superconducting tran-
sition (see ESI Table S1} for the data on the superconducting
transition and for the definition of T.), is suggestive of spatial
inhomogeneities in the charge distribution or to a certain
crystallographic disorder at the interface (this is especially
true for high x values due to the abundance of oxygen
vacancies in LSNO).

In Fig. 1c and d, the electrical behavior of bilayers having
different contents x for LSNO is reported. Such structures, in
which LCO is either deposited as a bottom or as a top layer for
LSNO, allows for addressing the electrical properties of single
contacts between the phases. In particular, in Fig. 1c (d), the R
vs. T curve for a structure in which LCO is a bottom (top) layer
is displayed. Notably, by comparing the two, one can notice
that the superconducting properties are only slightly affected
by the layer sequence, i.e. the maximum T, is, in both cases,
~24 K. Moreover, the analysis of the dependence of T, on x
suggests that the minimum doping level for the occurrence of
HTSC is slightly higher in the case of the LCO (bottom layer)/
LSNO (top layer) structure than in LSNO (bottom layer)/LCO
(top layer), as can be inferred by comparing the resistivity
curves obtained for x = 0.7. As far as lower doping levels are
concerned, one expects T, to exhibit a similar dependence on
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Fig. 1 Electrical properties of LCO/LSNO structures. (a) Resistance
curves as a function of temperature, for a set of superlattices (N = 2.5)
having different doping levels x of LSNO. In order to allow for a direct
comparison between the curves, the resistance values have been nor-
malized to R (T = 273 K). (b) Dependence of T, on the doping level x for
LCO/LSNO superlattices for a set of representative samples (the corres-
ponding R vs. T curves are reported in (a)). (c) R vs. T for LCO (bottom
layer)/LSNO (top layer) bilayers and (d) R vs. T for LSNO (bottom layer)/
LCO (top layer) bilayers for representative doping levels x (please refer
to Fig. 1a for the color legend).

x as was already pointed out in the case of the superlattice
structures (i.e. absence of the superconducting transition
for x < 0.5 for both the LCO/LSNO and the LSNO/LCO
contacts).

The dependence of T. on the thickness of the LCO phase
has been studied for the case of superlattices in which x = 1.3
and is presented in Fig. 2. The highest T, values (7. > 30 K) are
obtained for 2.5 u.c. < N < 4.5 u.c. For lower N values, T,
decreases (and the structure eventually becomes non-super-
conducting for N = 1 u.c.). For large N (>4.5 u.c.), T, tends to
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Fig. 2 Dependence of T. on the LCO thickness for LCO/LSNO superlat-
tices. (@) R vs. T curves for 1 X La;seSro44CuO4 + S X (25 X
Lag7Sr13NiO4 + N x LayCuQ,) superlattices, for different LCO thick-
nesses N. (b) T, values as a function of the thickness N of the LCO phase
for the Lag7Sr13NiO4/La,CuOy4 superlattices whose R vs. T curves are
reported in (a).

saturate at ~25 K. Notably, this is comparable to T. obtained
in the case of bilayers (¢f. Fig. 1c and d).

In order to rationalize the findings, a systematic study has
been carried out by high resolution transmission electron
microscopy, employing aberration-corrected scanning trans-
mission electron microscopy, energy-dispersive X-ray spec-
troscopy (EDXS) and electron energy loss spectroscopy (EELS)
(Fig. 3 and 4). In particular we performed a dedicated TEM
investigation on LCO/LSNO/LCO structures whose compo-
sitions (x = 0.8 and x = 0.4) determine the occurrence of
remarkably different final properties: as pointed out by the
electrical measurements for the bilayers (¢f. Fig. 1c and d), the
expected T, values are ~23-24 K at both the LCO/LSNO and
the LSNO/LCO contacts for x = 0.8, whereas no superconduc-
tivity arises for x = 0.4 (irrespective of the layer sequencing).

The HAADF images (Fig. 3a and c for x = 0.8 and x = 0.4,
respectively) highlight the perfect lattice match between the
phases. Owing to the high Sr content in the LSNO phase (Zs; =
38, Z1, = 57), the LSNO layers exhibit darker contrast than LCO

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 TEM analysis (imaging and EDX spectroscopy) for LCO/LSNO/
LCO trilayer structures. In panels (a) and (c), HAADF images of structures
in which the doping level of LSNO is x = 0.8 and x = 0.4, respectively,
are reported. EDX linescans for Ni and Sr are shown in panels b (for x =
0.8) and d (x = 0.4). Please note that the nominal thickness of LSNO is
4.5 u.c. for x = 0.8 and 5 u.c. for x = 0.4.

layers. This is particularly evident in Fig. 3a owing to the
higher x content. The nominal interface positions, identified
by taking into account the LSNO thickness and the number of
Ni intensity maxima in the EDX linescans (c¢f. Fig. 3b for x =
0.8 and 3d for x = 0.4), are marked by a red and a yellow arrow.
(Please note that the so-defined nominal interface positions
are taken as a reference for the following discussion on the cat-
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Fig. 4 HR-STEM investigation for the Lag7Sr13NiO4/La,CuOy interface.
(a) HAADF image of a LSNO/LCO superlattice structure (N = 9). (b)
Spatial elemental distribution, extracted from the EELS spectrum image
across a Lag7Sr1.3NiO4 region and neighboring LCO areas (the analyzed
region is highlighted by the orange square in panel (a)). The color code
is as follows: La-green, Cu-red, Ni-orange, Sr-blue. (c) EDX signal for Sr
(blue) and Ni (orange) (top panel), together with the simultaneously
acquired O-K edge prepeak profile as obtained by a EELS linescan (red
line, bottom panel). The blue and red arrows indicate the upper limits
for the Sr and holes distributions, respectively.

ionic redistribution widths). There are some remarkable find-
ings to be highlighted in relation to the effects of layer sequen-
cing and doping level x on the chemical sharpness of the inter-
face. Interestingly, one can observe that a certain redistribu-
tion of Ni and Sr, from the LSNO into the LCO phase, is
present at both phase contacts. However, while the Sr concen-
tration initially undergoes a sharp drop on both interface
sides, whose upper limit of spread can be quantified as ~1 nm
regardless of the doping level, an additional Sr “tail”, indicated
by a shaded blue arrow in Fig. 3b and d, characterizes the
LSNO/LCO contact only (LCO as a top layer). This is wider for
x = 0.8 (2.6 nm) than for x = 0.4 (~1.5 nm). Even more inter-
esting is the comparison between the Ni and Sr profiles, in
consideration of the fact that Ni impurities are known to act as
a suppressor of HTSC in LCO.*"* In particular, the redistribu-
tion length of the two species at the LCO/LSNO contact is of
the same extent. Conversely, the Sr migration width at the
LSNO/LCO interface is larger than the Ni redistribution width.
In Fig. 4, we focus our attention on the comparison
between the electronic and the ionic concentration profiles

Nanoscale, 2018, 10, 8712-8720 | 8715
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across the interface. It is well known that the analysis of the
O-K edge prepeak by EELS allows one to retrieve information
about the concentration of free electron holes with atomic
layer precision.**** First, a large area HAADF image of the
superlattice structure under consideration (having x = 1.3) is
reported (Fig. 4a), in which the high-quality epitaxial relation-
ship between the substrate (dark region on the left-hand side)
and the film is highlighted. In Fig. 4b and ¢ we report the RGB
EELS color map (panel b) and the hole concentration profile,
together with the simultaneously acquired signals from Ni and
Sr (panel c), respectively (please see ESI Fig. S47 for the experi-
mental details). The images do not only show that, similarly to
what is described above, a certain cationic intermixing at the
phase contacts is present, but also that, most interestingly, a
decoupling between the Sr and the hole concentrations can be
noticed, as highlighted by the different widths between the Sr
profile (blue line in Fig. 4c, top panel) and the O-K edge
prepeak (red line in Fig. 4c, bottom panel). This is present at
both interface sides, i.e. at the LCO/LSNO interface and at the
LSNO/LCO contact.

3. Discussion

According to the detailed TEM investigations which are pre-
sented in Fig. 3 and 4, cationic redistribution occurs at the
interfaces. Even though it is very limited, a role in the occur-
rence of HTSC can be attributed to the unintentional Sr
doping of LCO. Cationic intermixing at epitaxial interfaces has
been reported several times in the literature and represents
one of the key aspects in this type of system since it may
deeply affect, or even be mainly responsible for the peculiar
functionalities of epitaxial interfaces. As a matter of fact,
certain intermixing is often observed, but its width and its
effect on the system properties (being arguably dependent on
the deposition process) are in many cases still under
debate.**>*” Qur case is particularly interesting since it exhi-
bits an asymmetric behavior for the two interfaces, whose
intermixing width depends on the layer sequence. Such a
finding has been highlighted in the case of epitaxial semicon-
ducting structures (cf e.g. ref. 48) and only in few cases in the
context of oxide systems (e.g. LavVO;/SrTiO;, LaMnO3/SrMnO3
and two-dimensionally Sr-doped LCO).**' Such an asym-
metric profile may be arguably ascribed to the combined effect
of thermal diffusion acting on both interface sides (see ESI
Fig. S31) and a “Muraki segregation effect”,”” the latter acting
in the growth direction only (i.e. at the LSNO/LCO contact), in
analogy with a previous study on a related system.>"

However, Sr intermixing alone does not provide a sufficient
explanation for a number of experimental findings and there-
fore, it cannot be accounted as the only phenomena respon-
sible for interface HTSC, as we detail in the following points.
(i) While, as far the LSNO/LCO contact is concerned, we
observe a greater Sr redistribution width for the superconduct-
ing interface (when x = 0.8) with respect to a non-supercon-
ducting contact (x = 0.4), no difference in the chemical abrupt-
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ness at the LCO/LSNO interface (LCO as a bottom layer) can be
detected when comparing the situation in which x = 0.8
(superconducting interface — Fig. 3b) with the one in which x =
0.4 (non-superconduting interface - Fig. 3d). Therefore, the
electrical properties are not directly coupled to the Sr concen-
tration profiles. (ii) The LCO/LSNO interface is not only chemi-
cally sharper in terms of Sr, but it is also characterized by a
similar distribution width of Sr and Ni, i.e. Ni impurities are
present in the same LCO region which is also doped by Sr. As
it is well known in the literature and further corroborated by
our experimental evidence (ESI Fig. S5t), the presence of a
small percentage of Ni replacing Cu in the CuO, planes is
expected to determine a strong decrease of the superconduct-
ing critical temperature, T..*"*> Therefore, if cationic inter-
diffusion is taken as the only culprit for the effects, super-
conductivity with a T, up to 40 K stemming from such a Ni-
containing LSCO region would have to be ruled out. (iii) Lastly,
the comparison between the Sr dopant and the hole concen-
tration profiles, as retrieved by TEM spectroscopy (Fig. 4c),
indicates that an evident decoupling between the two carriers
occurs in the form of a hole accumulation layer at the inter-
face. Such a finding is clearly not ascribable to “simple” homo-
geneous doping, in which charge neutrality is locally fulfilled
according to eqn (1) (which can be simplified as p = [Sr'.,] in
the hole compensation regime).

At this point, it is important to note that, as in these
systems, both the ionic (cationic and anionic) and the elec-
tronic species are sufficiently mobile to redistribute,* a gener-
alized thermodynamic picture that takes into account all these
constituting elements has to be paid attention to.>® In particu-
lar at the interface, in order to describe the thermodynamic
equilibrium in the system, one needs to consider the electro-
chemical potential ji; for each defect species k having effective
charge z;:

fir(x) = p + zreg(x)
=uY + RT log ci(x) + zreqp(x)

(3)

in which the electrochemical potential at distance x from the
interface is expressed as a function of the standard chemical
potential 40, of the defect concentration ¢; and of the electrical
potential ¢(x) (here yu; represents the chemical potential for
the defect k). In eqn (3), we assumed for simplicity dilute
carrier concentration and hence Boltzmann distribution.

In equilibrium, the condition of constant electrochemical
potential demands

fir (%) = fikco, (4)

Ak = fix (x = ) being the electrochemical potential in the
bulk (x =

The chemical potential gradient for the defect species
(holes, oxygen vacancies, and Sr), which is present at the inter-
face between LSNO and LCO, is not only a driving force for the
migration of Sr in the direction of LCO (as described above),
but also for the transfer of holes and oxygen vacancies. Owing
to the mobilities involved, the latter is expected to occur even

).

This journal is © The Royal Society of Chemistry 2018
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at room temperature, while a Sr-transfer requires higher temp-
eratures (possibly reached during preparation). As far as the
charge transfer direction is concerned, the entire free energy
picture has to be considered. Here we estimate - supported by
the chemical similarity of the base-materials - the direction on
the basis of the doping conditions (configurational entropy).
As the substantial Sr-doping of LNO enforces a very high hole
and a very high vacancy concentration as long as electro-
neutrality has to be fulfilled, suspending the latter condition is
expected to result in transfer of both carriers to the undoped
LCO provided Sr remains frozen (or also to a Sr-redistribution
if sufficiently mobile). For Boltzmann distribution, the equili-
brium spatial distribution in such a space-charge region
follows from combining eqn (3) and (4):

ci(x) - (_ zkeAzp(x)> (5)

kT

ko being the defect concentration in the bulk and Ag(x) =
@(x) — ¢(x = ) the space-charge potential.

Eqn (5) shows that e.g. oxygen vacancies and holes perceive
the space-charge in a qualitatively similar way, but the profile
for V§ (zx = 2) is steeper than for /" (z; = 1). A net transfer of
oxygen vacancies and holes from LSNO to LCO leads to the for-
mation of a negatively charged region at the LSNO side of the
interface. For compensation, a region where oxygen vacancies
and especially holes (the holes being the majority defect in the
system) are accumulated, establishes in LCO. Such a situation
with an enriched p-type charge carrier concentration even-
tually leads to the occurrence of HTSC in LCO at the interface.

A schematic picture of the thermodynamic situation at the
interface is depicted in Fig. 5.

Such a space-charge situation is able to explain all the
experimental findings. (i) From the experimental data, it is
evident that the key element for the appearance of super-
conductivity is the enhanced hole concentration in LSNO. This
suggests electron transfer (electronic space-charge): in order to
maintain the hole electrochemical potential constant (see
eqn (4)), holes are transferred from LSNO into the LCO phase
leading to the appearance of HTSC.*? Such a mechanism has
already found experimental proof in other oxides.'
Interestingly, for high doping level (x > 0.9), single phase
LSNO undergoes an insulator-to-metal transition as reported
in the literature and as confirmed by our previous studies on
MBE-grown LSNO films:***° Such a value is very similar to the
doping level at which the superconducting state is fully devel-
oped in the structure studied here, therefore suggesting that
charge transfer mainly involves delocalized holes from the
metallic LSNO phase to LCO. It should be noted that this is
also in line with previous contributions on a related system
(i.e. interface HTSC in LSCO/LCO bilayers),> in which a
similar dependence of 7. on the electronic carrier density of
LSCO was found. (ii) Hole-Sr decoupling (¢f. Fig. 3d) can be
fully explained by considering that, in the space-charge
regions, the concentration profiles of the mobile defects are
not dictated by the condition of local electroneutrality (cf. eqn

This journal is © The Royal Society of Chemistry 2018
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Fig. 5 Sketch of the thermodynamic situation at the boundary layers of
LCO and LSNO (if both are equilibrated with the same oxygen partial
pressure and a net transfer of holes and vacancies occurs from LSNO to
LCO). (a) The condition of thermodynamic equilibrium for the defect
species (the abbreviations v, i, p, n are used for the building units oxygen
vacancies, oxygen interstitials, electrons and holes respectively) and
with the external oxygen partial pressure defines a horiziontal profile for
the electrochemical potential of V(fiy = py + 2Fp) and p(fi, = up + Fo), as
well as for the chemical potential of oxygen uo = —uy + 2up. Therefore,
as a consequence of the difference in the bulk chemical potentials for
the defect species, the bending of uy and y,, at the interface is expected.
(b) Resulting charge concentration profiles at the interface.

(1) and (5)). Rather, the migration of negatively charged Sr
defects from LSNO to LCO is expected to simply lower the
space-charge potential ¢(x). (iii) As far as the effect of Ni impu-
rities on HTSC is concerned, it is evident from Fig. 3d that the
extent of the hole accumulation (space-charge) zone at the
interface, in which HTSC is expected to appear, is larger than
the Ni redistribution width. (iv) Lastly, the dependence of 7.
on the superlattice spacing N (Fig. 2) can be explained by
taking into account that for low spacing (for which a reduced
T. was found) one expects the space-charge zones to overlap,
leading to a high hole concentration (overdoping regime of
superconductivity). The reduced 7. (~25 K) which has been
observed for very large spacing (N > 5), as well as for the
bilayers (Fig. 1c and d), may instead be ascribed to out-of-
plane adjustments of the lattice bond lengths as a conse-
quence of the epitaxial relation between the layers.>*> It is
noteworthy that very few recent studies have dealt with the
origin of the electrical and magnetic properties of oxide epitax-
ial heterostructures in the light of the space-charge theory.*®*”
Moreover, we recently investigated the modulation of the
charge carrier concentration in two-dimensionally doped
superconducting lanthanum cuprate (La,CuO,4)."° It was
shown that such an effect stems, at the side of the interface
facing the substrate, from a hole accumulation layer, which is
a consequence of local space-charge effects.
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It should be repeated that, according to the condition of
electrochemical potential constancy, also V values (which are
abundant in LSNO due to the high doping level)*”*® are
expected to rearrange at the interface together with holes. A
redistribution of both according to eqn (5) automatically ful-
fills the condition of constant chemical potential of neutral
oxygen at the interfaces, provided that both materials are in
equilibrium with the same oxygen partial pressure (Fig. 5).
Notably, we expect a stronger interface electrical potential and
consequently a greater hole accumulation if both Vg and 7’
redistribute, while a partial Sr-redistribution would lower the
space-charge effect. According to Fig. 4, the estimated hole
decay length for LCO is ~#1-2 nm. It should be noted that the
expected steeper concentration profile of V5 with respect to i’
(¢f. eqn (5)) may affect the final properties of the LCO region
which is adjacent to the interface, leading to overdoping.”®
Although the limited resolution of the methods employed in
the present studies (HR-STEM) for anions did not allow for the
direct quantification of the V{ across the interface, it is worth
mentioning that the formation of a space-charge zone due to
ionic transfer has already been reported in the literature in
systems such as BaF,/CaF, or LiF/Ti0,.”°>®" As far as oxygen
defects are concerned, it was only demonstrated for grain
boundaries.®'*0*7%4

Lastly, one should also consider that a certain role in the
definition of the interface functionalities could be played by
nonidealities stemming e.g. from interface roughness (ter-
races), which may aggravate the formation of a percolative
HTSC path. In the case of pronounced roughness, such path-
ways rely on interconnected LSCO nano-islands, laterally separ-
ated by LSNO (nanoscale phase separation). Such a scenario
would explain the appearance of HTSC at the interface even in
the presence of Ni and the suppressed diamagnetic response
of the superconducting phase, as measured by using the
mutual inductance set-up, arguably due to the partial lack of
percolation of the superconducting layer (see ESI Fig. S67).°°
On the other hand, no direct evidence of such a situation
could be retrieved from TEM analysis, which instead high-
lights the presence of a hole accumulation layer at the inter-
face. The latter can only be explained if a space-charge scen-
ario is taken into account, therefore nanoscale phase-separ-
ation alone cannot be considered as a final explanation.

4. Conclusion

In conclusion, we presented a study on the structural and elec-
trical properties of lanthanum cuprate/Sr-doped lanthanum
nickelate epitaxial heterostructures, grown by the atomic-layer-
by-layer method via oxide molecular beam epitaxy. The struc-
tures exhibit high-temperature superconductivity (7. up to
~40 K) as a consequence of local hole accumulation and we
showed that T, can be tuned by changing the doping level x in
the nickelate or by varying the supercell thickness. In particu-
lar, HTSC occurs only when a highly doped (metallic) LSNO
composition is employed. Structural analysis by HR-STEM
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showed that a certain cationic interdiffusion (~1 u.c.), invol-
ving both the A-site (La, Sr) and the B-site cations, is present.
A certain tendency for Sr to migrate further from LSNO into
LCO in the growth direction was detected, while the LCO/
LSNO interface is chemically sharper. Moreover, EELS investi-
gations suggest the presence of a hole accumulation layer at
the interface, which is decoupled from the ionic dopant
profile. Simple cationic interdiffusion does not satisfactorily
explain all the experimental findings; rather, the system can be
fully described if a mechanism for which space-charge effects
(i.e. migration of holes and oxygen vacancies from the LSNO
into the LCO phase) are taken into account. Our findings not
only represent an unprecedented case of interface high-
temperature superconductivity in the case of heteroepitaxy, but
may also shed light on the complex interplay between ionic and
electronic effects at oxide interfaces, and in particular on
typically neglected effects of oxygen vacancy redistribution.

5. Experimental section

Film heterostructures of La,CuO, and La,_,Sr,NiO, were de-
posited on LaSrAlO, (001) substrates (Crystec GmgH and
Crystal GmbH) by ozone-assisted molecular beam epitaxy (DCA
Instruments) using the atomic-layer-by-layer method. Typical
deposition conditions are T = 600 °C, p = 2 x 10~> mTorr. A
more detailed description of the deposition method can be
found in ref. 27. All the samples were in situ vacuum annealed
after the growth (T = 200 °C) for ensuring no contribution to
electrical conductivity by oxygen interstitial doping (see eqn
(1) and ref. 40). A thin buffer layer (1 u.c. metallic
La; 5¢S70.44Cu0,) was routinely deposited on the substrate in
order to improve the film/substrate interface, thus promoting
the conditions for epitaxial growth. Electrical conductivity
measurements were performed in Van Der Pauw geometry
employing Pt electrodes, during heating cycles from liquid He
temperature, by using a motorized dipstick with an automated
control loop (heating rate <0.05 K s™'). Film diamagnetic
response was measured in transmission geometry by using Cu
coils. The typical drive current was 60 pA, 1.6 kHz. The setup
was equipped with a SR850DSP lock-in amplifier and Agilent
34401A multimeters.

TEM specimens for the investigations were thinned to elec-
tron transparency by tripod polishing (€10 um), which is fol-
lowed by argon ion beam milling in a stage cooled with liquid
nitrogen. The electron microscopy and spectroscopy experi-
ments were performed on a probe Cg corrected JEOL ARM
200CF microscope equipped with a cold field-emission elec-
tron source, a large solid-angle SDD-type JEOL Centurio EDX
detector and a Gatan GIF Quantum ERS spectrometer. The
microscope was operated at 200 kV, a semi-convergence angle
(a) of 21 mrad, giving rise to a probe size of 0.8 A (1 A for the
analytical analysis). A collection semi-angle (b) of 68.5 mrad
was used for EELS analyses and the collection angle
(109-270 mrad) was used for HAADF images. Please note the
EDXS measurements were performed at a thickness less than

This journal is © The Royal Society of Chemistry 2018
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30 nm (¢/A4 < 0.4 confirmed by EELS low loss measurement),
where the beam broadening is the lowest, thus the signal de-
localization while we discuss the cationic intermixing can be
ruled out.®®
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