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Abstract

Complex oxides provide a versatile playground for many phenomena and possible applications, for instance, high-temperature
superconductivity, magnetism, ferroelectricity, metal-to-insulator transition, colossal magnetoresistance, and piezoelectricity.
The origin of these phenomena is the competition between different degrees of freedom such as charge, orbital, and spin, which
are interrelated with the crystal structure, the oxygen stoichiometry, and the doping dependence. Recent developments not only in
the epitaxial growth technologies, such as reactive molecular beam epitaxy, but also in the characterization techniques, as
aberration-corrected scanning transmission electron microscopy with spectroscopic tools, allow synthesizing and identifying
epitaxial systems at the atomic scale. Combination of different oxide layers opens access to interface physics and leads to
engineering interface properties, where the degrees of freedom can be artificially modified. In this review, we present different
homo- and hetero-epitaxial interfaces with extraordinary structural quality and different functionalities, including high-
temperature superconductivity, thermoelectricity, and magnetism.
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1 Introduction

Complex oxide hetero-structures create a multidirectional
platform for the emergence of significant properties stem-
ming from the strong interplay between the lattice, spin, or-
bital, and charge degrees of freedom [1, 2]. The easily mod-
ifiable crystal structure and tailorable oxygen sublattice of
the generally studied ABO3 perovskite structure, which is
composed of corner-sharing BO6 octahedra and body-
centered A-site cations surrounded oxygen anions, bring
the advantage of fine-tuning properties through picometer-
scale modifications in the lattice [3]. Especially after the
discovery of high-temperature superconductivity [4], the ep-
itaxial growth of cuprate-based systems such as La2
−xSrxCuO4 (LSCO) [5, 6], YBa2Cu3O7−δ (YBCO) [7–9],

DyBa2Cu3O7−δ (DBCO) [10], Bi2Sr2Can−1CunO2n + 4

(BSSCO) [11], received a strong interest, together with the
other functional oxide compounds with different functional-
ities [12–14]. In addition to the synthesis of single-phase
films, the epitaxial growth of such complex oxides in the
form of multilayered systems further yields the emergence
of novel interfacial phenomena [15–17], which are not pres-
ent in the constituent layers alone. These systems provide not
only a wide range of applications with prominent function-
alities such as ferroelectricity [18, 19], emergence of 2D
electron gas [20], thermoelectricity [21], magnetism
[22–24], and superconductivity [25], but also understanding
the fundamental nature of the underlying complex phenom-
ena. The quality of the multicomponent oxide thin films can
be defined as a function of the stoichiometry, the structural
quality and the extent of present defects, whereas the inter-
face sharpness has been realized as the most critical factor for
novel applications. An intriguing example is the high-
temperature interface superconductivity (HT-IS) emerging
at the interface between non-superconducting undoped and
overdoped copper oxide layers [26], for which the absence of
a specific accepted theory of high-temperature superconduc-
tors (HTS) fosters the strong interest.
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In general, the precision of the epitaxial growth techniques
determines the limits of the synthesis and accordingly the
control and the understanding of the materials’ properties.
Recent technical developments in epitaxial growth technolo-
gies pave the way for synthesizing high-quality oxide hetero-
structures with atomic layer precision. Different physical de-
position techniques, such as pulsed laser deposition (PLD)
[27–31], reactive sputtering, and reactive molecular beam ep-
itaxy (MBE) with in situ reflection high-energy electron dif-
fraction (RHEED) [32–37], have been comprehensively uti-
lized. The reactive ozone-assisted MBE can be considered as
the most powerful technique, since it allows high-quality fab-
rication with great variability, low-energy of impinging atoms,
and layer-precise control of the growth [38], which brings
advantages on structural quality and interface sharpness [39].
The combination of such unique deposition methods with at
least one foremost characterization technique is an inevitable
step for further progress in the field of oxide hetero-structure
engineering, especially for interface-focused research. In par-
ticular, cuprate-based hetero-interfaces are impressive systems
with the possibility to emerge the superconducting state,
which is substantially sensitive to material characteristics,
e.g., film stoichiometry and the presence of defects (impuri-
ties, oxygen vacancies). Complimentary characterization
methods such as in situ RHEED [40–43], atomic forcemicros-
copy (AFM), high-resolution X-ray diffraction [44, 45], to-
gether with different spectroscopic methods [46–53], identify
the crystal quality, the surface roughness, the stoichiometry,
and the electronic structure. Additionally, measurements of
superconducting transitions via the two-coil mutual induc-
tance [26] or the electrical resistance further reflect the quality
of the MBE synthesis. Consequentially, the atomic-layer pre-
cise fabrication of these systems requires atomic-resolution
identification. In this context, one prominent tool for interface
characterization is aberration-corrected scanning transmission
electron microscopy (STEM) [54–56] with atomic-resolution
imaging and spectroscopy capabilities.

In this work, we present a brief overview of different com-
plex oxide hetero-structures fabricated by ozone-assisted
MBE (Fig. 1a) with precise atomic layer control, i.e.,
La2CuO4, La2−xAxCuO4 (A = Ca, Sr, Ba), La2−xSrxNiO4,
LaNiO3, and SrMnO3-LaMnO3, in addition to the comprehen-
sive recent achievements in HT-IS in LCO-based systems.
The aberration-corrected STEM (Fig. 1b) with the position-
sensitive atomic-resolution characterization capability was
used to determine the interfacial quality. This review is struc-
tured as follows: In Chapter 2, we present the growth and
characterization of high-quality single-phase La2CuO4

(LCO) films together with underlining the importance of the
oxygen content as well as a way to handle oxygen exchange
dynamics through high-temperature consideration of the elec-
trical properties. In Chapter 3, we overview the homo-
epitaxial HT-IS including previous results from the

Brookhaven group as well as our recent studies focusing on
the influence of the cationic radii on the interface sharpness of
metal-insulator bilayers and associated physical properties, as
well as the asymmetric distribution of the cations across the Sr
delta-doped layer in a LCO matrix. The hetero-epitaxial
cuprate-nickelate and cuprate-manganite interfaces are de-
scribed in Chapter 4, with considerations of HT-IS, layer
thickness dependence of electrical properties, and the design
of superconducting-magnetic individual interfaces, respec-
tively. Finally, the summary and outlook are presented in
Chapter 5.

2 Single-Phase Films

The initial challenge in epitaxial complex oxide hetero-
structures is to satisfy the sample quality, since various param-
eters jointly determine the crystal structure, the interface
sharpness/roughness, and the correlated properties of these
systems. Hence, the first step is to achieve high-quality sin-
gle-phase epitaxial films. Herewith, we briefly touch on the
critical parameters for the oxide thin film growth. The funda-
mental distinction of the epitaxial films from bulk single crys-
tals is the presence and the explicit involvement of the sub-
strate, which points the structural properties of the epitaxial
films. The choice of the substrate can yield different properties
by modifying the crystal structure of the thin epitaxial films
via inducing small lattice distortions [57, 58]. From one side,
the lattice mismatch between the epitaxial film and the sub-
strate should be relatively small and favorable for forming a
crystal with the minimum number of defects, for instance,
oxygen vacancies [59, 60] and misfit dislocations [61, 62].
On the other side, the substrate-induced strain should be suit-
able for creating novel functionalities and possible improve-
ments. Furthermore, the oxidation conditions, namely the sub-
strate temperature and the oxidant pressure, which mutually
relate with the stoichiometry and/or the composition control,
play a crucial role in the correct phase formation as well [63].
The stoichiometry control during the growth is challenging
due to the multicomponent composition and requires the man-
agement of each atomic flux with high precision to avoid any
secondary phase precipitate formation. The initial layer for-
mation at the interface with the substrate and the sequence of
the deposited atomic layers should also be taken into consid-
eration in the layer-by-layer MBE growth and for real-time
observation of the growth, RHEED has been mainly utilized,
which provides primary information about the crystal quality
of surface layers and the presence or absence of secondary
phase precipitates.

Let us consider the MBE synthesis of hole-doped La2
−xAxCuO4 (LACO) epitaxial thin films, which are classical
HTS systems with a single CuO2 plane separated by the
charge reservoir La-O blocks in the elementary unit cell,
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where x indicates the concentration of aliovalent A2+ dopant
ion. Advantageously, the wide doping range of the system
leads to exploring the complete phase diagram from the
undoped insulating parent La2CuO4 compound with antifer-
romagnet ic order (AFM) to the overdoped non-
superconducting metallic compound [64, 65]. The carrier con-
centration in this system is regulated by the substitution of
La3+ ion by the dopant ions (e.g., Ca2+, Sr2+, Ba2+) and/or
by the intercalat ion of oxygen interst i t ia ls . The
superconducting dome for Sr- and Ba-doped LCO is obtained
within a certain concentration range of hole doping, p, i.e.,
0.06 ≤ p ≤ 0.26 and the highest Tc (≈ 35 K) is realized in the
optimum-doped compound with the hole concentration of p ≈
0.16 [66–68]. Note that the concentration of the dopant, x, is
not exactly equal to the hole carrier concentration, p. The ratio
between p and oxygen concentration depends on the corre-
sponding formation energies, and the formation of oxygen
vacancies can compensate the increase of the dopant concen-
tration, especially in the overdoped regime [69]. While the
doping concentration of Sr and Ba ions can be varied within
a wide range (0 ≤ x ≤ 1.4) [70], the solubility limit, x, of Ca as
dopant in La2−xCaxCuO4 (bulk polycrystalline) is restricted to
x ≈ 0.1 and the maximum superconducting transition temper-
ature achieved is Tc ≤ 20 K [71, 72]. In the case of thin films,
for optimal doping (x ≈ 0.16) of Sr- and Ba-doped thin films,
the highest Tc ~ 50 K has been reported, when the films are
deposited on LaSrAlO4 (LSAO) substrates [6, 73–75]. A mas-
sive number of reports have been devoted to Sr- and Ba-doped
LCO epitaxial films; however, a comprehensive study of Ca-
doping in epitaxial LCCO films is still missing, while the only
successful initiation of Ca doping in overdoped-undoped
(LCCO-LCO) bilayers has been reported [76].

Concerning the substrate-induced strain and Tc relation-
ship, due to the lattice constant mismatch between the LSCO
film and the LSAO (001) substrate (aLSAO = 3.755 Å), which
is 0.5% smaller than the lattice constant of the Sr optimum-
doped bulk LSCO (001) [(aLSCO = 3.777 Å)], the film is under
compressive strain that results in the highest Tc ~ 45 K. On the
other hand, for instance, SrTiO3 (STO, aSTO = 3.905 Å)

substrate, which has a 3% larger in-plane lattice constant, in-
duces tensile strain to the optimum-doped LSCO epitaxial
film and Tc is significantly reduced down to ~ 20 K [70, 77].
Another criterion, heavily affecting the final properties of
complex oxides, is the contribution of oxygen and related
species, e.g., oxygen vacancies and oxygen interstitials
[78–83]. For example, oxygen interstitials can play the role
of dopants and contribute to the conductivity and supercon-
ductivity in LCO-based compounds, while the formation of
oxygen vacancies suppresses superconductivity. Recently, the
experimental evidence of the increase of oxygen vacancies in
the apical positions (of MBE-grown LSCO films), after low-
temperature vacuum annealing and their variation as a func-
tion of Sr doping in highly oxidation environment, has been
reported by using confocal Raman spectroscopy [84].

Considering the present understanding and taking the ad-
vantage of the atomic-layer precise MBE growth, we have
synthesized LCO-based compounds with different dopants
(Ca2+, Sr2+, Ba2+) and varying doping concentration on
LSAO substrates, which favors the highest Tc. Note that
Ca2+, Sr2+, and Ba2+ ions have the same valence state but
different ionic radii, i.e., 118 pm, 131 pm, and 147 pm, corre-
sponding to a ninefold coordination [85], respectively. The
resultant mismatch with the host La3+ cation having an ionic
radius of 121 pm is − 2.47%, + 8.3%, and + 21.5%, which
consequently provides different chemical pressures in the
crystal structure. In the case of Ba doping, single-phase
LBCO epitaxial films grown on LSAO (001) substrates are
characterized by rough surfaces with the presence of second-
ary phase precipitates containing excess Ba, as confirmed by
Auger electron spectroscopy (AES), and also the critical thick-
ness of the nucleation exhibits a linear dependency on Ba
concentration [76]. The best results obtained for Sr-doped
LCO epitaxial films grown by our MBE system are compara-
ble with results from other groups [5, 6, 70, 86]. Furthermore,
we have successfully synthesized precipitate-free Ca-doped
LCO epitaxial films on LSAO (001) substrates with broad
doping range up to x = 0.6 and Tc ≈ 35 K at the optimum dop-
ing concentration with x = 0.16. The related report will be

Fig. 1 Atomic-layer precise
oxide MBE and aberration-
corrected STEM. aDual-chamber
oxide MBE system (DCA
instruments) of the Thin Film
Technology Facility at the Max
Planck Institute for Solid State
Research [38]. b Aberration-
corrected scanning transmission
electron microscope (JEOL JEM-
ARM200CF) of the Stuttgart
Center for ElectronMicroscopy at
the Max Planck Institute for Solid
State Research [56]
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published elsewhere. The stabilization of Ca-doped LCO
films and the segregation of Ba on the topmost surface result
from the interplay between compressive strain induced by the
LSAO substrate and the chemical pressure due to the size of
dopant ions.

Figure 2a shows an example RHEED image after a com-
pleted deposition of a La2CuO4 unit cell showing a character-
istic surface reconstruction pattern. Real-time control of
RHEED pattern is used for fine control of the growth, in
particular the stoichiometry and surface roughness. The trans-
port measurements of a 30 monolayers (MLs) thick optimum-
doped LSCO film, i.e., the electrical resistance and the imag-
inary part of the mutual inductance, as a function of tempera-
ture are displayed in Fig. 2b. The superconducting transition
(blue) is very sharp, Tc (R = 0) ≈ 43 K and the half width of the
imaginary part (black) of the mutual inductance (T ≤ 1 K) con-
firms the film uniformity. These results (obtained without
using a buffer and/or protection layers) are comparable with
the results reported by the Bozovic group from the
Brookhaven National Laboratory, USA [87]. The high struc-
tural quality of the film is confirmed by atomic-resolution
STEM-HAADF imaging. The LSCO film (brighter) is distin-
guished from the LSAO substrate (darker) exhibiting a perfect
coherent interface (Fig. 2c).

High-quality LSCO epitaxial films are synthesized in a
vastly oxidized environment, which is achieved via the deliv-
ery of pure ozone by evaporation of liquid ozone from a dis-
tilled system. The typical substrate temperature is ~ 650 °C
according to the radiative pyrometer reading and the chamber
pressure is ~10−5 Torr. The highest Tc value of the films sug-
gests that most of the oxygen positions in the LSCO crystal
structure are occupied by oxygen ions. The undoped LCO thin
film grown under these conditions is superconducting with
Tc > 40 K due to the intercalation of oxygen interstitials. In
the LSCO unit cell, there are three unequal oxygen positions
with different binding energies: (i) the oxygen atoms in the
CuO2 plane, (ii) the apical oxygen atoms, and (iii) the oxygen
interstitial(s). There are different ways to govern the oxygen
content such as post-growth annealing in vacuum or oxygen/
ozone [88] and post-growth electrochemical doping [78, 83,
89, 90]. Nevertheless, since the thermogravimetric analysis
(TGA) is not applicable for such thin films to evaluate the
amount of oxygen due to their small volume, another method
should be used to qualitatively verify the oxygen concentra-
tion. For this, we measure the electrical conductivity of a
single LCO film in the temperature interval 300 K < T <
800 K (see Fig. 3) [91]. The decrease of the electrical conduc-
tivity at 300 K < T < 500 K (region 1) is ascribed to the loss of
non-equilibrium interstitial oxygens, which, accordingly,

Fig. 2 Characterization of optimum doped La1.84Sr0.16CuO4 films. a
Representative in situ RHEED image of the optimum-doped LSCO
(x ≈ 0.16) film acquired after a completed deposition of a LSCO unit
cell. The reconstruction pattern corresponds to a 5a in-plane spacing. b
The imaginary part of the mutual inductance together with the resistance
vs. temperature plot of the LSCO (x ≈ 0.16) film exhibiting a sharp

superconducting transition with Tc (R = 0) ≈ 43 K. c The atomic-
resolution STEM-HAADF image of the LSCO film grown on a LSAO
(001) substrate displays a perfect structural quality, an absence of any
extended defects, and a coherent interface between the substrate and the
epitaxial film. The orange arrow next to the HAADF image indicates the
growth direction
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results in a decrease of the number of holes. Oppositely, in the
region 2 (i.e., 500–650 K), the oxygen content in equilibrium
increases with increasing temperature similar to what has been
reported in Ref. [82], whereas kinetic effects start to disappear
as the temperature is increased further (region 3, T > 650 K).
However, in the “colder” region for T ≤ 550 K, the oxygen
atoms are quenched, and the system gets stable. Herewith,
we show that the oxygen concentration of complex oxides,
which have a strong influence on transport properties, can be
examined through high-temperature conductivity measure-
ments, as we discussed for undoped LCO films. Since exam-
ining the electrical properties above room temperature is a
promising way to investigate oxygen exchange dynamics, a
possible extension of this method can be conducting the ex-
periments under different oxygen/ozone pressure.

3 Diverse Epitaxial Design

Thus far, we have presented high-quality L(S)CO epitaxial
films grown by ozone-assisted MBE. Analogously, all other
oxide hetero-structures synthesized by our MBE system have
similar distinguished characteristics from the point of stoichi-
ometry, crystal structure, and minimal concentration of oxy-
gen defects. Fortunately, with the advantage of atomic-layer
precise controlled growth, different deposition schemes can be
further constructed utilizing in situ RHEED especially at the
distinct layer transitions.

The unit cell of the intrinsically layered LCO structure
comprises two molecular layers and each molecular layer is
built up of two LaO and one CuO2 atomic layers. Thus,
employing the layer-by-layer deposition scheme, this layered
oxide compound can be formed by using either in La-La-Cu
or in Cu-La-La deposition sequences. However, the deposi-
tion of the metals in oxidation conditions and the layer-by-
layer regime lead to the formation of nanoscale metal oxides:
La2O3 and CuO. The 214–LCO structure is a result of the
surface chemical reaction between these elementary oxides,
which is derived by the electronegativity of the constituent
metals. Therefore, the proper deposition sequence is La-La-
Cu (see Fig. 4a) instead of Cu-La-La, as the Cu atoms with the
largest electronegativity pick up the oxygen from La2O3 and
form CuO2 planes generating the 214 building block. In addi-
tion to the alternation of single oxide layers in a single-phase
compound, a variety of multilayers, for instance bilayers
(Fig. 2b), (or multilayers in the case of more repetitions) or
two-dimensional doping (so-called δ-doping), in which a se-
lected single metal oxide atomic layer can be substituted with
another metal (i.e., dopant), can be designed as sketched in
Fig. 2c.

In the case of multilayer synthesis, one can define the mul-
tilayer structure either as homo-epitaxial or as hetero-epitaxial
depending on the constituent layers. In case the multilayer is
composed of epitaxial layers of the same material with the
same crystal structure but different doping levels, the struc-
tures are called homo-epitaxial structures. On the other hand,
when the multilayer is built up by contacts of different mate-
rials, e.g., by stacking of cuprates and nickelates, or cuprates
and manganates, or nickelates and manganates, with different
chemical formula and crystal structure, the structures are
called hetero-epitaxial. Note that for both homo-epitaxy and
hetero-epitaxy, the multilayers can be grown on the substrate
of different materials, in such a situation the growth of the
initial layers is always hetero-epitaxy.

4 Homo-Epitaxy and HT-IS of La2CuO4

A milestone in the field of LCO-based HTS was reached in
2008 by the discovery of interface superconductivity between
strongly overdoped metallic (M) LSCO and undoped insulat-
ing (I) LCO layers, which are not superconducting when taken
alone [26, 94]. It is also shown that the superconducting tran-
sition temperature depends on the layer sequence of the M, I,
and superconducting (S) layers. Further details can be found
in the reviews devoted to this HT-IS phenomenon [86, 95, 96]
and the original references therein. Herewith, we summarize
the main findings and conclusions:

i. I-M bilayers exhibit lower Tc ≤ 15–20 K as Tc for M-I and
M-S bilayers, where Tc ≈ 30–36 K and Tc ≈ 51 K can be

Fig. 3 High-temperature oxygen exchange reaction of undoped La2CuO4

[91]. The electrical conductivity of a 37 ML LCO is displayed as a
function of temperature (i) for the “first heating” (i.e., after the growth;
“as grown”) and (ii) for a second heating experiment. Orange dashed lines
indicate the distinguished temperature regions and “2nd heating” refers to
the (repeated) measurement performed on the “as grown” sample after the
first measurement cycle (heating and cooling) without taking the sample
out of the MBE chamber
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achieved, respectively. (Note that S indicates the
superconducting LCO layer after post-annealing in ozone
atmosphere).

ii. The thickness of the superconducting interface layer is
very thin and confined to a few CuO2 planes. Zn tomog-
raphy [94] enabled to pinpoint the exact position of the
superconducting CuO2 plane with the highest Tc.

iii. The possible mechanism due to the nominal La-Sr
intermixing at the interface has been ruled out by several
independent experiments including in situ time-of-flight
ion scattering and recoil spectroscopy during growth
(TOF-ISARS) and high-resolution STEM [26]. The cat-
ion intermixing is confined within one unit cell from the
nominal interface as supported by the real-time in situ
RHEED observations during the growth.

iv. The importance of the crystal structure in I-M, M-I, and
M-S bilayers has been shown by Butko et al. [97] via
high-resolution X-ray diffraction studies demonstrating
the pseudomorphic growth of the top layer in both M-I
and I-M bilayers. Importantly, Tc is linearly dependent on
the c-axis lattice parameter. The larger the c-lattice pa-
rameter, the higher Tc. A similar relationship between
the c-lattice parameter and Cu-O distances has been also
reported for single-phase LSCO films [6, 98], and be-
sides, the Coherent Bragg Rod Analysis (COBRA) meth-
od for M-I bilayers revealed another structural effect. An
increase of the copper-apical oxygen interatomic dis-
tances starting from the nominal M-I interface towards
the bilayer surface is substantiated [99, 100]. These

structural results have been discussed in a frame of a
long-range “Madelung strain” effect ascribed to strong
Coulomb interaction between the layers, which is mildly
screened in growth direction [97, 101].

v. Finally, a charge transfer mechanism due to the chemical
potential difference between the overdoped and undoped
cuprate layers has been proposed for HT-IS in M-I, I-M,
and M-S bilayers. The phenomenological model (based
on the Poisson equation) for the electrostatic potential is
employed to determine the charge profile across the inter-
faces. Taking the doping dependence of the chemical po-
tential μ(p) for the LSCO compound based on angle-
resolved photoemission spectroscopy (ARPES) results
[102], the anomalous independence of Tc for HT-IS on
the doping level of the M layer in M-I bilayers was sup-
ported [103]. The open question is the μ(p) independency
in the pseudogap regime (from undoped to optimum dop-
ing level), while μ is linearly dependent in the overdoped
regime. Several mechanisms have been proposed (e.g.,
Ref. [104]); however, this is out of the scope of this
review.

In addition to above-mentioned research, we further uti-
lized the advantages of the layer-by-layer MBE technique.
Bauitti et al. [105] reported a new approach for the design of
epitaxially grownHTS of cuprates and showed that when two-
dimensional doping, i.e., δ-doping, which is the substitution
of a selected La-O layer with a Sr-O layer during the epitaxial
growth, is applied to the LCO matrix, an asymmetric

Fig. 4 Different designs of La2CuO4 homo-epitaxial structures. Basic
sketches of a single-phase LCO, b metal (overdoped)-insulator
(undoped) bilayer, c 2D-doped LCO grown on LSAO (001) substrates.

The La2CuO4 structure forms a pseudo-tetragonal structure when grown
on LaSrAlO4 substrates [92, 93]
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distribution of the dopant is present [105, 106]. For such type
of doping, the asymmetric dopant distribution profile gener-
ates two different types of HTSmechanisms at each side of the
interface. While in the growth direction, where the Sr distri-
bution is wide and accompanies to the hole distribution, “con-
ventional doping” is the mainmechanism. On the other side of
the interface, which has found to be sharper, the dopant, i.e.,
Sr, and the charge carrier distribution profiles are decoupled,
and such decoupling results in a “space-charge” region induc-
ing HTS. Further details can be found in Ref. [105]. The effect
of the cation size and the growth temperature on this asym-
metric profile has been further studied with atomic-resolution
STEM for analogous systems [107], substantiating the fact
that although the cation size mildly affects the dopant distri-
bution width in both growth and substrate directions, the
asymmetric dopant distribution profile is present and indepen-
dent of the cation size.

Since the importance of the crystal structure has been
demonstrated for HT-IS, the chemical pressure based on the
dopant size is expected to perturb the crystal structure and
correspondently to modify electronic and superconducting
properties. Dopant size effects on the HT-IS were studied
by Suyolcu et al. [76], and it has been demonstrated that
although HTS can be obtained (Fig. 5a) by employing dop-
ants with different sizes but same valences (i.e., Sr2+, Ba2+,

and Ca2+), depending on the interface structure, both “inter-
facial” and “conventional” HTS can be realized. In particu-
lar, although sharp interfaces were achieved via Ca and Sr
doping (inM layer) that confined the HTS into 1–2-nm scale,
due to the strong surface segregation of Ba (first observed
during the growth, Fig. 5b) for Ba-doped M-I bilayers, the
HT-IS is hindered as a consequence of the randomly distrib-
uted dopants within the entire sample. For the latter case, the
bilayer with high epitaxial quality (Fig. 5c) turns into a con-
ventionally doped LCO system and most of the layers were
found to be superconducting. Furthermore, when the local
octahedral distortions, i.e., apical O-O interatomic distances,
are quantitatively investigated and associated with the dop-
ant distributions, the correlation with local Jahn-Teller dis-
tortions is enlightened [93]. While in the case of sharp inter-
faces (i.e., Ca and Sr doping), the O-O interatomic distances
increase sharply after the nominal M-I interface, anti-Jahn-
Teller distortions dominates the structure for Ba doping due
to the wide Ba distribution leading to a reduction of the
apical O-O interatomic distances [109]. As an example, a
superimposed image of simultaneously acquired STEM
high-angle annular dark-field (HAADF) and STEM-ABF
images is displayed in Fig. 5d. These recent studies, includ-
ing the 2D-doped LCO structure and a comparative study of
dopant size effects on HT-IS, demonstrated the significant
role of intermixing at interfaces, which was neglected in
previous studies: The interfacial intermixing has an impact

on the local crystal structure and, correspondingly, on the
physical properties.

5 Hetero-Epitaxy of La2CuO4

In addition to homo-epitaxial oxide systems, which concern
the doping dependency of different physical properties,
hetero-epitaxial systems provide a fundamental playground
for device fabrication and possible applications. Certainly, to
fabricate devices [110, 111], it is a prerequisite to combine
several materials, e.g., superlattices, in which apprehending
the hetero-epitaxial interfaces is momentous to interpret and
improve the underlying structural and physical properties.
Hence, one needs to zoom in on the interfaces, not only be-
cause of the fact that complex oxides are characterized by
ultra-short characteristic length scales such as the Debye
screening length or the superconducting coherence length,
but also the nanoscopic distortions at interfaces can profound-
ly affect device properties.

One recent example of hetero-interface engineering by ox-
ide MBE is the HT-IS with a critical temperature up to Tc ≈

40 K at LCO–La2−xSrxNiO4 (LSNO) multilayers (Fig. 6a)
[112]. Note that LCO and LSNO compounds share the same
Ruddlesden-Popper 214-crystal structure, and the electronic
phase transformation can be achieved by hole-carriers doping
by the substitution of the La site with a Sr dopant. It is revealed
that Tc of such LCO-LSNO hetero-structures can be tuned by
changing the doping level x in the LSNO layer or by varying
the LCO thickness. The conditions to emerge HT-IS are the
following: The critical doping level in the LSNO layer for a
constant LCO layer thickness, N = 2.5, is x > 0.5 and the
critical LCO thickness for constant x = 1.3 isN ≥ 1.5 unit cells,
while the highest Tc > 30 K was obtained for 2.5 < N < 4.5,
with N as the number of unit cells in the crystallographic c

direction. For larger N corresponding to larger thicknesses, Tc
saturates at around 25 K. Both interfaces, i.e., LCO-LSNO
and LSNO-LCO, have been examined by aberration-
corrected STEM and the structurally coherent interfaces are
substantiated as presented in Fig. 6d, whereas STEM-EELS
investigations revealed a certain redistribution of both A-site
(La, Sr) and B-site (Cu, Ni) cations. In particular, although the
LCO (bottom)–LSNO (top) interface is found to be sharp, an
obvious Sr redistribution in the LCO phase in growth direc-
tion is detected, which slightly changes depending on the dop-
ing level in the LSNO layer. The details are discussed in Ref
[112]. Lastly, the broad resistance transition to the
superconducting state at such high-onset temperature (similar
to optimum-doped LSCO) and the reduced Meissner effect
should also be pointed out, since this is an indirect evidence
of the inhomogeneous superconducting interface with nano-
scale superconducting puddles as a consequence of the inter-
face intermixing.

J Supercond Nov Magn (2020) 33:107–120 113



As discussed earlier in the text, different parameters have a
strong impact on the interfacial structure, and an intermixing
layer with a thickness of 1–2 unit cells is present at the inter-
faces of the 214–214 structures. Interfaces of oxide layers with
different crystal structures, e.g., 214 pseudo-tetragonal and
113 cubic-perovskite, can be further designed. An intriguing
example with contacts of insulating 214-LCO and metallic
113-LaNiO3 (113-LNO) multilayers (Fig. 6b) has been recent-
ly studied for examining the thermoelectric and transport
properties [91]. The dependency of the transport properties
on the thickness of the constituent layers was revealed. As
the individual layers’ thicknesses are reduced, the Seebeck
coefficient changes the sign and the electrical conductivity is
decreased. High-resolution STEM imaging substantiated that
a solid solution of La2(Cu,Ni)O4 with 214 crystal structure
forms, when the thickness of the 113-LNO layer is decreased
down to 2 unit cell. This length scale is comparable with the

critical length of elemental intermixing, while for the thick
LNO layer, the structural (Fig. 6e) and also the chemical
abruptness of the interfaces has been visualized, when the
nominal LNO layer thickness is locked to eight unit cells [91].

Another prominent example of 214 and 113 crystal struc-
ture junctions is the interface between superconducting
LSCO and ferromagnetic manganite La0.66Sr0.33MnO3

(LSMO) layers [114]. Here, we focus on cuprate-manganate
heterostructures (Fig. 6c) and present individual
superconducting (S) cuprate and ferromagnetic (F) manga-
nate hetero-interfaces. Due to the incompatibility of ferro-
magnetism and superconductivity, this interface is a play-
ground to study unconventional proximity effects [115,
116]. For similar, i.e., cuprate-manganate, oxide hetero-
structures, the antiferromagnetic coupling driven by orbital
reconstruction and charge transfer emerging at the interface
has been reported [117]. The main challenge of such design

Fig. 5 Chemical pressure effects
on M-I bilayers [76, 93]. a
Transport measurements reveal
that all samples, i.e., Sr- (green),
Ba- (red), and Ca-doped (blue)
M-I bilayers exhibit HTS. b
RHEED pattern obtained from a
LBCO-LCO bilayer indicates
secondary phase formation
realized by additional diffraction
spots. The white arrows indicate
some of the additional diffraction
spots. c The low-magnification
STEM-HAADF image taken
from the LBCO-LCO bilayer
reveals the long-range structural
quality of the sample. d
Superposition of simultaneously
acquired STEM-HAADF and
STEM-ABF images visualizing
all atomic columns along this
projection, from which the
interatomic O-O distances are
quantitatively measured [108].
The orange arrows in c and d

indicate the growth direction and
the yellow arrows in d mark the
LSAO substrate-overdoped
LBCO and overdoped LBCO-
undoped LCO interfaces
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is preserving both superconducting and ferromagnetic prop-
erties in the multilayers with an appropriate interface quality.
Recently, it was shown that the perpendicular exchange bias
in L(S)CO-L(S)MO hetero-structures is caused by the anti-
ferromagnetic interaction between copper and manganese
ions at the interface. The magnitude of the perpendicular
exchange bias was systematically tuned by adjusting the
doping level of cuprate layers [113], where all the
superlattices were prepared with analogue ferromagnetic
layers (i.e., 2 × SrMnO3 (SMO) + 4 × LaMnO3 (LMO)
layers) [118, 119]. Additionally, the doping level of LCO
layers was varied utilizing the atomic layer-by-layer MBE
in order to point the charge transfer scenario. To illustrate the
quality of the cuprate-manganate interfaces, a representative
high-resolution STEM-HAADF image is presented in
Fig. 6f. The sharp and structurally coherent interface be-
tween 214 pseudo-tetragonal [92] and 113 cubic structures
is discernible. The darker contrast on the image corresponds

to the SMO layer due to the weaker Z-contrast stemming
from lighter Sr ions compared with the heavier La. The
chemical intermixing and physical properties of these inter-
faces will be published elsewhere.

6 Concluding Remarks and Outlook

During the last decade, significant progress has been achieved
in the field of complex oxide hetero-structures, albeit there is
still a huge room to explore. Triggered by the continuous
development of the atomically precise deposition technolo-
gies, the quality of not only the oxide thin films but also the
interfaces has improved drastically. In this review, we touch
on several examples of epitaxial design including HTS at the
interfaces of overdoped and undoped LCO layers, Sr delta-
doped LCO structures and heavily Sr-doped LSNO and
undoped LCO layers and the realization of abrupt interfaces

Fig. 6 Different hetero-epitaxial designs. Basic sketches of a LCO-
LSNO-LCO trilayer [Ref. [112]], c LCO-LNO-LCO multilayer [Ref.
[91]], e LCO-SMO-LMO-LCO multilayer [Ref. [113]] grown on (001)
LSAO substrates. Atomic-resolution STEM-HAADF images of b LCO-

LSNO-LCO interfaces and d LCO-LNO-LCO interfaces and f LCO-
SMO-LMO-LCO showing the structural coherency between the layers.
The pink arrows indicate the growth direction for the different multilayers
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between different crystal structures, e.g., tetragonal 214 and
cubic perovskite 113, are presented.

Utilizing the ozone-assisted layer-by-layer oxide MBE
synthesis, one can manipulate the layer sequences with
atomic-layer precision and also tune the interface properties,
correlatively. Aberration-corrected STEM with atomic-
resolution imaging and spectroscopic tools allow the identifi-
cation of individual atomic columns in the synthesized struc-
tures: The crystal structure across the oxide interfaces, where
the novel phenomena emerge, is structurally coherent and well
defined, while the chemical intermixing is present in most of
the cases. Taking into account that the intrinsic physical prop-
erties of the complex oxides are a result of the combination of
the crystal structure symmetry and doping, the observation of
perfect interfaces with confined dopant distribution profiles
rises a fundamental question on whether the interface proper-
ties are the consequences of only doping profiles or that some
other non-trivial mechanisms are involved as well.
Independent on the answer of this query, we do have the
technologies to fabricate complex oxide hetero-structures with
different functional properties that can be used in future appli-
cations. Nevertheless, the acceptance of this fundamental
question and the accurate answer can provide a further under-
standing of the physics of complex oxides as well as the im-
pact of the local chemistry and crystal structure distortion.
Finally, yet importantly, in spite of the significant progress in
thin film technologies and characterization methods, one can
see that the limits of the characterization methods still do not
allow us to answer this question clearly. Thereby, we believe
that further technical improvements and the better integration
of high-end characterization techniques to the growth tools
will pave the way for more significant scientific achievements.

6.1 Experimental

6.1.1 Growth of the Samples

The LCO-based films were grown in an ozone-assisted MBE
system (DCA Instruments) in the layer-by-layer regime, in
which the sequence of the evaporation of the constituent
layers follows the crystal structure of 214 compounds. In a
nominal growth, first, two La-O atomic layers are deposited,
and this is followed by the deposition of one Cu-O atomic
layer in accordance with the chemical formula of La2CuO4.
In the case of Sr-doped LCO compounds, a part of La atoms is
replaced by Sr atoms in the co-deposition regime, i.e., simul-
taneous evaporation of La and Sr atoms is in a proportion
corresponding to a doping level. The typical time for forma-
tion of one molecular layer of L(S)CO was ~ 3 min. The
substrate temperature was measured by the infrared pyrometer
and was kept around 650 °C. The total background pressure
(ozone (O3), molecular oxygen (O2), and atomic oxygen (O))

was ~ 1.5 × 10−5 Torr provided by continuous evaporation of
the distilled ozone.

In-Situ Characterization An electron beam emanated from
the RHEED gun, which is operated at 25 kV, irradiates the
substrate surface at an incident angle of 1–2°. The dynam-
ics of the RHEED patterns and the intensities of the dif-
fraction streaks were monitored with a CCD camera and
analyzed by using k-Space 400 software.

Structural Characterization and Transport Measurements

Surface morphology, crystal structure characterizations, and
AES investigations (at 10 kV) were performed by atomic
force microscopy (AFM) (Nanoscope III), high-resolution
X-ray diffraction (XRD) (Bruker D8 Cu-Kα1 = 1.5406 Å),
and Auger microprobe (JEOL JAMP-7810), respectively.
Electrical measurements in a Van der Pauw four-point-probe
configuration with alternative DC currents of ± 20 μA were
employed. Simultaneously, measurements of the imaginary
and real parts of the mutual inductance M(T) were carried
out by magnetic susceptibility measurements in a two-coil
configuration in parallel geometry with an AC current of
50 μA at a frequency of 1 kHz. The temperature was varied
from room temperature to 4.2 K (liquid helium) using a mo-
torized custom-designed dipstick (T change rate < 0.1 K/s).

Scanning Transmission Electron Microscopy For representa-
tive cross-sectional electron transparent specimens, conven-
tional specimen preparation procedures including mechani-
cal thinning (grinding), tripod wedge polishing, and argon-
ion thinning (with a liquid nitrogen-cooled stage; PIPS II,
Model 695) were performed. For all STEM analyses, a
probe-aberration-corrected JEOL JEM-ARM200F STEM
equipped with a cold field emission electron source, a probe
Cs-corrector (DCOR, CEOS GmbH), and a Gatan GIF
Quantum ERS spectrometer was used. STEM imaging and
electron energy loss spectroscopy (EELS) analyseswere per-
formed at probe semi-convergence angles of 20 mrad and
28 mrad, resulting in probe sizes of 0.8 Å and 1.0 Å, respec-
tively. The collection angles for STEM-HAADFand STEM-
ABF images were 75–310 and 11–23 mrad, respectively. A
collection semi-angle of 111mrad was used for EELS inves-
tigations [56]. ForSTEMdataprocess andanalyses, different
software tools [120–123] have been used.
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