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Zusammenfassung

Die Effekte an Grenzflachen von ionischen Materialien stellen eindrucksvolle
Moglichkeiten im Hinblick auf die Realisierung von nanoskaligen Systemen mit
verbesserten oder neuartigen Funktionen dar. Auf Grund dessen waren sie in den

vergangenen Jahren Gegenstand zahlreicher Studien.

Speziell das heterogene Dotieren, das es erlaubt durch Zufithren von Gren-
zflachen lokal chemische und funktionelle Eigenschaften abzustimmen, wurde be-
sonders im Hinblick auf ionisch- und gemischt ionisch-elektronische Leiter un-
tersucht. Es hat sein Potential gegeniiber dem “konventionellere” homogenen
Dotieren bewiesen, das im Gegensatz dazu auf der Einfithrung von statistisch
verteilten Dopanden im Host-Material beruht. Auf &hnliche Weise haben eine
Reihe von Untersuchungen im Gebiet der oxidischen elektronischen Materialien die
Moglichkeit der gezielten Manipulation von Grenzflacheneigenschaften hervorge-
hoben, (z.B. induzierte Metallartigkeit, Supraleitfihigkeit, Magnetismus) in dem
Materialien durch einen kristallographisch geordneten Aufbau verbunden wurden,

z.B. durch Erschaffung von epitaktischen Grenzflachen.

In der vorliegenden Arbeit wurde das Auftreten von Supraleitfahigkeit basie-
rend auf heterogenem Dotieren von Lanthankuprat (La,CuQO,) in epitaktisch an-
geordneten Systemen untersucht. La,CuO, kann vom Isolator zum Supraleiter
iibergehen, wenn die Lochleiterkonzentration durch Dotieren erhoht wird. Es ist
somit ein geeignetes Modelsystem mit gut untersuchten physikalischen und chemis-
chen Eigenschaften und vergleichsweise simpler Struktur. Auflerdem stellt die Un-
tersuchung von Kupraten im Hinblick auf Hochtemperatursupraleitung ein sehr

faszinierendes Forschungsgebiet dar, wozu der immer noch nicht vollstandig ver-
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standene Effekt und deren grofles Potential fiir elektronische Anwendungen beitra-

gen.

Es wurden zwei Strukturtypen untersucht: erstens, einer Schichtstruktur von
Lay,CuO4 und Lay ,Sr,NiO, (Lanthanstrontiumnickelat), zweitens, zwei-dimen-
sional dotiertem La,CuO,. Um die hochstmogliche Probenqualitit zu erreichen,
wurden epitaktische diinne Filme durch atomare Schicht-Fiir-Schicht-Anordnung
mit Hilfe der oxidischen Molekularstrahlepitaxie (ALL-Oxide MBE) erzeugt. ALL-
Oxide MBE ermoglicht eine prazise Kontrolle der Zusammensetzung jeder einzel-
nen atomaren Schicht in der Struktur. Die Installation und die Optimierung eines
ALL-Oxide MBE Systems, sowie die Einfiihrung dieser Technik zur Erzeugung der

gewiinschten Probeneigenschaften, ist ein wichtiger Teil der vorliegenden Arbeit.

Die Durchfiihrbarkeit der zuvor beschriebenen schichtartigen Strukturen wird
zunichst anhand der erfolgreichen Implementierung des ALL-Oxide MBEs zum
Wachstum von einphasigen Komponenten wie Lay,CuQO,, LayNiO,4 und Lay_,Sr,NiO,
demonstriert. Die Grenzen der Phasenstabilitdt und die kritischen Parameter

wahrend der Synthese stehen dabei im Vordergrund.

Die Lay,CuQy /La, ,Sr,NiO, Hetero- (Bi- oder Multischicht-) strukturen wur-
den untersucht, um die Grenzflacheneffekte, die durch die Migration der positiven
Ladungstrager, wie Elektronenlocher und Sauerstofffehlstellen, vom
Lay ,Sr,NiO, in das LayCuQ,, zu enthiillen. In diesem Fall und um das ther-
modynamische Gleichgewicht aufrecht zu erhalten, kann eine Region mit angere-
icherten Lochladungstragern an der Grenzschicht des La,CuQO, angenommen wer-
den (Space-Charge Effekten), die letztendlich das Auftreten von Hochtemperatur-
supraleitung, auf Grund des lokal positiven Dotierens, erwarten lasst. Obwohl
keine der zusammengesetzten Phasen fiir sich allein genommen supraleitend ist,
tritt in der Probe Hochtemperatursupraleitung mit einer kritischen Temperatur 7',
von = 35 K auf. Erganzende Untersuchungen weisen auf eine Ladungsumverteilung
an der Grenzflache hin, in der auch die kationische Stochiometrie eine Rolle spielt

und durch die die erhaltenden Ergebnisse erklart werden konnen.

Im zweiten Fall, dem zwei-dimensional dotierten Lanthankuprat, werden

in Multischichtstrukturen die atomaren LaO Schichten in der La,CuQO, Kristall-
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struktur durch MO Schichten substituiert, wobei M ein Akzeptordopand darstellt
(M=Sr, Ba, Ca). Eine Reihe von Experimenten in Abhéngigkeit der zwei-dimensio-
nal gedopten Schichten zeigte, dass eine exakte Lochansammlung auftritt, die
fiir das Auftreten der Hochtemperatursupraleitung (7. ~ 35 K) verantwortlich
gemacht wird. Dieser Effet wird dem gleichzeitigen Auftreten von heterogenem
und homogenem Dotieren zugeschrieben, die gleichzeitig an gegeniiberliegenden
Seiten der dotierten Schichten aktiv sind (und deshalb rédumlich getrennt sind).
Bemerkenswerterweise stehen beide unabhéangig voneinander im Zusammenhang
mit der Supraleitfahigkeit. Dadurch kann ein direkter Vergleich zwischen den
beiden Dotierungsarten gezogen werden, wodurch das Potential des heterogenen
Dotierens gegeniiber dem homogenen gezeigt werden kann.

Die in dieser Arbeit vorgestellten Ergebnisse demonstrieren, dass Hochtem-
peratursupraleitfahigkeit in auf La,CuO4-basierenden Heterostrukturen durch het-
erogenes Doping induziert werden kann. Auflerdem weifit dies auf die komplexen
Zusammenhénge zwischen (i) Ladungsumverteilung basierend auf Space-Charge
Effekten, (ii) kationischem Intermixing und (iii) strukturellen Aspekten hin, die
zu der gezielten Abstimmung von faszinierenden Eigenschaften in epitaktischen

oxidischen Grenzflachen beitragen.






Abstract

Effects arising at interfaces in ionic materials represent an exciting opportu-
nity towards the realization of nanosized systems having improved or novel func-
tionalities. For this reason, they have been the object of a number of studies in

recent years.

In particular heterogeneous doping, relying on the introduction of interfaces
in order to locally tune the chemical and functional properties, has been extensively
studied in the context of ionic and mixed ionic-electronic conductors, and has
proven its potential in comparison with the more “conventional” homogeneous
doping, which is based instead on the introduction of randomly placed dopant ions
in the host material. In a similar way, in the field of oxide electronics, a number of
investigations highlighted the possibility of engineering interfacial properties (e.g.
inducing metallicity, superconductivity, magnetism), by coupling materials in a

crystallographic ordered fashion, i.e. forming epitaxial interfaces.

In the present study, we investigate the possibility of obtaining high-tempera-
ture superconductivity in epitaxial systems based on lanthanum cuprate (La,CuQOy,)
by means of heterogeneous doping. La,CuQO,, which undergoes an insulator-to-
superconductor transition upon hole doping, represents a suitable model system
due to his well-known physical and chemical properties and to the relatively simple
structure. In addition, the study of cuprates in relation to high-temperature super-
conductivity represents a highly fascinating topic owing to the still open questions

related to such an effect and to its great potential for electronic applications.

Two type of structures are investigated: the first one consists of heterostruc-

tures of La,CuO, and La, ,Sr,NiO, (lanthanum strontium nickelate), the second
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one of two-dimensionally doped LayCuO,. In order to ensure the best sample
quality, epitaxial thin films are realized by means of atomic-layer-by-layer oxide
molecular-beam-epitaxy (ALL-Oxide MBE). ALL-oxide MBE allows for a precise
control of the composition of each atomic layer of the structure. The installation
and the optimization of an ALL-oxide MBE system, together with the implemen-
tation of such a technique for the realization of the samples, is an important part

of the present work.

The feasibility of the synthesis of the structures described above is first proved
by successfully implementing ALL-oxide MBE for the growth of the single phase
constituents, i.e. La,CuQy, Lay,NiO,4 and La, ,Sr,NiO,. Phase stability limits and

synthesis critical points are put into the fore.

In the case of La,CuO, / Lay ,Sr,NiO, heterostructures, bi- and multilay-
ered (superlattice) structures are studied in order to unveil possible interface effects
arising from the migration of positive charge carriers, namely electron holes and
oxygen vacancies, from Lay ,Sr,NiO, into Lay,CuQ, . In such a situation, in order
to maintain thermodynamical equilibrium, a region of hole accumulation is ex-
pected to form at the La,CuQO, side of the interface (space-charge effect), having
as a final consequence the occurrence of high-temperature superconductivity due to
local p-type doping. Notably, although none of the constituting phases is supercon-
ducting if taken singularly, the resulting samples indeed exhibit high-temperature
superconductivity with critical temperature T'. up to &~ 35 K. Complementary in-
vestigations indicate that effects of charge redistribution at the interface, in which

also the cationic stoichiometry plays a role, can be accounted for the findings.

In the second case i.e. two dimensionally doped lanthanum cuprate, super-
lattices are obtained by substituting LaO atomic layers in the La,CuQO, crystal
structure with MO layers, in which M is an acceptor dopant (M=Sr, Ba, Ca). A
number of independent experiments demonstrate that, in proximity of the two-
dimensionally doped layer, a sharp hole accumulation occurs giving rise to high-
temperature superconductivity (7. up to ~ 35 K). Such an effect is ascribed to
the occurrence of both heterogeneous and homogeneous doping mode, which are

simultaneously active at the opposite sides of the doped layer (and thus spatially
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separated). Remarkably, they both independently contribute to superconductivity.
Such a situation allows for a direct comparison between the two doping modes and
for pointing out the potentialities of heterogeneous doping over the homogeneous
situation.

The findings presented in this work demonstrate the feasibility of inducing
high-temperature superconductivity in La,CuO,-based heterostructures by het-
erogeneous doping. Moreover, they highlight the complex interplay among (i)
charge redistribution based on space-charge effects, (ii) cationic intermixing and
(iii) structural aspects, which contribute to the definition of the fascinating prop-

erties of epitaxial oxide interfaces.






Chapter 1
Introduction and motivation

Oxide materials exhibit a great variety of functional properties, spanning a
whole spectrum of electrical, optical and magnetic behaviors, and great attention

has been devoted to their study in recent years.

In oxide-based systems, particular attention has been lately addressed to-
wards the investigation of effects appearing in the presence of an interface (in-
terface effects), which can lead not only to improved functionalities but even to
the occurrence of novel properties that do not belong to the bulk. In this sense,
the introduction of an interface is a powerful tool in order to locally tailor mate-
rial functionalities and is particularly interesting in nanosized systems exhibiting a
large volume fraction of interfaces. This approach has a great potential application

in electronic and electrochemical devices.!?

This strategy has seen early development in the context of ionic and mixed
ionic/electronic conductors, where the intentional introduction of interfaces has
been extensively studied as a novel doping technique (heterogeneous doping) in
comparison with the classical homogeneous doping, in which aliovalent ions are
randomly dissolved in a host material with the purpose of enhancing the concen-
tration of specific charge carriers.® Heterogeneous doping relies on the deliberate
two-dimensional confinement of an excess charge yielding, at the interface, a spa-
tially confined and thermodynamically necessary charged zone (space charge-zone).

Here, the usual electroneutrality condition is replaced by Poisson’s equation and
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respective boundary conditions.* As a consequence, a local rearrangement of the
defect concentrations (mobile ionic and electronic), eventually leading to a modi-
fication of the material electrical properties in the space-charge zone, is obtained.
By appropriately decreasing the distance between interfaces, these effects may be-
come predominant over the bulk behavior and deeply affect the overall material

functionalities.

A clear example in this sense has been highlighted by Lupetin et al., who
investigated the electrical behavior of polycrystalline strontium titanate (SrTiO;)
upon grain-size decrease.® Due to the intrinsic excessive positive charge at the grain
boundary core (which is usually assigned to excess of oxygen vacancies and/or

6.7 nanocrystalline SrTiO; is characterized by an exemplary

cation segregation),
electrical behavior. In particular, it was shown that, by decreasing the grain size,
p-type and ionic conductivity are depressed by about 3 and 6 orders of magnitude,
respectively, whereas n-type conductivity is greatly enhanced (about 3 orders of
magnitude) in comparison with a microcrystalline structure (see Figure 1.1). A
similar example is given by the study of the cerium oxide (CeO,) system, in which
the conduction mechanism was switched from ionic to electronic upon grain-size

reduction.® 10

Space-charge effects have been highlighted not only in relation with grain
boundaries of polycrystalline materials, but also in correspondence of line defects
such as edge dislocations. For example Adepalli et al. demonstrated the influ-
ence of dislocations in single crystals of titanium oxide (TiO,): due to the excess
negative charge at the dislocations core (supposed to stem from a local increased
titanium vacancies concentration), a positive charge carrier accumulation lead-
ing to the switch of the conductivity from p-type to ionic (oxygen vacancies) was

found.!?

Epitaxial structures, in which different phases are stacked on top of each
other to form a thin film with controlled crystallographic orientation and prede-
fined number of interfaces, represent a very exciting playground for the study of
interface effects due to the well-defined geometry and to the possibility of tailoring

layers thickness at wish. The investigation of the CaF,/BaF, system which was
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Figure 1.1. Conductivity versus oxygen partial pressure for SrTiO5 (at T' = 544 °C) .
The symbols are assigned as follows: (red open squares) bulk microcrystalline SrTiOs;;
(blue open triangles) grain boundaries of the microcrystalline SrTiOs; (grey diamonds)
nanocrystalline SrTiO5 (grain size ~ 50 nm); (solid red squares) nanocrystalline SrTiO5
with the effective grain size of =~ 30 nm. The continuous green line illustrates the

conductivity behaviour of the microcrystalline bulk as espected from the literature.'!

Reproduced with permission from Ref. 5.
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Figure 1.2. a) Conductivity as a function of temperature for CaF,/BaF, heterostruc-
tures with variable interface density. Reproduced with permission from Ref. 13. b)
Interface defect profiles at T = 320 °C for semi-infinite CaF,/BaF, layers. Reproduced

with permission from Ref. 15.

carried out by Sata et al. showed that, by appropriately increasing the interface
density, higher ionic conductivity along the interface is obtained (Figure 1.2a).!3
Both single phase components are ionic conductors with fluorine ion F~ as main
charge carrier: if CaF, and BaF, are brought into contact, F~ redistribution oc-
curs (namely, transfer of fluorine ion in the direction of CaFs,). This determines
the increase of fluorine vacancies on the BaF, side and of fluorine interstitials on
the CaF, side within the space-charge region (Figure 1.2b).!15 TIf the system is
nanosized (and each layer thickness approaches the space-charge width) such a
modified charge carrier distribution eventually results in the modification of the

overall material electrical behavior.

Interface effects have also substantially contributed to the observation of
unexpected phenomena in the field of oxide electronics in the recent years. One
of the earliest examples in this sense was given by Hammerl et al., which showed
the potentiality of ”grain-boundary doping” in polycristalline YBay,CuszO7_s: here,

by changing the chemical composition of the grain boundaries, increased values of



supercurrent density were obtained.'¢

The breakthrough in this field was however represented by the discovery of
the formation of a conducting interface between two insulators SrTiO5 and LaAlOs
(the same system was later found to be also locally superconducting and magnetic),
becoming the pole of attraction and inspiration for numerous studies.!™? One of
the most accepted explanations invokes the presence of electronic redistribution,
i.e. the electron transfer from the surface of LaAlOj to the interface of SrTiO; in
order to compensate for the built-up electrostatic potential (”polar catastrophe”)
arising from the different net charges of the single atomic layers constituting the
two phases.?%2?! Namely, this derives by considering the structure as an "ideal”
system in which neutral (SrO)° and (TiO,)° planes of SrTiO; are stacked with
charged (LaO)™ and (AlO,)™" planes of LaAlO; (”polar discontinuity”). This
scenario received some criticisms as it neglects the possible presence of structural
imperfections or the role of ionic charges, so alternative explanations have been
proposed. It was shown that also other effects, such as oxygen nonstoichiometry
(i.e. oxygen vacancies acting as a dopant for SrTiO3) or cationic redistribution (i.e.
La migration from LaAlOs into SrTiO; acting as a donor) can be involved.!7:2%:22°25

Some of the different scenarios are illustrated in Figure 1.3.

Further examples dealing with different materials or properties have been
recently published. They comprise for example the occurrence of metallic conduc-
tivity and superconductivity at the LaTiO3 / SrTiOj interface or the formation of
a ferromagnetic state between an antiferromagnetic insulator and a paramagnetic
metal (CaMnO3; and CaRuOj3),?02® in both cases as a consequence of local elec-
tronic charge transfer.?? In particular the case of the interface between metallic
Lay ,Sr,CuQO,4 and insulating La,CuQO,, which has been explored by the group of
Bozovic, exhibits some similarities with the work which will be presented in the
following. It was demonstrated that high-temperature superconductivity (a prop-
erty which do not pertain to any of the constituting phases) is induced in Lay,CuO,
as a consequence of hole injection. The latter was ascribed to a chemical potential

30,31

gradient leading to hole transfer. Decoupling of hole and dopant distribu-

tion was demonstrated in Refs. 32, 33, which also show that high-temperature
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Figure 1.3. Possible scenarios occurring at the LaAlO3 / SrTiO; interface. a) Forma-
tion of electron gas as a consequence of the polar discontinuity between the LaAlO5 and
the SrTiO; layers.22! b) Chemical analyses, supported by ab-initio calculation, have
revealed the tendence of a certain cationic intermixing. The depth profiles for the Ti and
La ions shown here have been measured by electron energy loss spectroscopy (original
data from Ref. 20). c) Effect of growth conditions, in particular of the oxygen partial
pressure used during the fabrication, suggestive of a certain role of oxygen vacancies in

the interface functionalities.!” Reproduced with permission from Ref. 2.



superconductivity is confined in a single CuO, plane.

Scope of the work and outline of the project

As one can infer from the examples given above, the explanations of interface
effects are controversial: in the field of electrochemistry, interface effects are in
general associated with ionic charge rearrangement as a consequence of forces
acting on the ions, aspects which, instead, are usually considered as secondary
and detrimental in case of electronic systems. Notwithstanding this, it is the goal
of the present study to use the concepts of heterogeneous doping and of ionic
space-charge in order to induce high-temperature superconductivity. The model
system of choice are epitaxial structures of La,CuQO,, which is the material of
reference in the field of high-temperature superconductivity and which represents
a great model in consideration of its well-known physical and chemical properties.
Moreover, due to its layered structure, it is intrinsically a suitable candidate for
the realization of artificial superstructures.

The project consists in the synthesis and in the structural and functional
characterization of selected multilayered heterostructures. An important part re-
sides in the samples preparation, representing here a particularly important as-
pect also in consideration of the fact that high-temperature superconductivity is
extremely sensitive to the crystalline quality of the material. For this reason, the
Oxide Molecular Beam Epitaxy (Oxide MBE) method, which is a sophisticated
technique for the precise realization of oxide heterostructures, has been employed.
During the time of the project, I personally contributed to the installation and
optimization of the Oxide MBE system which is currently installed at the Max-
Planck Institute in Stuttgart.






Chapter 2

Theoretical background

2.1 Properties of A,BO, -type structures

Lanthanum cuprate (La,CuO,) and lanthanum nickelate (La,NiO,), mate-
rials which are the main object of the present work, share the same A,BO,-type
structure. In the following section, structure and defect chemistry of the two sys-
tems are discussed. The conventions used for the defect chemistry modeling follow

the Kroger-Vink notation.??

2.1.1 Crystal structure

The A,BO-type structure, which is represented in Figure 2.1, is a Ruddlesden-
Popper (R-P) phase having the general formula AX(ABXj3),. The structures be-
longing to a R-P series are formed by a number n of perovskite blocks ABXj5
separated by AX rock-salt layers (in case of A,BO4, n=1).3"3¢ The A cation
site is, both for LayCuQO, and La,NiO,, occupied by nine-fold coordinated La™3,
whereas the B cation (Cu™ and Ni*? for La,CuO, and La,NiO,, respectively) is
placed in the center of a BOg oxygen octahedra and is six-fold coordinated. The
BOg structure is highly distorted, with the B-Opjane bond length being remarkably
shorter (= 1.9 A for both La,CuO, and La,NiO,) than the out-of-plane B-Oapical
distance (= 2.5 A and ~ 2.2 A for La,CuO, and La,NiOy, respectively).3%37

Alternatively, the A,BO,-type structures can be viewed as made by an alter-

9
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Figure 2.1. Crystal structure for LayCuQO, and Lay,NiO, systems. Color are assigned
as follows: blue= oxygen, green=lanthanum, red=copper (for La,CuO, ) or nickel (for
LaQNiO4).

nation of two-dimensional layers which are stacked on top of each other, i.e. BO,
planes separated by two AO layers.?8
The room temperature crystal structure of La,CuO, and La,NiO, is slightly

orthorombic; lattice parameters are summarized in Table 2.1.37:39:40
LaQCuO4 LazNiO4
a /A 5.37 5.46
b /A 5.41 5.49
c /A 13.16 12.56

Table 2.1. Room temperature in-plane (a, b) and out-of-plane (c) lattice parameter for
LayCuO, and LayNiO,.37:3%40

A large amount of oxygen can be easily intercalated in the crystal (in the
form of negatively charged interstitial defects between two LaO layers) forming
hyperstoichiometric AyBO, 5.1 In particular Lay,NiO, can intercalate a large
amount of extra oxygen (most references agree that in equilibrium at low tempera-

43-45

ture in air 0 ~ 0.14 for lanthanum nickelate), whereas ¢ is generally considered
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lower in lanthanum cuprate.? 46

A second way for varying the charge carriers concentration in this compounds
is by substituting La*?® with an aliovalent cation. Most commonly, such doping
is performed in order to increase the hole concentration via substitution of La™3
with a lower valent cation, namely Ca*2, Sr*2, Ba™. In Table 2.2, the Shannon
ionic radius (for nine-fold coordination) for the different dopants, in comparison
with La, is reported.

Noteworthy, as it will be described in details below (see Section 2.1.3),

Lay,CuQ,4 undergoes an insulator-to-superconducting transition upon hole doping.

ionic radius / A | relative difference with La
La™? 1.21
Srt+2 1.31 +8.26 %
Ca™? 1.18 247 %
Ba™? 1.47 +21.48%

Table 2.2. Shannon ionic radius for common dopants for the Lay,CuQO, system (nine-fold

coordinated).4”

2.1.2 Defect chemistry of lanthanum cuprate

A detailed chemical model for La,CuO, has been given by Maier et al.*8°

As mentioned above, in the case of the native material, hole doping (h") can be
achieved via incorporation of oxygen. The feasibility of this doping technique has
been experimentally verified and (superconducting) oxygen doped La,CuO, has
been obtained using different methods such as high pressure oxygen annealing,
ozone annealing or by chemical and electrochemical methods.?' 5

Oxygen doping consists in the incorporation of an interstitial (O) in an

empty interstitial site (V{) according to the reaction:

1 .
§OQ+V? — O + 2h (2.1)
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Which expresses the external defect equilibrium reaction between La,CuQO, and
the gas phase.

The corresponding mass-action law (in which, in general, the mass-action
constant for the r reaction (K,) is defined as a function of the corresponding

standard mass-action constant (K?) and of the reaction enthalpy (AH,)) is:

[O{]p?

Kox = P02 1/2

(2.2)

A}on
= K(())X €xXp (_ )

kT
with p being the hole concentration [h*], Po, being the oxygen partial pressure, k
being the Boltzmann constant and 7" being the temperature.

As described above, another possibility to increase the hole concentration in
La,CuQy is based on acceptor doping, substituting La™ with a divalent cation
(general formula Lay ,M,CuO,, M=Sr, Ca, Ba).3®°58 Depending on the dopant,
different solubilities (and superconducting properties, see Section 2.1.3) are ob-
tained. The solubility limit can be estimated as z ~ 0.1 for Ca, whereas it is much
higher for Ba, Sr (in both cases, z ~ 1.4). However, these values are strongly
dependent on sample preparation method.?® 63

The dopant incorporation reaction (which is considered as irreversible there-
fore mass-action law is not applicable to it) leads to an increase of the hole con-

centration according to the equation:
1 .
2 SrO —+ 2 Laﬁ; =+ 5 02 - La203 =+ 2 Sr,La -+ 2h (23)

One should notice here that an equivalent possibility of formulating the dopant

incorporation reaction predicts the formation of oxygen vacancies Vg :
2810 + 2La;s + O — LayO5 + 2817, + Vo (2.4)

For the defect chemistry of La,CuO, one should also take into account the

following equilibria reactions, namely the anti-Frenkel reaction involving an oxygen
site (05):

O+ VS — O/ + Vg (2.5)
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and the band-band reaction expressing the electronic (¢') transition from the va-

lence into the conduction band:

nil == h* + ¢ (2.6)

The corresponding mass-action laws read:

" oo AH
K = [0]1V5] = Kpexp (- 5" ) 1)
AH
Kg=p-n=Kpexp (— kTB> (2.8)

for Equation (2.5) and Equation (2.6), respectively. Please note that, in Equa-
tion (2.8), n indicates the electron concentration [¢].

Finally, the electroneutrality condition can be written as follows:
2[0{] + [Srr] + n=p + 2[VG] (2.9)

By combining Equation (2.2), Equation (2.7), Equation (2.8) and Equa-
tion (2.9) one can readily solve the defect concentration as a function of the oxygen
partial pressure at a fixed Sr content and at a given temperature.

In the particular case of the pure material, Equation (2.9) can be simplified

as:

2[0!] = (2.10)

which, combined with Equation (2.2), results in:

D X Pééﬁ (2.11)

as experimentally verified by conductivity experiments.4? 6465

In the case of Sr-doped material, the solution can be simplified for different

regimes (see Figure 2.2):

e Oxygen vacancies compensation. At low oxygen partial pressures, the
formation of oxygen vacancies is promoted and the simplified electroneutral-

ity condition is [Sry,]~2[Ve |. From here, a 1/4 Po,- dependence is predicted
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for holes (positive slope) and for electrons (negative slope). Of concentration

is constant (see Equation (2.7));

e Hole compensation. In the regime of intermediate oxygen pressure, a con-
stancy of p is obtained ([Sr,]~p). This situation is the most common in
the usual preparation and measurement regimes and has been verified exper-
imentally.®® The oxygen vacancy and the oxygen interstitial concentrations
vary with a £1/2 Pp,-dependence (positive slope for oxygen interstitials,

negative for oxygen vacancies);

e Oxygen excess. At high Py,, double positively charged oxygen intersti-
tial are expected to become majority defects leading to the electroneutrality
condition 2 [Of]~p. In this regime the dopant compensation becomes negli-
gible. +1/6 slope is obtained for holes (and oxygen interstitials), whereas it

is —1/6 for oxygen vacancies;

e [t is worth emphasizing that, for extremely reducing conditions, one could
even expect the electrons to take over the role of main compensating defect
(n ~ 2[V5]) (not indicated in Figure 2.2). In this case, the material would
become n-type conducting, but this region probably lies beyond the stability

range of the phase.?

A similar approach can be used in order to determine the defects concentra-
tion dependence as a function of Sr-doping, at a given oxygen partial pressure and
temperature (Figure 2.3). A first regime, at very low Sr-content, is equivalent to
the situation described by Equation (2.10). Increasing the Sr concentration leads
to the formation of holes according to Equation (2.3) and to a decrease of oxygen
interstitials (see Equation (2.2)). The oxygen vacancies concentration increases ac-
cording to Equation (2.7). Due to the double charge, the latter takes over the role
of compensation at high Sr-content. For very high doping levels, one can expect
the formation of defects associates (e.g. {Sri.h*}, {Sr1.Vo ), {2(Sr1.) Ve }). In
Figure 2.3 the case of formation of neutral associates ({2 (Sr1.)Vo }) is considered.

A confirmation of this point defect model has been provided by Shen et al.

(see Figure 2.4).57 Experimental data for oxygen deficiency and thermopower as
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Figure 2.2. Defect concentration in La,CuQO, as a function of oxygen partial pressure

at given Sr-content and constant temperature. Reproduced with permission from Ref.

48.
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Figure 2.3. Modeled defect concentration in La,CuO, as a function of Sr-doping at

constant temperature and oxygen partial pressure. Reproduced with permission from

Ref. 48.
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Figure 2.4. Calculated defect diagram vs dopant concentration, as obtained in Ref. 67

(reproduced with permission).

a function of dopant content have been fitted considering different possible defect
mechanisms. The onset of oxygen deficiency was also investigated for different
dopants (Sr, Ca, Ba): notably, it was set at  ~ 0.15 for Sr, Ba and at = ~ 0.05 for
Ca. As described below (see Section 2.1.3), a relation between the superconducting
properties of La,CuO, and the amount of oxygen vacancies can be inferred from

here.

Noteworthy, these ideal point defect models fail to predict material properties
(e.g. oxygen diffusivity, oxygen deficiency or thermopower) for high dopant content
suggesting that, in this situation, more complex situations characterized by activity

coefficients or defect ordering effects come into play.*? 67

The occurrence of point defects is strongly correlated with the variation of
structural parameters of the La,CuQy. In particular, it has been shown that an
increase of the Sr or oxygen concentration corresponds to an elongation of the
cell in the c-direction. On the other hand, oxygen vacancies tend to shrink the
cell.P7:59,62,66,68  Ag 5 consequence, an approximate linear relation can be found
between the superconducting critical temperature and the c-axis lenght (see also
Section 2.1.3).9%:69
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2.1.3 Superconductivity in lanthanum cuprate

Although a complete description of the electronic properties of La,CuO, and
of superconductors in general is beyond the scope of this thesis, a brief summary
is presented here.

LayCuO, forms the basis for one of the simplest layered cuprate supercon-
ductors and first discovered in 1986 by Bednorz and Miiller.™ Superconducting
cuprates belong to the class of high-temperature superconductors, in which super-
conductivity occurs at temperatures which are close, or above, liquid nitrogen
temperature (77 K), representing a very promising route for large scale applica-
tions. Up to date, the cuprate system Hg-Ba-Cu-O holds the record for the highest
superconducting critical temperature (up to 155 K under high pressure).™ 7

Although hole doped LayCuQy is by far the most common and most studied
compound in relation with high-temperature superconductivity , also an electron
doped high-temperature superconducting system, obtained by oxygen vacancies
and donor doping (typically Ce™) has been reported.”™ ™

Similarly to all the non-conventional superconductors such as iron-based su-
perconductors,’ the formation of Cooper pairs for superconductivity in cuprates
cannot be explained as a consequence of electron-phonon interaction as described
by the BCS theory.”” Despite the great effort, a generally accepted explanation
for high-temperature superconductivity is still missing.

The common element in all the high-temperature superconducting cuprates
(other examples are YBayCuzO; and BiySryCuOg) is the presence of CuO, planes,
which are responsible for superconductivity. The surrounding blocks (for example
the LaO layers in case of Lay,CuQy) are referred to as charge reservoir: by doping
these blocks via substitutional atoms or oxygen, the carrier density of the CuO,
planes can be tuned and high-temperature superconductivity can be induced.

According to the common electronic phase diagram for superconducting
cuprates (Figure 2.5) the undoped material is an insulator with antiferromag-

39,78,79  Upon hole doping, the Néel temperature (Ty) undergoes a

netic order.
rapid fall-off and becomes zero at hole concentration p =~ 0.02. Superconductiv-

ity appears at p &~ 0.05 and the critical temperature for superconductivity (7'.)
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Figure 2.5. Phase diagram of hole-doped Lay,CuO,. The dashed lines represent the
crossover in the in-plane p(7T') behavior. The blue (red) line describes the variation of

Tx (T.) as a function of the hole doping. The diagram is in agreement with Ref. 78.

increases for increasing doping level (underdoped region), reaching a maximum
for p ~ 0.15 (optimal doping). If the hole concentration is further increased, the
critical temperature decreases and eventually vanishes for p ~ 0.26 (overdoping).
It is worth noticing the resistance behavior change upon doping: resistivity p(T)
is linear down to T'. for optimal doping, whereas it shows an upturn in case of un-
derdoped material and becomes a quadratic function of 7" in the overdoped doping
region. 363, 78,80

In the case of La,CuO, the maximum 7. is ~ 40 K and ~ 48 K for bulk
polycristalline and thin films respectively, and it is obtained for oxygen, Sr or Ba

doping.5%:74:63.81.82 Tp the case of Ca doping instead, a maximum 7', of ~ 20 K
(for bulk polycrystalline samples) is reported.®!:83

It is interesting here to remark some points concerning the link between the
low temperature electronic phase diagram and the defect chemistry of Lay,CuO,.
In particular, one can observe that reduced superconducting properties correspond
to doping levels in which oxygen vacancies (or oxygen vacancies associates) become

predominant. In particular, this regime is usually set at z > 0.15 and = > 0.05 for
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Sr and Ca doped, respectively.??-66:67 Moreover, it was shown that, for Ca doped
LayCuOy, T, can be raised up to the optimal values in the case of high pressure
oxygen doping i.e. by decreasing the amount of oxygen vacancies.?>-% This cor-
respondence suggests that ionic defects, and in particular oxygen vacancies, play
an important role in defining the electronic properties of Lay,CuO,. Moreover, it
should be noticed that, when oxygen vacancies become predominant, the condition
x = p is no longer respected (see also Figure 2.3 and Figure 2.4) and an increase of
dopant concentration does not necessarily imply an increased hole concentration.

It is also noteworthy that the superconducting properties of oxygen doped
Lay,CuO, samples show a peculiar behavior as a consequence of phase separation
effects. It has been demonstrated that, supposedly under equilibrium conditions,
oxygen is distributed in a non uniform fashion in Lay;CuQOy,,4: according to liter-
ature (see for example Ref. 85), for 0.1 < § < 0.055, a macroscopic phase sepa-
ration occurs into an oxygen-poor, antiferromagnetic, insulating phase (§ ~ 0.01)
and an oxygen-rich (§ ~ 0.055) region, the latter being superconducting (7. ~
32 K).5%:85°8 Remarkably, increasing § beyond 0.055 also results in a phase sep-
arated system, in which each phase is characterized by a different ordering in
the interstitial oxygen distribution, resulting in locally different critical tempera-
tures.®* 9! That is, under equilibrium conditions one always obtains step-like T';’s

in Lay,CuO,, 5.5

2.1.4 Defect chemistry and electrical properties of

lanthanum nickelate

Due to the similar structure, the defect model for Lay,NiO, is based on the

same system of equations which has been already introduced for Lay,CuQ,.43:92794

"
i

Nevertheless, the predicted hole (p) and oxygen interstitial ([Of]) dependences on
Po, (x Péé % see Equation (2.10) and Equation (2.11)) are experimentally verified

only in very specific conditions. In particular, the [Of] dependence on Pp, is

usually lower than the predicted slope, unless strongly reducing conditions (high

d.%9  Several explanations have

93,94, 96

temperature, low oxygen pressure) are realize

been formulated in this sense, taking into account defect interactions effects.
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Defect diagrams for some specific compositions have been proposed, but a general
treatment is missing.9%97

As for the case of lanthanum cuprate, the c-axis parameter is first increased
by the addition of dopant, then decreases as a consequence of oxygen vacancies
formation.?® %
The most relevant aspects concerning the defect chemistry and the electrical

properties of the Lay,NiO, system can be summarized as follows:

e undoped LayNiO,, 5 can be largely hyperstoiochiometre, with § being ~ 0.14
in equilibrium at room temperature in air.**%® The oxygen content decreases
for increasing Sr concentration in La, ,Sr,NiO, and oxygen hypostoichiom-
etry is reported for compositions with > 0.5. The oxygen vacancy content

increases with the Sr concentration;%*%°

e due to the very large oxygen excess, although being essentially an electronic
(hole) conductor, ionic conductivity (through migration of oxygen intersti-
tials) is high (the reported values for the intermediate temperature range
exceed the typical values for perovskite ionic conductors). Oxygen diffusiv-
ity and, as a consequence, ionic conductivity, are highly anisotropic, with
diffusion along the (a,b) plane being about one order of magnitude faster

than the one along the c-axis direction;!%

e conductivity monotonically increases for increasing x in Lay ,Sr,NiO, and
the material exhibits metallic behavior starting from = ~ 0.9. For metal-
lic Lay ,Sr,NiQOy, a resistivity upturn is observed at low temperature. No-
tably, such an upturn occurs at lower temperatures for increasing Sr content.
Heavily doped La,_,Sr,NiO, eventually shows metallic behavior in the whole

temperature range (typically for z > 1.3);101,102

e the choice of the dopant dramatically affects the structural and the electrical
properties. In particular, unlike La, ,Sr,NiO,, Ba- and Ca- doped lanthanum
nickelates do not exhibit metallic conductivity. Rather, they stay insulating

in the whole doping range.?® 1% The solubility range, which is extended up
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to x ~ 1.4 for Sr doping, is limited to = ~ 1.0 for Ba and is lower for Ca
(r ~ 0.5).98:103,104 Ao the oxygen content varies: in particular, the highest

deficiency has been found for the La, ,Ba,NiO, system.%

2.2 Space-charge model

Space-charge situations stem from zones of an ionic crystal where, due to the
presence of a crystallographic discontinuity, (e.g. a surface, a grain boundary or
an epitaxial interfaces), a local deviation of the ion concentration from the bulk
values (e.g. the formation of structurally necessary oxygen vacancies in the core of
the grain boundaries of SrTiO3, see Ref. 5) occurs leading to the local formation
of an interface excess charge. The resulting interface potential ¢y, which differs
from the bulk potential ¢, compensates the redistribution of the mobile charged
defects species within the space charge region.!:3 6 105106
In a space charge region, the usual electroneutrality condition, which holds

in the bulk material, is no longer valid and is replaced by the general Poisson-

equation. In the one-dimensional case (z direction) it is written as: 107108
o _ QW) (2.12)
o2 €, )

with Q(x) being the local charge density (per volume) in the space charge region,
€0 the vacuum dielectric constant and ¢, the relative dielectric constant.

In order to describe the equilibrium situation, one needs to consider the
electrochemical potential i; of each charge carrier j having effective charge number
;. It is composed by a chemical term p; and of an electrical potential term z;e¢

according to the relation:®10%110

fi(x) = py + zjep(x) = ,u? + kT Inc;(z) + zjep(x) (2.13)

in which the electrochemical potential at distance x from the interface is expressed
as a function of the standard chemical potential ,u?, of the defect concentration c;
and of the electrical potential ¢(z).
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In equilibrium, the condition of constant electrochemical potential holds:
[L](JI) = [bj,c0 (2'14)

with fi; « = fi;(x = 00) being the bulk electrochemical potential.
By combining Equation (2.13) and Equation (2.14), one can express the
concentration profile as a function of the potential difference Ap(z) = ¢(x) — doo:

5@ _ o (_%;@) (2.15)

with ¢~ being the defect concentration in the bulk.
From Equation (2.12) and Equation (2.15), the Poisson-Boltzmann equation,

which expresses the spatial variation of the electrical potential, can be written:
0% e zieAo(x)
= ae 2]: 2jCj 00 €XP (_T (2.16)

While the solutions of Equation (2.16) can be obtained numerically (e.g. see
Ref. 111), two simplified models, namely the Gouy-Chapman model and the Mott-
Schottky model have been developed for the descriptions of the charges behavior in
the space-charge regions under specific assumptions. In both cases, an analytical
solution for Equation (2.16) is found, whose substitution into Equation (2.15)

allows for describing the concentration profiles.

2.2.1 Gouy-Chapman model

In this case, one considers all the charge carriers as mobile and capable

of rearranging in order to compensate for the interface charge.'%”1® By setting
appropriate semi-infinite boundary conditions
Ap(0) = Ago (2.17)

Ag(oo0) =0 (2.18)
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(please note that Ag(z) = @(x) — Poo; Poo = Pruk) ONe obtains:

2
(8- 2Tl ()] e
0Cr

Which can be analytically solved only in the case of two defects 1 and 2 with

opposite charge number (z = z; = —25) and same bulk concentration c.,. In this

case Equation (2.19) becomes:*107-108

A¢(z) (2.20)

_2kT In {1 + @exp(—x/x\)l
B 1 —Oexp(—z/\)

ze

with A (Debye lenght) and © being respectively defined as:

Ak
= 2.21
A V' 222e2¢, ( )

zeAgq
= h 2.22
© = tan ( T > (2.22)

The effective extent of the space charge region is approximately estimated to be

2).1% Notably, at a fixed temperature, it is dependent on the bulk defect concen-
tration only (shrinking for higher c..).

2.2.2 Mott-Schottky case

In this model, one majority ionic defect (typically the dopant dop) having
charge number z4,, is considered as immobile and uniformly distributed throughout
the space charge region with concentration cgop . The compensating counter-

defect is depleted. Minority defects are neglected for the determination of the

charge density in Equation (2.12):107.108
82¢ _ _Zdopecdop,oo (223>
812 €o€r

Defining the extent of the space charge region as A\*, one can apply the semi-infinite
boundary conditions:
Ap(N) =0 (2.24)
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AG(0) = Ady (2.25)
Which finally lead to the equation:
Ad(z) = —@@ — )2 (2.26)
0Cy

where

| 2e0€,. Ay 4zgope
N=[————— =\ ——A 2.27
Zdop€Cdop,co kT %0 ( )

It is worth worth emphasizing that here, in contrast to the Gouy-Chapman case,
the extent of the space charge region also depends on the interface potential Agy.
Experimental applications of the Mott-Schottky model can be found, for example,
in Ref. 5,10.

2.3 Principles of thin film deposition

In comparison with bulk structures, thin films exhibit several peculiarities
and advantages which allow for an accurate investigation of material and inter-
face properties: (i) the material porosity can be limited, (ii) the presence of grain
boundaries can be optimized, such that high quality single crystal samples can be
obtained. Moreover, (iii) one can stack different materials on top of each other in a
very controlled fashion, realizing multilayered systems with a predefined amount of
interfaces thus focusing on interface effects (notably, interface effects are intrinsi-
cally emphasized by the quasi-two dimensional nature of the thin film structures).
(iv) Modern growth methods allow for the control and the adjustment of the
growth process down to the single atomic layer level. This can be used not only to
achieve great film quality, but also to engineer the stoichiometry at the sub-unit
cell scale. Lastly, (v) by appropriately selecting the substrate, one can introduce
an additional degree for properties manipulation represented by elastic strain.

For these reasons, thin film technology has received great attention and sev-
eral growth techniques, based on chemical (such as chemical vapor deposition
(CVD) or atomic layer deposition(ALD)) or physical (e.g. sputtering, pulsed layer
deposition (PLD), molecular beam epitaxy (MBE)) methods have been developed.
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In physical deposition processes in particular, the thin film growth starts from
the condensation and the chemical bonding of isolated atomic clusters on a sub-
strate. This process is followed by film thickening due to additional deposition and
ends with a fully developed film.!'? Various film microstructures can be obtained:
amorphous, polycrystalline, textured or epitaxial. In contrast to the first two
cases, a textured or epitaxial film is characterized by a preferred crystallographic
orientation with respect to the substrate, forming a highly ordered structure with
limited amount of undesired defects. In the case of epitaxial growth in particular,
we observe the formation of a structure which can be considered as a single crystal
having the highest quality.

Different theoretical models, based on thermodynamic or kinetic concepts,
have been applied in order to describe thin film growth physics.}'? 11° Their de-
scription is out of the scope of the present work, but the main concepts, with

particular attention on oxides growth, are summarized below.

Growth modes

There are basically three modes in which a thin film growth can develop:!!2 113115

e island growth (or Volmer-Weber), in which small stable clusters nucleate
on the substrate and grow in three dimensions to form islands. Which is, the
deposited atoms or molecules are more strongly bound to each other than to
the substrate. This growth mode is usually undesired since it leads to rough,

nonuniform films.

e layer-by-layer growth (or Frank-Van der Merwe). Here stable nuclei tend
to be two-dimensional, resulting in the formation of planar sheets. This
growth mode is usually preferred over the others, since it ensures low bound-
aries density, the lowest surface roughness and the most precise control over

the structure composition in the growth direction.

e layer plus island (or Stranski-Krastanov) in which, after forming some
layers in a two-dimensional fashion, Frank-Van der Merwe growth becomes

unfavorable and islands form.
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The pertinent approach to describe the three modes of film growth is the consider-

ation of surface energy (or, more precisely, of surface tension ~).12

Assuming that
there are no kinetic limitations and defining as ysy, vsr and ypy the surface tension
of the substrate (S5) - vapor (V') interface, the surface tension of the substrate-film
(F) interface and the surface tension of the film-vapor interface, respectively, the

island growth takes place if:!!%

Ysv < Ysr + VPV (2.28)

whereas the condition for layer-by-layer growth is:

Ysv = YsF + VFv (2.29)

Straski-Krastanov growth can be interpreted as the situation in which Equa-
tion (2.29) initially holds but then during the growth, due for example to elastic
strain, ypy progressively increases until the condition described by Equation (2.28)

is fulfilled and the island growth mode is triggered.

Substrate temperature

In general, higher substrate temperature leads to an increase of both the
critical aggregates size (i.e. the dimension of the smallest stable nuclei) and of
the energy barrier during the nucleation process. Moreover, it promotes particles
surface-diffusion. Therefore, the formation and the growth of few large crystallites
or even monocrystals is favored over the stabilization of a large amount of small
particles.!'? 14 Moreover in the case of oxides, the presence of kinetic barriers to

oxidation prevents the formation of the desired phase at low temperatures.!

Gas pressure

This parameter, which is particularly important in the case of the growth of
oxides, has severe implications. From the one side, one needs an environment, i.e.
the gas of choice and a certain working pressure, which ensures enough oxidation

power at the deposition temperatures. On the other side, the high scattering
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between the particles directed to the substrate and the gas molecules may be
detrimental for the growth process, or even make it impossible. In particular in
the case of MBE, a Knudsen regime (i.e. ballistic path) has to be maintained
during the growth, in order to limit the reaction of the constituting elements
before they reach the substrate and to maintain a precise control of the deposition
rate. This sets a maximum operating pressure at ~ 10~* torr.!'” Furthermore,
several in-situ monitoring tools (such as the RHEED system, see Section 3.2.1),
need to be operated under good vacuum conditions. This makes the use of many
common gases, (e.g. Oy or NyO) impossible for many compounds: for example,
for the MBE growth of superconducting cuprates, thermodynamic considerations
have demonstrated that a maximum temperature of ~ 300 °C could be employed
if O, was used, a value which is far below what is needed for an epitaxial growth
(550-750 °C).}7 Therefore, other gases with stronger oxidation power must be
employed: among them, ozone (O3) has been successfully used for the growth of

superconducting oxides by MBE.!16:118

Growth rate

Thermodynamical considerations attribute to a low growth rate a similar role
as to high substrate temperatures.!'>1® Moreover, a slow growth kinetics allows

for a more precise in-situ control of the deposition process.

Choice of the substrate

Chemical and structural considerations must accompany the choice of the
suitable substrate for the growth of a film. On the one hand the two phases should
be chemically compatible in order to avoid the formation of secondary phases,
on the other hand a strong interfacial bonding is wanted.!!5 17120 Ag the latter
usually implies similar bonding types, oxide substrates are the typical choice in

case of oxide thin films.

Another crucial parameter for the choice of the substrate is the film-substrate
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lattice misfit, which can be defined as

f=2"" %100 (2.30)
ag

with ay and as being the film and the substrate lattice parameters perpendicular
to the growth direction (in the simplified case of tetragonal structures). Provided
that a chemical bond occurs between the substrate surface and the film atoms at
the interface, i.e. crystallographic continuity occurs, interatomic distances in the
film in the direction parallel to the substrate surface (in-plane) are directly affected
by the substrate lattice parameter. This induces a strain state whose magnitude
is defined by f. The implications are numerous: (i) the preferred growth orienta-
tion is the one that ensures the minimum f, (ii) layer-by-layer growth conditions
can tolerate a low amount of elastic strain, after which energy is released by the
generation of islands or misfit dislocations, (iii) if conditions for epitaxial growth
are maintained, one can induce an additional degree of freedom for tailoring the

material functionalities represented by the elastic strain in the film.
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Experimental methods

3.1 Oxide Molecular Beam Epitaxy

Molecular Beam Epitaxy (MBE) is one of the most advanced techniques for
the deposition of thin films. Extensively employed in the synthesis of semicon-
ductors, it has been developed as a suitable technique for the synthesis of oxides
especially in relation with high-temperature superconducting materials starting
from the early 90’s.127123 MBE technique has been employed for the synthesis of

all the samples which has been studied in the present work.

Molecular Beam Epitaxy is based on the evaporation, obtained from resis-
tive thermal sources (Knudsen cells) or from electron-beam sources, of metallic
elements. The atomic flux is conveyed, by using appropriate geometry, in the
direction of a substrate, where the cationic species combine in order to form the
desired phase. Mechanical shutters, placed in front of each element source, are op-
erated in order to provide each depositing specie in the correct order and amount.
A highly reactive ozydizing gas, such as oxygen plasma or ozone, is employed for
the growth of oxides. The use of molecular oxygen is normally prevented by the
need to minimize scattering of the evaporated atoms in the background gas. This
sets an upper pressure limit in the chamber in order of ~ 10~* Torr during the
growth process, which is typically too low to obtain oxidation simply by molecular

oxygen (see Section 2.3).116:117

29
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Based on MBE, a particular growth technique called atomic-layer-by-layer
MBE (ALL-MBE), has been developed.!!® 124 In contrast with the classical deposi-
tion techniques, which are based on the simultaneous deposition of all the different
species constituting the growing phase, in ALL-oxide MBE only the species which
serve for the deposition of a single atomic layer are allowed to reach the film sur-
face. Once the atomic layer is formed, if the subsequent atomic layer has a different
composition then the atomic flux of the specific cations is varied accordingly by
means of mechanical shutters; afterwards, the deposition of the next atomic layer
starts, and the growth eventually proceeds by forming each atomic layer at a time.

The main advantages of the oxide MBE method can be summarized as fol-

lows:

e Great versatility in the choice of the compound. A typical MBE
system is equipped with several (ten, in our case) independent metal sources,
which can be used in order to realize a number of compositions without any

change in the chamber configuration;

e Lowest undesired cationic intermixing between layers as a consequence
of surface impingement by the incoming particles. The particles kinetic en-
ergy can be estimated in ~ 0.1 eV, much lower than the usual values for the
other synthesis method (e.g. ~ 10 eV for the pulsed laser deposition (PLD)

process);

e Excellent growth control. The low gas pressure used for the growth
process makes it possible to employ several surface analytical tools such
as reflection high-energy electron diffraction (RHEED), low energy electron
diffraction (LEED) etc. which provide crucial informations on the growth
process in real time. This, together with a very low growth rate, allows for an
excellent deposition control and for readily correcting the growth parameters

(e.g. growth temperature, pressure, composition) in-situ;

e Atomic resolution. In the particular case of ALL-oxide MBE, one can

carefully select the composition of each atomic layer. Thanks to this, one can



3.1. Oxide Molecular Beam Epitaxy 31

not only realize heterostructures very precisely and with minimized thickness,

but even engineer the composition at the sub-unit cell level.

The MBE method requires a very careful control of the growth parameters,
in particular with respect to the ratio between the cations being deposited, which
is directly dependent on the timing of each source shuttering. This makes the
MBE growth process particularly challenging in comparison with other deposition
techniques, in which instead the stoichiometry is already defined at the material
source level (e.g. the target in pulsed laser deposition or sputtering). Even a
light off-stoichiometric growth would eventually result in the presence of undesired
precipitates in the film. Appropriate calibration tools, such as quartz crystal
microbalance (QQCM) are used to measure the source fluxes prior to growth but,
due to their limited accuracy, a continuous tuning of the growth parameters during
the process is required. For this purpose, several monitoring tools (e.g. RHEED)
are employed.

The MBE (and especially the ALL-MBE) technique is particularly suited for
the realization of multilayered systems, in which different phases are stacked on
top of each other, and of superlattices, in which a fixed structure (superlattice unit,
having typical thickness of few nanometers), is repeated for a predefined number

of times.

3.1.1 Setup description

Aim of this section is to provide a detailed description of the oxide MBE
setup which has been used to synthesize the samples for this project. For more
details please refer to Ref. 125.

The oxide MBE system which is installed at MPI-FKF has been designed
and built by DCA Instruments (Turku, Finland) according to a cluster tool mod-
ular configuration similar to other oxide MBE systems.'?6 It is equipped with
two growth chambers, identical in construction and capable of working in parallel
without interference. Two other smaller chambers, i.e. a load-lock and a storage

chamber, are used for samples loading (and unloading) and storage, respectively.
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Figure 3.1. Photo of the dual chamber oxide MBE system installed at the Max-Planck
Institute for Solid State Research. Reproduced with permission from Ref. 125.

A ultra-high vacuum central distribution chamber (CDC) serves for the fully auto-
mated transfer of the samples between the load-lock chamber, the storage chamber
and the two growth chambers.

A photo of the MBE system is shown in Figure 3.1.

Each deposition chamber, whose sketch is provided in Figure 3.2, is equipped
with 10 water cooled spools, positioned symmetrically around the chamber line,
each of whom houses a resistive heated elemental source and a software-actuated
pneumatic shutter for the control of the flux. In addition, each growth chamber
is equipped with a four pockets electron-beam evaporator directly located below
the substrate, which can be used for evaporating refractory metals. The growth
chambers are provided with an internal liquid nitrogen cooled cryogenic panel
surrounding the substrate area, and their geometry is optimized for a maximum
substrate size of 37. The substrate manipulator has motorized full rotation and
vertical translation. Pumping is provided by an ion-pump and a corrosive version
turbo-pump with scroll-type backing pump. A differential pumping module, placed

underneath the growth chamber, is connected to each of the system elements (e.g.
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Figure 3.2. Sketch of the MBE growth chamber. Reproduced with permission from
Ref. 125.

growth chamber, sources, calibration and monitoring tools). Chamber pressure
and gas composition are measured by several ion gauges (strategically positioned in
the growth and in the differential modules), and by a residual-gas analyzer (RGA)
serving the growth chamber, respectively. The modular configuration allows for
insulating each element (e.g. each elemental source) from the growth chamber
by the use of gate valves. This way, using the differential pumping module one
can vent and pump each of system elements without breaking the vacuum in the
growth chamber. This makes the maintenance operations extremely efficient, and
allows the growth processes to be carried out even when some maintenance is in

progress.

3.1.2 Growth process

Prior to the deposition process, each source is heated up from its idle point
to a temperature corresponding to a convenient element vapor pressure, which

ensures the desired growth rate (typically few A/min). Each source deposition
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rate is calibrated via a QCM system. After the calibration, the substrate is heated
by a SiC resistive element (operating up to 1200 °C); the substrate temperature is
controlled by a radiation pyrometer. A nozzle, positioned in front of the substrate,

ensures the delivery of ozone from the ozone delivery system.

Distilled ozone is produced by a plasma generator system and is stored in
liquid form in an insulated glass still (7" &~ —140 °C), where it is absorbed by silica
gel spheres. The still temperature is adjusted by means of liquid nitrogen cooling
and a heating element: this allows for a controlled evaporation of the gas during
the delivery to the chamber. A typical pressure in the growth chamber during
a deposition is ~ 107% — 107® Torr. Even though pure ozone is produced, due
to its extremely short life-time, radical oxygen and molecular oxygen form very
easily once the gas is delivered to the chamber, therefore the growth is eventually
performed in a mixture of the different species. The delivery efficiency is crucial,
since the maximum pressure is limited by two factors: (i) the requirement of a bal-
listic path for the atoms moving from the source to the substrate, (ii) technological
limitations (e.g. pumping system efficiency, possible oxidation of the metallic com-
ponents of the system). In Figure 3.3, an example of the gas composition in the
growth chamber during a growth process is shown: one can see that a mixture
of molecular oxygen (32 u), radical oxygen (16 u) and ozone (48 u) is present,

together with impurity gases such as hydrogen (2 u) and nitrogen (28 u).

The growth process is based on the ALL-MBE method: once an atomic layer
is formed, the flux of the corresponding element is interrupted and is subsequently
followed by the deposition of the next layer. This process is made possible by
an alternated actuation of the sources shutters by a pneumatic system which is
software-controlled. Note that the shutters actioning time is in the order of ~ 101

S.

Each growth chamber is equipped with a k-space kSA 400 RHEED system,
whose electron gun is operated between 25 keV and 30 keV with typical emission
filament current &~ 1.5 A. A phosphor screen collects the diffracted image which, by
means of a CCD-camera, is sent to a computer and further analyzed by a specific

acquisition and analysis software. Based on the analysis of the RHEED patterns,
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Figure 3.3. Typical gas composition in the growth chamber as obtained by the Residual
Gas Analyzer (RGA) system. The partial pressure of each gas is shown as a function of

its molecular mass.

the operator can optimize the growth parameters (i.e. substrate temperature,
ozone pressure and shutters timing) in real time.

I personally took part in the system installation and optimization during the
time of the present project, and I have been responsible for the growth of most of

the samples which have been studied.

Substrate preparation. The usual substrate preparation procedure comprises
cleaning in ultrasonic bath for about 15 min first in acetone then in isopropanol.
Afterwards, a suspension of strontium ruthenate (SrRuQOs3) in isopropanol is rou-
tinely applied on the backside of the substrates (simply using a brush) prior to
the loading in the MBE chamber. This allows one to obtain, upon ispropanol
evaporation, a thin layer of black StRuQOj5 sticking on the backside of the substrate
whose purpose is to adsorb the radiation coming from the heater during the MBE
process, thus improving the heating efficiency. The substrates are fixed to the
substrate holder (puck) by using a tantalum wire. Usually one single substrate is
mounted on each puck but, for some specific experiments, pucks which are able to
host up to 4 substrates can also be used. After the growth, the StTRuO; layer is

removed by simple wiping with a wet lab tissue.
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Figure 3.4. Representative AFM micrograph for a LaSrAlO, ”as received”. Root mean

squared (R,s) roughness is 0.5 nm.

The typical size of the substrates that has been used for the growth processes
is 10x10x0.1 mm. Single crystal substrates of different oxides have been employed
(see also Section 4.1.1). Most of them have been provided by Crystec GMBH, but
in same cases, due to the limited availability, also substrates from Crystal GMBH
have been used for process testing or during the phases of growth optimization.
In Figure 3.4, a representative AFM micrograph for a LaSrAlO, "as received” is

presented.

3.2 Diffraction

Diffraction techniques are widely implemented for the study of the structure
of thin films, both as in-situ monitoring tools and as analytical techniques. An
exhaustive theoretical explanation of crystals diffraction can be found in Refs.
127,128.

Conditions for crystal diffraction are fulfilled when the radiation wavelenght A
is comparable to the interatomic distance, therefore X-rays or an electron beam in

the eV-keV energy range are suitable. In particular, both are extensively used for
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ex-situ analysis (X-ray diffraction, selected area electron diffraction in transmission
electron microscopy), whereas the last in particular can be easily implemented for
the in-situ monitoring of the growth process.'?

Diffraction techniques are based on the analysis of the constructive interfer-
ence pattern formed by radiation which interacts elastically with a crystal struc-
ture. Given a wave incident a crystal (having wave vector k ) and the elastically
scattered beams (wave vectors k, with |k°| = |k|), constructive interference occurs
in those directions by which the scattering wave vector Ak =k — kO corresponds
to a vector of the crystal reciprocal lattice G (AE = @) This allows for retriev-
ing precise informations about the crystal structure once the diffraction pattern
is given. A particularly useful tool in this sense is provided by the Ewald sphere,
which is centered on the crystal and has radius |l§ | = 27 /: the intersection of the

diffracted beams with the Ewald sphere directly represents the reciprocal lattice.!3

3.2.1 In situ monitoring by reflection high-energy electron

diffraction

In-situ monitoring techniques are based on the quasi two-dimensional diffrac-
tion of radiation from the growing thin surface, by which one can get informations
about the surface composition and its morphology. The most common techniques
are low energy (LEED) and reflection high-energy (RHEED) electron diffraction.
In LEED, electron energy between 10-500 eV (wavelenght ~ 10~ —10° A), having
a penetration depth of only few A, is used in a perpendicular geometry whereas,
in case of RHEED, typical electron energies are between 10-100 keV (wavelenght
~ 1072 A). Here, surface sensitivity is achieved by using grazing incident angles
(0.1°to 5°). Such a geometry makes the RHEED technique particularly easy to be
implemented in growth chambers.??

Notably, the reciprocal lattice representation of a 2D-crystal (surface) is an
array of rods, which intersects the Ewald sphere in points.''%!2% The presence of
imperfections, such as roughness or substrate steps, together with instrumental
limitations such as imperfect collimation or wavelenght spread, transforms the

interference spots into the streaks which are usually detected.!1® 131,132
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The informations that can be inferred from a RHEED pattern can be sum-

marized as follows:

e Two-dimensional ordering. If the growing surface is flat and has crys-
talline order, then diffraction streaks form. It is worth mentioning that, espe-
cially in the case of ionic crystals, surfaces are not a simple truncation of the
bulk structure; rather, they reconstruct in order to minimize the surface en-
ergy related to the presence of dangling bonds. As a consequence, a periodic
rearrangement of the atoms i.e. a superstructure, whose periodicity is larger
than the atomic planes distance, may appear yielding an additional diffrac-
tion pattern (more densely spaced than the fundamentals reflections).!? In

Figure 3.5, a typical RHEED pattern for La,CuQ, is reported.

e Surface coverage. The surface rougness variation during the growth can
be investigated by recording the time-dependent intensity of the diffracted
beam, which is known to oscillate according to the film surface coverage.!!? 12

Usually, for this analysis, the specularly reflected beam (specular spot),

which has the highest intensity, is considered (for an example, please refer

to the time evolution of the RHEED specular spot during a typical growth

of Lay,CuQy,, which is reported in Figure 4.4).122

e Formation of 3-D crystallites. In the case of formation of islands on the
film surface, electron may pass through such structures: in this case, the sur-
face diffraction pattern is replaced by a 3-dimensional transmission pattern
characterized by spots instead of streaks.'?® In this case, one can retrieve
informations about the islands crystal structure (thus about their compo-

sition) by analyzing the characteristic diffraction pattern (see for example
Figure 4.3).

3.2.2 X-ray diffraction

X-ray diffraction is commonly implemented for the study of the 3D-crystal

structure of thin films. In this case, the diffraction condition can be simplified by
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Figure 3.5. Example of RHEED pattern for Lay,CuO,. One can notice the presence of
additional diffraction streaks between the main diffraction lines, which are ascribable to

surface long-range atomic order (superstructure).

thinking of the diffracted wavefront as having been specularly reflected off atomic
planes having interatomic distance d.!''® Constructive interference then occurs if
the reflected beams are in phase, i.e. their path difference is an integral multiple of
the beam wavelength A\. With 6 being the angle between the incoming waves and
the crystallographic planes, the condition for constructive interference is expressed

by the Bragg equation:

2dsinf = nA (3.1)

From the 6 angles which give constructive interference, the interatomic dis-
tance can be obtained.

In order to retrieve a more precise evaluation of the d lattice parameter,
refinement via the Nelson-Riley function, which takes into account possible sample
misalignments, can be used.’®® Here, the lattice parameter is defined by the y-

intercept of the linear fitting obtained by plotting d as a function of the Nelson-

cos?0  cos?h
2
(sme T ) (8:2)

In the particular case of thin films, together with the stacking of the atomic

Riley function

planes, other types of ordering exist, giving rise to diffraction effects. In particular,

additional peaks are present around the main Bragg peaks: they are the Laue
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fringes, which stem from the overall crystalline orderer volume and whose distance
is linked to the sample thickness, and the superlattice peaks, which reflect the
presence of an alternation of different phases in the case of periodic multilayers
(see for example Figure 4.34).
These additional peaks can be treated with the following formula:'34
2sinf 1

n

in which n is an integer that labels the order of the satellite peak around the

main Bragg peak and A is the modulation lenght (e.g. the film thickness or the
superlattice unit thickness). In the case of a single phase film, in which only the
Laue fringes are present, we simply have d = d. For the case of superlattices, the

superlattices fringes must be analyzed by taking

A
Ny + Np
Here, N4 and Np are the number of atomic planes of material A and B in a

d= (3.4)
superlattice unit, respectively.

The diffractometer used for the investigations of the samples during this
project (model Bruker D8) uses a Bragg-Brentano reflection geometry equipped
with a monochromator and a Cu-filament source (A = 1.54060 A). In such a
geometry, a typical scan, called 20/w, is performed by changing both the source
and detector positions with respect to the sample: the incident angle w and the
diffracted angle 26 are coupled in order to ensure the optimal beam collimation

thus maximum intensity.

3.3 X-ray reflectivity

Analysis of X-ray reflectivity (XRR) is a powerful tool in order to get infor-
mations about thin films morphology. An exhaustive description of this technique
can be found in Refs. 135,136. This technique is based on the specular reflection
of X-rays at grazing incident angles. In such a configuration, for angles larger than

the critical angle, the incident beam is partially reflected and partially refracted by
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the film surface: the path difference between the reflected and the refracted beam,
which exits the film after further reflection by the substrate, gives rise to interfer-
ence. As a consequence, one can observe an oscillating intensity behavior of the
outcoming beam as a function of the incident angle (the so-called Kiessig fringes),
with maxima occurring when the condition for constructive interference is fulfilled.
By analyzing the Kiessig fringes, one can easily obtain the film thickness (up to

~100 nm) in the case of single phase film using the approximated relation:!3¢

A
dr~——
2Aq

with Aa being the distance between two consecutive minima or maxima and A

(3.5)

being the wavelength of the incident beam. Based on a similar approach, one can
perform analysis of multilayered structures, given that each constituting phase is
characterized by different density thus different refraction index. In this case, the
analysis of the reflectivity curve requires the use of simulations, which are typically
based on the Parratt equation (see for example Figure 4.35).137

By doing this, one can not only get informations on the total and the single
layers thickness, but also on the surface and the interface roughness, parame-
ters which can be retrieved by analyzing the intensity loss upon beam-sample
interaction (in particular, the reflected beam intensity decreases more rapidly for

increasing incident angles in the case of rough interfaces).

3.4 Atomic force microscopy

Atomic force microscopy (AFM) is a technique for the atomic-scale analysis
of the surface morphology, which provides useful informations about the quality of
the samples.!3® A smooth film surface is usually the result of layer-by-layer growth,
absence of secondary phases and, in the case of multilayers, sharp interfaces. On
the contrary, the composition of secondary phase outgrowths can sometimes be
inferred by simply analyzing their morphology (see for example Figure 4.3). AFM
analysis has been routinely performed on our samples, as a complementary tool to
RHEED for surface analysis.
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AFM is based on the forces (such as Van der Waals, electrostatic forces) which
build up between the film surface and a sharp tip mounted at the end of a cantilever

112 'While moving in plane thanks to a piezoelectric controller, the sharp

spring.
tip follows the morphology of the surface and by doing so it deflects the cantilever.
A collimated laser beam which is reflected by the top side of the cantilever (in
correspondence of the sharp tip) into a detector allows to quantitatively map the
height variations of the surface (i.e. the roughness).

AFM can operate in contact mode, in which repulsive forces generated by
the contact between tip and sample are measured, non-contact mode or tapping
mode. In the second mode an oscillation of the tip at its resonance frequency is
induced: tip-surface interaction tend to disturb such oscillation, and the system
adjustes the tip-surface distance in order to maintain a constant frequency. From
here, informations about the surface morphology are obtained. In the third mode,
called tapping mode, the oscillation frequency is increased and an alternated tip-
sample contact is realized. This way, more accurate informations are retrieved with
respect to the non-contact mode, while a less destructive (for the tip) situation is
realized compared to the contact mode.

For our measurements, Digital Instruments atomic force microscope with
Nanoscope III controller, operated in tapping mode, has been used.

Together with surface imaging, also quantitative informations about the

roughness can be obtained, such as:

e root mean squared roughness, Ry

1 L
Rms = —/ Z(x)%dx
L Jo

e aritmetic average roughness, R,

1 L
Ra = E/o |Z (z)|dx

o mazrimum roughness, R,q.
R, = max[Z(:L’)] — mZﬂ[Z(SL’)]

with L being the evaluation length and Z(x) the profile height function.
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Motorized dipstick

Helium dewar

Figure 3.6. In (a), schematic representation of the home-built system for low tem-
perature resistivity and mutual inductance measurements (image by G. Cristiani). In
(b), photo of the sample holder, which is situated at the tip of the dipstick (see red

rectangular in (a)).

3.5 Measurements of superconducting properties

In order to detect the superconducting properties of the samples, measure-
ments have been performed at temperatures down to liquid helium temperature
(=~ 4 K). For this purpose, a home-built system has been realized. Samples are
mounted on the tip of a metal stick and are deeped into a liquid helium dewar.
The movement of the stick is motorized and controlled via software (Labview) in
order to maintain the desired rate of temperature variation (typically about 0.1
°C/s). The temperature is measured by a diode-type temperature sensor which
is placed right under the sample holder, connected to a Lakeshore 340 Tempera-
ture Controller. Such a system allows for the simultaneous measurement of the

electrical and magnetic properties of the samples (details are given below).

I personally contributed in building parts of the device.
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3.5.1 Mutual inductance

This measurement is based on the detection of the diamagnetic transition
of a material entering the superconducting state and has been routinely used in
order to define the transition temperature T.. A full explantion of the technique
can be found in Ref. 30.

Two Cu coils (drive and pick-up, respectively) facing each other are po-
sitioned above and below the sample (transmission geometry). An alternated
current (60 pA at a frequency of f=1.6 kHz) is driven through the drive coil, gen-
erating an oscillating magnetic field: at temperatures above the superconducting
transition temperature, the superconducting material has no screening effect on
such a field therefore a voltage is induced at the pick-up coil ends. When the film
becomes superconducting (diamagnetic), the magnetic field is screened and the
measured induced voltage turns to zero.

The setup is equipped with a SR850 DSP lock-in Amplifier and two Agilent
34401A Multimeter.

This type of measurement is particularly convenient as it does not require
the deposition of metal contacts on the sample surface, providing an immediate

measurement tool, right after taking the sample out of the growth chamber.

3.5.2 Electrical conductivity

Electrical conductivity measurements have been performed in Van der Pauw
geometry.'3? 0.5x0.5 mm? platinum or gold electrodes are first deposited by sput-
tering or evaporation on samples corners. Contact spheres are pressed on the
electrodes by a spring-loaded probe (pogo pins), and DC measurements are car-
ried out using a Keithley 2000 multimeter and a Keithley 2400 sourcemeter. In
such a configuration, a DC current, typically in the range 1 A to 100uA is driven
in the sample through two contacts placed on the same side of the sample, whereas
the voltage drop V' between the other two contacts is measured on the opposite
side (parallel configuration). By employing such a 4-points measurement config-

uration, one can exclude the contribution of the voltage drop due to the flow of
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the current through the contacts.''® In order to rule out any possible contribution
due to thermopower effects, current direction is continuously switched (with 1 Hz

frequency) and the resistance is calculated as follows:

2V

R=rmrr

(3.6)

where It and I~ represent the current values which are applied in sequence
with opposite directions. During the measurements, resistance values are recorded
as a function of temperature at a fixed time interval (typically 500 ms).

The analysis of the resistivity data has been routinely performed in agreement
with Ref. 31. The resistivity curves p(7"), which have been obtained by the mea-
surements, are fitted using a quadratic polynomial function ps;(T) = a+bT + cT?
in the temperature interval 50 K < T < 270 K, or in any case in the T re-
gion in which p(T") exhibit metallic behavior. By intercepting pg;(71") with three
curves obtained as 0.9p7;(T"), 0.5p4:+(T), 0.1p;(T), three different superconduct-
ing transition temperature values (T g9, Tco5 and T, respectively) are defined
(see Figure 3.7).

Notably, the width of the superconducting transition (7 09-7) can be re-
lated to the sample compositional homogeneity and to the amount of structural

defects e.g. presence of misfit dislocations, secondary phase precipitates.3!

3.6 Transmission Electron Microscopy

Transmission electron microscopy (TEM), together with the analytical tech-
niques such as energy-dispersive X-ray spectroscopy (EDXS) and electron energy-
loss spectroscopy (EELS) provides structural information with atomic layer res-
olution. Therefore, it represents a very important tool for our analyses in order
to correlate the functional properties with the local interface structure. For this
reason, a representative selection of samples has been analyzed by the Stuttgart
Center for Electron Microscopy at the Max-Planck Institute for Solid State Re-

search.
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Figure 3.7. Definition of T; from the resistivity curve. Taken from Ref. 140.

In scanning transmission electron microscopy (STEM), thin specimens, pre-
pared by mechanical tripod polishing and argon ion milling at liquid nitrogen
temperature, are traversed by a highly energetic electron beam (up to 200 keV),
whose spot size (< 1A) is small compared to the distance of neighboring atom
columns.

Different STEM techniques have been applied. In particular, high-angle an-
nular dark-field (HAADF) has been employed for imaging. In this technique, which
is also called Z-contrast imaging, the image intensity of individual atomic columns
is determined by the atomic number Z of the elements constituting the column (
I oc Z¥5718) and the specimen thickness.!*! Therefore, this image mode is par-
ticularly useful for analyzing cationic positions and distribution (in particular for
heavy elements), as well as to provide information about the presence of structural
imperfections.

Besides imaging, spectroscopic methods have been employed. By EELS one
analyzes the energy loss resulting from the inelastic interaction between the incom-
ing electron beam and the specimen. The EELS spectrum contains information

about the chemical composition of the atomic columns.!*? Moreover, one can also
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investigate the electronic structure (e.g. electronic charge carrier concentration,
valence state).11%14 Complementary informations about the chemical composition
can be obtained by EDXS, which is based on the analysis of the X-ray radiation
emitted by the atoms upon interaction with the electron beam.

For the electron microscopy and spectroscopy measurements, a JEOL ARM
200CF microscope equipped with a cold field-emission electron source, a DCOR
probe corrector (CEOS GmbH), a large solid angle SDD-type JEOL Centurio
EDXS detector, and a Gatan GIF Quantum ERS spectrometer have been em-
ployed. The typical operating voltage is 200 kV, with a semi-convergence angle
(@) of 21 mrad, resulting in a probe size of 0.8 A (1 A for the analytical analysis).
HAADF images have been acquired using a 109 — 270 mrad collection angle. A
collection semi-angle () of 68.5 mrad has been used for EELS measurements. The
STEM analysis has been carried out at specimen regions where the thickness is
below 30 nm (t/A < 0.4 as measured by low-loss EELS using a log-ratio method).

A detailed description of TEM techniques can be found for example in Ref.
145.






Chapter 4

Results and discussion

4.1 Single phase films growth optimization

The first step towards the realization of heterostructures for our study has
been the optimization of the growth process of single phase systems. In the fol-

lowing sections, the main findings and results are summarized.

4.1.1 Growth of lanthanum cuprate

Lanthanum cuprate (LayCuQy,) is, due to its layered structure, an excellent
oxide for atomic-layer-by-layer growth by MBE as already demonstrated in the
past.146:147 Nevertheless, its synthesis presents several critical aspects related to
the narrow stability window of the compound under typical MBE growth condi-
tions and to the need of a very precise adjustment of the stoichiometry. The latter
is related to the extremely high sensitivity of high-temperature superconductivity
towards the presence of secondary phases and, in general, towards crystallographic

disorder.

Optimal growing conditions. It has been found that severe oxidizing condi-
tions (i.e. high ozone pressure, together with relatively low growth temperatures)
are required in order to obtain the correct La,CuO, phase. This has to be at-

tributed in particular to the oxidation state of Cu (42) in La,CuO, which indeed
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Figure 4.1. a) RHEED pattern (along the (100) direction) for La,CuO, showing in-
creased roughness due to island growth at low deposition temperatures (7" < 590 °C).

b) RHEED pattern for LayCuO, showing phase decomposition due to high temperature
(T > 660 °C).

defines the stability limits for the compound.!'” However, by excessive temper-
ature decrease (typically below 600 °C) layer-by-layer growth mode tends to be
substituted by islands growth; at the same time, the pressure in the MBE cham-
ber cannot be deliberately increased due to technical and process limitations (see
Section 3.1). The primary importance of these aspects can be inferred by ana-
lyzing Figure 4.1, in which two RHEED patterns are shown, corresponding to (a)
low-temperature growth, and to (b) decomposition due to too high growth tem-
perature (i.e. low degree of oxidation), respectively. Both are characterized by
spots which are indicative of poor crystalline properties. In particular for the first
case such spots are mainly aligned to the main streaks, indicating the presence
of 3-dimensional islands of La,CuQ,. In the second case instead one can observe
that RHEED diffraction spots, whose spacing does not correspond to the typical
diffraction figure of Lay,CuQ,, are present, suggesting that secondary phases caused
by phase decomposition are formed (see Section 3.2.1 for a complete description
of the RHEED diffraction patterns). Notably, the two growth processes were car-
ried out by employing the maximum pressure allowed in the system (P = 3 x 107°
Torr) and by using only slightly different temperatures (590 °C and 660 °C, respec-
tively). This testifies the narrow window in which the compound can be correctly

synthesized.
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Upon optimization, which involved also some modifications of the ozone
delivery system (e.g. replacement of the delivery pipes, modifications of the
pumping system), we were able to obtain single phase defect-free La,CuQO, and
Lay ,Sr,CuQ, (with various doping levels). The growth parameters were com-
monly set as P ~ 2 — 3 x 1075 Torr and T ~ 600 — 650 °C.

Stoichiometry adjustment. As mentioned above, the growth optimization re-
quires not only to find the optimal thermodynamics conditions, but also to adjust
the stoichiometry correctly (in particular the La/Cu ratio). Due to the limited
accuracy of the calibration of the cation fluxes and due to the natural oscillations
of the fluxes during the growth process, the fine tuning has to be manually op-
erated during the growth, relying on the informations provided by the RHEED
pattern. Even light off-stoichiometry would eventually result in the growth of sec-
ondary phases. In Figure 4.3 we report the RHEED patterns corresponding to
a growth in Cu excess (a), La excess (c), and optimal stoichiometry (f). For an
immediate comparison, the corresponding AFM micrographs obtained from the
analysis of samples resulting from such growth conditions are reported. The first
case (Cu-rich) is the most severe, since we found that, once Cu-based secondary
phases are formed, they cannot be dissolved by any further adjustment: the final
functional properties of the sample, also due to the electrically conductive char-
acter of such oxides, are deeply affected. In order to avoid the formation of these
clusters, one needs to adjust the stoichiometry promptly, prior to their appearance
in the RHEED. Usually, a sign of a Cu-rich growth is the progressive reduction
of the RHEED oscillation intensity, together with the observation of a peculiar
superstructure (Figure 4.2). The second case instead (La-rich), can usually be
recovered (i.e. the particles can be dissolved), as long as the dimensions of the
outgrowths is limited, by decreasing the La/Cu ratio. In any case, lanthanum-
based oxide phases are normally not conductive so their presence in the film, if
limited, is acceptable. Apart from the formation of spots in the RHEED, indi-
cation of La-rich growth is given by a weakening of the superstructure. In (e),

finally, the RHEED pattern of stoichiometric La,CuQ, is shown: one can clearly
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Figure 4.2. RHEED pattern (along the (100) direction) for off-stoichiometric (Cu-rich)
Lay,CuOy (to be compared with the RHEED pattern of LayCuO, which is grown in op-
timal conditions reported in Figure 4.3f). If not promptly corrected with an adjustment

of the Cu/La ratio, this pattern would eventually evolve in the one shown in Figure 4.3a.

see the typical superstructure (4 lines between the main diffraction streaks) which
represents one of the most important indications concerning the growth quality.
The resulting AFM micrograph shows a smooth surface, whose R,,s roughness is

comparable with the substrate roughness (about 0.5 nm).

Choice of the substrate. As described in Section 2.3, the appropriate choice
of the substrate is of primary importance in order to obtain epitaxial growth.
Chemical compatibility and a limited lattice mismatch between substrate and film
are required. In principle, a wide range of oxide substrates is suitable for the
growth of La,CuO, (whose lattice parameter can be approximated in 3.801 A
by considering the La,CuQ, lattice as pseudotetragonal having lattice constant
ap = (a® + b*)1/?).16  An exhaustive list of substrates having suitable lattice
parameter can be found in Ref. 148, but it has been demonstrated that the best
superconducting properties for La,CuQO, are obtained for epitaxial films grown
on (001) oriented LaSrAlO, (lattice parameter a = 3.754 A), which ensures the
growth of a c-axis oriented structure under compressive strain (f = —1.2%, see
Section 2.3). It is well established that these conditions lead to the highest T’

for the Lay,CuQ, system.??4% Although some tests have been performed also on
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Cu-rich
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Figure 4.3. RHEED pattern for the different situations which may be encountered
during the growth of LayCuQ, as a consequence of a different stoichiometry ratio (La/Cu)
(panels a, c, e). The resulting final film topography, as measured by AFM, is reported
for comparison in panels (b), (d), (f).Rms roughness values are 2.7 nm, 0.9 nm and 0.5

nm for the micrographs shown in (b), (d), (f), respectively.
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SrTiO3 (100) and LSAT (Lag 18S1r0.82Alg.50Tag.4103) (100), LaSrAlO, (001) has been
far the most used substrate in the present work and all the results reported here
have been obtained for films grown on it. In figure Figure 3.4, a representative
AFM micrograph for LaSrAlQO, is shown.

Final properties

At the end of the optimization phase, we were able to routinely obtain defect-
free, epitaxial La,CuO, and La, ,Sr,CuQ, with various thicknesses, up to ~ 100
nm. Notably, we were able to synthesize superconducting La, ,Sr,CuO, down to
2 u.c. having T'. ~ 20 K which, up to date, represents the record for La, ,Sr,CuQO,
films without capping layers.!59152

In Figure 4.4, the time evolution of the specular spot oscillation for optimally
grown LCO is reported. Each oscillation maximum corresponds to the formation
of a complete Lay,CuOy block (i.e. at the end of the deposition of a CuO, plane),
whereas the minima, in which the film has maximum roughness, is reached at
the end of the LaO layers deposition. Oscillation intensity is nicely maintained
throughout the growth process.

In Figure 4.5, 20/w XRD fullscan of a LayCuO, film is reported, showing
pronounced diffraction peaks up to the (00 14) index, indicative of high crystalline
order. In Figure 4.6, a plot of the T, values as a function of the c-axis parameter
(calculated from XRD measurement according to Equation (3.2)) is presented.
Films have been grown on different substrates and have various thickness. One
can see that, in agreement with literature (cf. Section 2.1.2) an approximate linear
relation is maintained between ¢ and T'..

A representative AFM micrograph is reported in Figure 4.3f.

We were able to obtain superconducting La,CuQOy, s with 7. up to ~ 40 K by
interstitial oxygen intercalation upon ozone post-annealing in the growth chamber
(P =~4x107° T ~ 650 °C for about 15 minutes, followed by ozone cooling down
to room temperature). Insulating La;,CuO4 was obtained by simply stopping the
ozone delivery during cooling after the growth, typically at about 200 °C, and by

letting the sample cool down in vacuum to room temperature. Notably, upon
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Figure 4.4. Time evolution of the RHEED specular spot during the optimal growth of
LaQCuO4.

ozone annealing, the same samples could be easily turned back into optimally
doped superconductor.
In Figure 4.7, the electrical properties of insulating La,CuO, and supercon-

ducting La,CuOy, s grown in our system are reported.
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Figure 4.5. XRD fullscan for 40 u.c. LayCuO,4 on LaSrAlO, (001) (S).

13.30
{1 @ experimental data
: —-—-linear fit ¢=c,+ mT, 9
13.25
< PR
~ J ’//
8 13.20 1 -7 e
&) R )
Qo .-
] i
13.15- Q.
B o./‘
13.10 —+———1+——7—

0 5 10 15 20 25 30 35
T.IK

Figure 4.6. Out-of-plane lattice parameter c versus 7. for various La;CuQ, films which
were grown in our MBE system. Red circles indicate the experimental data point, the
dotted black line is the linear fit (¢p = 13.115 £ 0.015; m= 0.032 £ 0.007; adjusted
R-square 0.7).
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Figure 4.7. Resistivity versus temperature for insulating La,CuO, and superconducting

LayCuOy 5 grown in our system. Taken from Ref. 125.

4.1.2 Growth of lanthanum strontium nickelate

The synthesis of thin films of La, ,Sr,NiO, with various doping content has
been reported several times, as the material has been extensively studied espe-
cially in relation to: (i) potential application in electrochemical devices due to
its mixed oxygen-hole conduction mechanism (ii) structural similarities with high-
temperature superconducting materials (iii) peculiar electrical behavior due to
insulator-metal transition at z ~ 0.9 (see also Section 2.1.4). According to litera-
ture, syntheses have mainly been performed by chemical vapour deposition,'?? %4
reactive sputtering!®® or pulsed laser deposition,'?* 158 but the use of the MBE

method is limited to few cases (to the best of our knowledge, dealing with the

study of superlattices of Lay,NiO, and Lay,CuQ,).!%°

For the process optimization, we used SrTiOs (100), LaSrAlO, (001) and
LSAT (Lag1551¢82Aly 50 Ta.4,03) (100) substrates. No remarkable difference was
found with respect to the final properties of the films.
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Synthesis of La,NiO4

As to undoped lanthanum nickelate (LayNiO,), the main problem to over-
come in this study was the possibility that undesired Ruddlesen-Popper (R-P)
phases (La,;Ni Os,,1 with n > 1, see Section 2.1.1) could form in the case of
non-optimal growth conditions. Indeed, it was found that the synthesis process
was strongly dependent on operating temperature and pressure. This can be ex-
plained by the fact that R-P phases with higher n are characterized by a higher Ni
oxidation number (in particular, for La,NiO4 (n = 1) Ni has formal valence +2,
for LaNiO3 (n = o0o) it is +3, whereas phases with 2 < n < 3 have a mixed Ni
valence). Therefore, less oxidizing conditions (low pressure, high temperature) are
expected to favor the formation of phases with lower n. This was experimentally
verified, as one can see by comparing the results of XRD scans of two thin films
of 40 u.c. La,NiO, (= 500 A), which were grown on SrTiO; (100) at comparable
temperature but by varying the ozone growing pressure in the chamber by one
order of magnitude from P = 2 x 107% Torr to P = 2 x 107> Torr (black line
an red line in Figure 4.8, respectively): in both cases, the resulting structures are
c-axis oriented, but higher crystallinity results from the the one grown at lower
pressure, as indicated by the sharper and more intense diffraction peaks. This
finding can be explained in light of the presence, at high deposition pressures,
of secondary R-P undesired crystallites which are embedded in the structure, de-
termining broader and weaker XRD peaks. Notably, due to the similar crystal
structure and to the comparable in-plane lattice parameter of the different R-P
phases, the in-situ RHEED analysis (Figure 4.9) does not provide useful informa-
tions on the presence of such precipitates. Moreover, the growth of La,NiO,4 (and
more in general of La, ,Sr,NiO,) is made even more complicated by the fact that
it is not characterized by the appearance of superstructure streaks in the RHEED
diffraction pattern, which instead in other systems represent a very precious tool
for the growth optimization (see for example the case of La;,CuQy in Section 4.1.1).

Based on ex-situ XRD analysis, the optimal growth conditions for Lay,NiO,
were found to be 600 °C < T' < 660 °C and P =1 — 2 x 107¢ Torr.

In Figure 4.10 an AFM micrograph for LayNiO4 grown on LaSrAlO, (001)
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Figure 4.8. XRD scan for two thin films of 40 u.c. La,NiO, on SrTiO5 (100), grown
at T = 610 °C and pressure P = 2 x 1075 Torr (black line) and P =2 x 107° Torr (red

line).
under optimal conditions is presented. The surface is atomically smooth.

Synthesis of La,_,Sr,NiOy4

In order to synthesize Sr-doped lanthanum nickelate (Lay ,Sr,NiO,) correctly,
we found that a higher oxidizing environment was required for increasing Sr doping
levels. In this case, wrong growing conditions lead to the formation of secondary
phases arising from decomposition. The latter were clearly detectable by RHEED,
as can be seen in Figure 4.11.

By appropriately tuning the growth conditions, we were able to synthesize
Lay ,Sr,NiO4 with different doping level, spanning the whole solubility range of
Sr (0 < x < 1.4). Temperatures in the range 600 < 7" < 660 °C and pressures ~~
1 x 107% Torr were used for insulating and low conducting Lay ,Sr,NiO, (z < 0.5),
whereas T ~ 600 and P ~ 2 — 3 x 10~® Torr were used for metallic Lay ,Sr,NiO,
(x >0.9).

A representative XRD 26/w scan for a sample of Lay ,Sr,NiO, (x = 1),
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Figure 4.9. RHEED pattern ((100) direction) of La,NiO, on SrTiOs (100), grown
at T = 610 °C and pressure P = 2 x 107° Torr (a) and P = 2 x 107% Torr (b). No
remarkable difference can be observed between the two. The respective XRD patterns

are shown in Figure 4.8.

1.6 nm

-1.9 nm

0.0 Height 5.0 um

Figure 4.10. AFM micrograph for a film of La,NiO, grown on LaSrAlO, (001) sub-

strate. R,,s = 0.5 nm.
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epitaxially grown on LSAT (100) in optimal growth conditions (7' ~ 600 °C,
P =~ 3 x 1075 Torr), is presented in Figure 4.12. In Figure 4.13, the evolution of
the out-of-plane-axis lattice parameter ¢ as a function doping level, for a set of
grown samples, is presented. It decreases monotonically for increasing x due to
the increasing amount of oxygen vacancies which results in the shrinking of the
cell in the c¢-direction (see Section 2.1.4).

An example of AFM micrograph obtained from La;Sr;NiO, is shown in Fig-
ure 4.14. Although no secondary phase outgrowths are present, a certain roughness
(Rms =~ 0.8 nm) is detectable. This is a typical finding for the La, ,Sr,NiO, films
that we synthesized.

The electrical properties of a representative set of Lay ,Sr,NiO, thin films
are shown in Figure 4.15. As expected, resistance decreases for increasing x. In
the range 0.5 < z < 1, the material undergoes a transition from an insulator to a
metal.

The results described above are consistent with the literature data (cf. Sec-
tion 2.1.4), demonstrating that the optimization of the growth of La, ,Sr,NiO,
with different doping level was achieved successfully. Nevertheless, it should be
mentioned that, as one can see from the comparison of the AFM micrographs
(cf. Figure 4.10 and Figure 4.14) and the XRD data (cf. Figure 4.8 and Fig-
ure 4.12), a general worsening of the samples quality in terms of surface roughness
and crystallinity was observed between La,NiO, and highly doped La, ,Sr,NiO,.
Even though it can not be excluded that the growth conditions could be improved
further (in our case, setup limitations prevented us from employing higher work-
ing pressures, arguably the key process parameter), it should be kept in mind
that highly doped La, ,Sr,NiO, is intrinsically highly defective due to the very
large amount of oxygen vacancies (see Section 2.1.4). This, together with the high
elastic strain induced by the dopant substitution, is likely to affect crystallinity.
Moreover, this could also influence the quality of the layer-by-layer growth process,

being eventually detrimental for the morphology of the surface.
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Figure 4.11. RHEED diffraction pattern (along the (100) direction) recorded at the
end of the growth of 40 u.c. La;Sr;NiO,. Low operating pressure (2.5 x 10~¢ Torr) leads
to the formation of secondary phases as shown in (a). In (b), pattern observed during a

growth at 2.5 x 107° Torr (optimal growing conditions).

10°
S
10°
. 10°
>
g
< . IS
[%2] o
S 3
£ 102 <
(o} o
10 8 ‘ i
10° \Hlil HH\I Ll I\ (NN II\ \ A ‘ \ IH \IHI\ |
10 50 70 80
20/°

Figure 4.12. XRD 20/w scan of 13 nm thick La;Sr;NiO, on LSAT(100) (S).
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Figure 4.15. Resistivity versus temperature for La,_,Sr,NiO, with different doping
levels. Reproduced from Ref. 125.

4.2 La,CuQO, / La, ,Sr,NiO, interface

After the first discoveries of electron accumulation at epitaxial interfaces be-
tween insulating materials such as LaTiOs / SrTiO5 and LaAlO3 / SrTiO4,'7%6 a
number of investigations disclosed the occurrence of high electrical conductivity
(and, in few cases, superconductivity) in similar systems.'®:27160-163 \ost of the
attention however has been addressed to simple perovskite systems (in which su-
perconductivity may appear at T < 1 K), with the exception of the investigation of
the metallic Lay ,Sr,CuQ, / insulating La,CuQO, interface (see Gozar et. al. Ref.
30), where high-temperature superconductivity at ~ 40 K was found as a conse-
quence of local hole redistribution.?? Here, we explore the possibility of inducing
high-temperature superconductivity in a complex oxide (namely La,CuQ,) as a
consequence of space-charge effects occurring at the interface with Lay ,Sr,NiOy,.

By comparing the chemical models of LayCuO, (see Section 2.1.2) and of
Lay ,Sr,NiO, (see Section 2.1.4), a chemical potential gradient for holes and oxy-
gen vacancies (as well as for Sr) is expected to be present at the interface between
these two compounds due to the abundance of such defect species in Lay_,Sr,NiO,.

As a consequence, in order to establish equilibrium conditions (i.e. constancy of
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the electrochemical potential, see Section 2.2), especially holes and oxygen va-
cancies (which are highly mobile, see Ref. 49) are expected to migrate in the
direction of La,CuQ, determining the formation of a negatively charged region at
the Lay ,Sr,NiO, side of the interface. This transfer direction is expected owing
to the large oxygen vacancies and holes concentration irreversibly brought in by
Sr-doping. For compensation, a region where positively charged defects (i.e. holes

and oxygen vacancies) are accumulated, establishes in Lay,CuQy.

The situation, which is schematically depicted in Figure 4.16, finally leads to
the occurrence of high-temperature superconductivity in Lay,CuO, at the interface

due to interfacial hole doping.

It should be noticed that the occurrence of a space-charge situation due to
ionic transfer has already been reported in literature in systems such as BaF, /
CaF, or LiF / TiO,.!'%1%  Ag far as oxygen defects are concerned, it was only

demonstrated for grain boundaries.?

La,CuO, Vo b La, Sr,NiO,
g ' i Sl
S e
h.
_d .

Figure 4.16. Schematic representation of the space-charge scenario at the Lay,CuO, /
Lay ,Sr,NiO, interface. An electrostatic space-charge potential builds up at the interface
as a consequence of the positive charge carriers migration from the Lay ,Sr NiO, to the
Lay,CuQy, eventually resulting in the accumulation of holes on the Lay,CuQO, side of the

interface.
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4.2.1 Properties of La,CuO, /La, ,Sr,NiO, heterostruc-

tures

Heterostructures made of Lay ,Sr,NiO, and La,CuO, have been realized.
The similar crystal structure (and in particular the comparable in-plane lattice
parameter of the two phases, see Section 2.1.1), together with the low surface
roughness (cf. AFM micrographs in Figure 4.3f and Figure 4.10), make them
particularly suitable for the realization of bilayer and superlattice structures. The
advantage of superlattice over the bilayer structures consists in the presence of sev-
eral interfaces in the same sample, with the subsequent magnification of boundary
effects. Moreover, this allows for a ”statistic” approach i.e. higher reliability on
the result coming from a single sample, and for introducing additional degrees of
freedom e.g. by varying the spacing between interfaces. On the other hand, by
studying a bilayer, one can investigate the properties of a precisely located single
interface; in this case though, results can be affected by sample imperfections,

therefore a higher amount of samples is desired.

Synthesis and structural properties

The growth of multilayered heterostructures presents, in general, the diffi-
culty that it has to be carried out under conditions which are suitable for both
phases, since an approach in which the growth parameters are continuously varied
during the growth is difficult to pursue practically and may lead to the decomposi-
tion of one of the phases. After the analysis of the growing parameters for La,CuO,
and Lay ,Sr,NiO, single phase thin films, which has been described above (see Sec-
tion 4.1.1 and Section 4.1.2), we selected T' ~ 600 °C and P ~ 2.5x107° Torr as the
most suited conditions for the growth of this type of structures. In order to avoid
any contribution to the electrical properties of La,CuQ, arising from the presence
of oxygen interstitials in the bulk, the samples were routinely cooled in vacuum
from 200 °C down to room temperature after the growth (see Section 4.1.1). As

substrate, LaSrAlO, (001) was used (see Section 4.1.1).
In Figure 4.17, the RHEED patterns acquired during the deposition of a



4.2. La,CuQO, / La, ,Sr,NiO, interface 67

Lay,CuO, /Lay ,Sr,NiO4 multilayer are shown. One can observe the typical fea-
tures of layer-by-layer growth: specular spot oscillations are maintained through-
out the process and no island outgrowths are observed. The transition between
Lay,CuO,4 and La,y ,Sr,NiO, is sharp, resulting in negligible oscillation dampening.
Moreover, the RHEED patterns from the La,CuO, grown on top of Lay ,Sr,NiO,
(Figure 4.17d and Figure 4.17e) show typical superstructure lines, which is a sign
of long range crystalline order (see Section 3.2.1 and Figure 4.3), already from the
second monolayer (panel e). These observations indicate the high-quality of the
growth process.

In Figure 4.18, the XRD characterization of a lanthanum cuprate / lan-
thanum strontium nickelate (Lag Sty 3NiO,) superlattice is shown. The high crys-
talline quality and interface sharpness are demonstrated by the pronounced Bragg
peaks (up to the 00 14 reflection order) and by the presence of strong satellite
peaks, as highlighted in (b), which shows a magnification of the (004) diffraction
peak. Finally, a representative AFM micrograph for La, ,Sr,NiO, / Lay,CuO,

superlattice is depicted in Figure 4.19. No secondary phase outgrowths are visible.

Electrical properties of superlattices

A set of samples has been realized in order to study the electrical properties
of the multilayer La, ,Sr,NiO, / Lay,CuQy structure as a function of the doping
level of the lanthanum nickelate x. In particular, superlattices having nominal

composition
1 x La1.56Sr0'44CuO4 + S X [25 X La2,$SeriO4 + N X LaQCUO4]

have been synthesized. Here S the number of superlattice unit repetitions (please
note that the thickness of the constituting phases is expressed in number of unit
cells). A thin buffer layer (1 u.c. metallic La; 5651 44CuQOy) was routinely deposited
on the substrate in order to facilitate the growth process by improving the film /
substrate interface.'%> Notably, by limiting the thickness of La, ,Sr,NiO4 to 2.5

u.c., a lower interface roughness can be expected.
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the deposition of a trilayer structure of 4 u.c. LayCuOy / 4 u.c. Laj oSrygNiO, / 10
u.c. La,CuO, on LaSrAlO, substrate. Different diffraction patterns can be recognized.
In particular, the bottom La,CuQO, layer exhibits the typical features of the phase,
including the superstructure lines between the main streaks (a). During the growth of
La; 5Srg gNiOy4, no secondary phases outgrowths are detected (panel (b) and (c)). The
top LayCuQ, layer grows epitaxially (d) and exhibit finite superstructure lines starting
from the second monolayer (e). The absence of the superstructure in (d) is indicative of a

certain crystallographic disorder at the interface. During the entire growth, pronounced

RHEED oscillations are maintained.
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Figure 4.18. a) XRD fullscan pattern of a Lay ,Sr,NiO, / Lay,CuO, superlattice
(S =5, N =3.5). b) Magnification of the 004 Bragg peak.



70 Chapter 4. Results and discussion

2.7 nm

Figure 4.19. AFM micrograph for a La, ,Sr,NiO, / Lay,CuO, superlattice (S = 8,
N = 1.5). Roughness R,,s =0.8 nm.

Dependence on z. The resistance data for a set of samples having different
doping level z of Lay ,Sr,NiO, are shown in Figure 4.20. Remarkably, for increas-
ing z, the samples do not only exhibit reduced resistance, as one would expect
given the increasing metallic character of the La, ,Sr,NiO, phase, but they also
show high-temperature superconductivity. Given that the vacuum treatment per-
formed on the samples allows one to rule out the presence of oxygen interstitials
in bulk La,CuQO, (far from the interface), we can conclude that high-temperature
superconductivity is induced in La,CuQ, as a consequence of an interface effect.
Notably, any contribution to superconductivity stemming from Lay ,Sr,NiO, can
easily be excluded by observing that the single phase material does not exhibit
superconducting behavior (see Section 2.1.4). In Figure 4.21, the T, values as
a function of the doping level are summarized. Superconductivity is found for

x > 0.5, reaching the plateau value of ~ 35-40 K for = > 0.8.

Dependence on N. The dependence of T'. on the La,CuO, thickness N has also
been analyzed. The doping level (z=1.3) was kept constant. Notably, by choosing
such a high x value, we were able to better highlight the role of cationic intermix-

ing at the interface (see the TEM study in Section 4.2.1). The results, summarized
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Figure 4.20. a) R versus T for superlattice structures (N = 2.5) on LaSrAlO, substrate.

The measured resistance values are normalized by multiplication with the number of

superlattice repetitions. b) Magnification of the low resistance region, showing in greater

details the superconducting transition.
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Figure 4.21. T values as a function of the lanthanum nickelate doping level z for the

superlattices whose resistance curve is shown in Figure 4.20. The dotted line is a guide

to the eye.

in Figure 4.22, show that an optimal thickness exists (comprised between 2.5 u.c.
and 5.5 u.c.) giving rise to the highest 7. (T ~ 40 K). A small La,CuQ, thick-
ness is detrimental for superconductivity, probably as a consequence of a certain
crystallographic disorder which is present in the proximity of the interface as also
indicated by the RHEED pattern during the growth (see Figure 4.17d). For a
large La,CuO, thickness, the T, values predictably approach the bilayer T'. limit
of ~ 20 K (see following paragraph and Section 4.2.3). In Figure 4.23, all the

resistance versus temperature curves are reported.



73

4.2. La,CuOy / Lay ,Sr,NiO, interface

45
40+ o
35 N A
30 E / N
] / S
X 25 _//., 4 - -
~ ] ’,’ bilayer
~ 204 [
151
104 |
51
ol ‘ ‘
2 3 4 5 6 7

La,CuO, thickness N
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Figure 4.23. Resistance versus temperature curves for Sry 3Lag ;NiO, / LayCuO, su-
perlattices (see also Figure 4.22). In order to allow for a better comparison, resistance

values have been normalized to the resistance value at 273 K.
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Electrical properties of bilayers

The properties of bilayers consisting of
4 u.c. LayCuOy4 + 4 u.c. Lay ,Sr,NiO,

have been studied. In particular in order to verify whether the sequence of the
layers matters for yielding superconductivity (i.e. Lay,CuO, deposited as a bottom
or top layer), we systematically compared the electrical behavior of structures
characterized by reverse sequence of the layers (maintaining the same nominal
composition of the phases). In Figure 4.24, the electrical properties of such films
are shown, for various doping levels of lanthanum nickelate. In Table 4.1, the T
values are summarized. Focusing on the case in which z = 1.3 (composition which
has also been analyzed by TEM, see Section 4.2.1), one can clearly see that T is
independent on the sequence in which the layers are deposited (7. ~ 23 K). Which
is, LayCuOy4 hole doping level at the interface is, in both cases, equal (or close)
to the optimal. By decreasing x, one can see that, in the case of the Lay,CuOy /
Lay ,Sr,NiO, bilayer, the critical temperature is only marginally affected as long
as x > 0.8, with T'. varying from 23.9 K to 18.9 K by decreasing x. The variation
of the T'.-onset (1.9) is more pronounced, decreasing from 41 K for x = 1.3 to
34.8 K for x = 0.8. This is indicative of a higher degree of doping inhomogeneity or
of an increased amount of structural disorder in La,CuO,4 when z in Lay ,Sr,NiOy4
is higher, as also described in Section 3.5.2. For x = 0.7, only 7,09 could be
measured (7. < 4 K).

In the opposite situation (La,CuQO, as top layer), the occurrence of high-
temperature superconductivity seems to be promoted also for low doping levels
(T. = 324 K for x = 0.7), but it should be mentioned that, in this case, the
critical z could not be defined precisely (for example, superconducting transition
was measured for some samples with = as low as 0.4). This could be ascribed
to the difficulties that we encountered in controlling the growth of Lay ,Sr,NiO,
especially in relation to the cationic stoichiometry (see Section 4.1.2). This can
be considered as an accidental factor working in same cases (e.g. in the case of

Ni-poor stoichiometry eventually resulting in an accumulation of the excess La
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and Sr on the surface of the growing film) in favor of intermixing of the phases,
this way promoting the occurrence of high-temperature superconductivity (see
Section 4.2.2). Remarkably, increasing the doping level resulted, in the case of
Lay,CuO, as top layer, in worse electrical properties, in terms of both metallicity
(i.e. slope of the resistance curve) and T'.. This might be due to the increased
roughness of Lay ,Sr,NiOy for higher doping level (as described in Section 4.1.2)
determining an increased disorder the La, ,Sr,NiO, / Lay,CuQy interface.

Notably, the study of the superlattices (see Figure 4.21) revealed that T'. > 30
K occurs for x = 0.6 or higher, providing a reliable indication of the x value that
can be taken as threshold for the occurrence of high-temperature superconductivity
in Lay,CuO,.

La,CuO,/ La, SrNiO, La, SrNiO,/La,CuO,
4000 300
35001
250
30004
— x=0.7
2500 200
N x=0.8
E 20004 150 oo
15004 100 o
10004 —_— x=13
500 504
O" N T T T T T 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T/K T/K

Figure 4.24. Electrical properties of bilayers made of 4 u.c. LayCuO, and 4 u.c.
Lay ,Sr,NiO, as a function of temperature for different doping levels. In (a), results
from structures having La,CuQ, as a bottom layer. Results from the opposite structure

(LagCuO, grown on Lay ,Sr,NiO, ) are shown in (b).
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La,CuO, / La, ,Sr,NiO4 La, ,Sr,NiO,4 / Lay,CuOy4
doping level || T o9 (K) | Tc (K) | T¢ 09 (K) T. (K)
0.7 10.7 <4 K 45.3 32.4
0.8 34.8 18.9 not grown
0.9 36.8 224 not grown
1.3 41.0 23.9 34.9 23.2

Table 4.1. T. summary for bilayers of La, ,Sr,NiO, and LayCuO, (resistance curves

are reported in Figure 4.24.

TEM characterization

In order to investigate the structural aspects of the Lay ,Sr,NiO, / La;CuQOy,
interface, a selection of samples was studied by TEM.! In Figure 4.25, the results
of the interface elemental analysis, as measured by EELS across a Sry 3Lag;NiOy
region (nominal thickness 2.5 u.c.) and the neighboring La,CuO, layers in a su-
perlattice structure, are depicted. The EELS profile (Figure 4.25b) is obtained by
integrating the signal over the region shown in Figure 4.25a, in which a spatial
compositional map is presented. The single atomic column resolution allows for
analyzing the local composition: in particular, each maximum in the Cu intensity
curve shows the position of the CuO, planes; similarly, the maxima of the blue
curve are assigned to the NiO, planes. The La intensity oscillations (in green) are,
as expected, in opposition of phase (i.e. the La intensity maxima correspond to the
Cu (or Ni) minima and vice versa, reflecting the nominal alternation of AO layers
and BO, planes as described in Section 2.1.1). One can observe a certain Cu/Ni
intermixing, which is limited to one atomic plane at each side of the Sry 3Lag 7NiO,.
This can be explained by simply considering the intrinsic roughness, which in the
best of the cases is as low as the substrate roughness, about 0.5 nm, namely half

a u.c. (see also the final roughness of the heterostructures, Figure 4.19). Most

!The observations and analyses were performed by Dr. Yi Wang at the StEM group (Prof.
Van Aken) at the Max Planck Institute for Solid State Research (Stuttgart).
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importantly, the data show that a certain Sr amount spreads (for about an addi-
tional half u.c.) from the nickelate into the cuprate phase particularly at the top
interface (the one in the growth direction), whereas the bottom interface seems
to be sharper (the extension of the Cu/Ni and the Sr/La intermixing area is here

comparable).
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Figure 4.25. a) Spatial map of the different elements over a Lag 7Srq 3NiO, region of
2.5 u.c., i.e. 5 NiOy planes, and the neighboring La,CuQ, layers. b) TEM-EELS profile
showing the intensity profiles for the different elements. The black dotted lines mark the

nominal position of the interfaces.
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4.2.2 Discussion

In the light of the experimental findings described above, several explanations
may be considered for rationalizing the observed high-temperature superconduc-
tivity at the interface between La, ,Sr,NiO, and Lay,CuO,.

Cationic intermixing at the interface

According to the TEM data, a certain cationic redistribution occurs at the
interfaces (see Figure 4.25). Even though it is very limited, yet, a role in the occur-
rence of high-temperature superconductivity could be attributed to unintentional
Sr doping of La,CuQy, , as depicted in Figure 4.26. This is especially true for what
concerns the situation in which Lay ,Sr,NiO, is underneath La,CuO,, where we
can identify about 1 u.c. of Sr-doped La,CuQO,. On the other hand, the opposite
situation (i.e. Lap,CuO, underneath La, ,Sr,NiO,) results in a sharper interface,
the width of the region affected by the Sr diffusion being comparable with the
Cu/Ni intermixing width. Cationic intermixing at epitaxial interfaces has been
reported several times in literature and represents one of the key aspects in this
type of systems since it may deeply affect, or even be mainly responsible for the
interface functionalities. Therefore, great effort is put in discerning its role for ex-
ample in the well-studied case of the LaAlO3 / SrTiO; interface (in which La from
LaAlO3 could act as a donor dopant for SrTiO3) and also in related structures.
As a matter of fact, a certain intermixing is often observed, but its width and its
role in the system properties are currently under debate.?%:2%:166-170 Ty this sense,
our case is particularly interesting since it exhibits an asymmetric behavior for the
two interfaces, whose intermixing width depends on sequence of the layers. Such a
finding has been highlighted only in few cases (e.g. LaVO3 / SrTiO3 superlattices
and LaMnOs / StMnOj superlattices).!™! 172

Whether or not Sr intermixing alone is sufficient for explaining high-tempera-
ture superconductivity in the present case, is controversial. In particular, the

following further aspects need to be taken into account:

e Comparable electrical properties for the two interfaces. The study
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Figure 4.26. Interfacial doping of LayCuQO, by Sr/La redistribution (schematic).

of Lay ,Sr,NiO, / LayCuO, bilayers showed that the electrical properties of
the interfaces are only partially affected by the sequence of the layers. On the
other hand, TEM analysis showed that Sr preferably migrates in the growth
direction, suggesting that the La, ,Sr,NiO, / La,CuQO, interface undergoes
a more extended cationic redistribution than in the opposite case (Lay,CuQO,
/ Lay ,Sr,NiOy, bilayer). Therefore, a discrepancy between structural and

electrical properties is present.

e Doping level. High-temperature superconductivity (T. > 30 K) was found
for doping levels as low as z = 0.62 in the case of superlattices (see Fig-
ure 4.21). This is more than twice as low as the composition analyzed by
TEM. In such a case it is reasonable to expect a less pronounced Sr-diffusion
from the nickelate into the cuprate. Despite this, high-temperature super-

conductivity is only marginally affected.

e Cu/Ni intermixing. The presence of Ni in the CuO, planes is expected
to determine a decrease of T..'"™ '™ Therefore, one could infer that the first
Lay,CuQO, layers next to the La, ,Sr,NiO, phase, where most of the Sr but
also some Ni is present, have depressed superconducting properties. This
suggests that high-temperature superconductivity may occur in La,CuQOy
layers which are not the closest to the interface, but rather in those where

the Sr concentration is lower (or negligible).
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For this reasons, the following alternative scenarios need to be considered.

Electron transfer. From the experimental data, it is evident that the key pa-
rameter for the appearance of superconductivity is the doping level of La, ,Sr,NiO,.
By Sr-doping, one introduces holes in the La, ,Sr,NiO, system, which, in the sin-
gle phase form, even undergoes a insulator-to-metal transition at a critical doping
level of x ~ 0.9 as reported by literature!®® and as confirmed in this study (see
Figure 4.15). Remarkably, this is very similar to the doping level at which the
superconducting state is fully developed in our structures. This allows one to
consider electron transfer as a possible explanation for high-temperature super-
conductivity: in order to maintain constant hole electrochemical potential (see
Section 2.2), delocalized holes are transferred from the metallic Lay ,Sr,NiO, to
the La,CuO, phase and high-temperature superconductivity appears due to hole
doping in Lay,CuO,. At the La, ,Sr,NiO, side of the interface, such a situation
determines the presence of a negatively charged region due to an excess of charged
ionic defects (Sry,), which is compensated by excess holes at the La,CuOy side as
depicted in Figure 4.27. High-temperature superconductivity is eventually induced
by pure p doping of La,CuQO,. This scenario, which is inspired by the concept of
p-n junction typical of semiconductors, has found experimental proof also in the
field of oxides.?®?® In particular, the case of metallic Lay_,Sr,CuQ, / insulating
La,CuO, bilayers,?*3! in which high-temperature superconductivity is induced in
Lay,CuQO, as a consequence of hole transfer, is in line with the considerations made

for the present case.

Ionic space charge. The scenario described above, taking into account hole
transfer, neglects the role of other ionic charged species. Such assumption may
not be valid in our case, since Lay ,Sr,NiO, is rich of oxygen vacancies V. As
described above (see Figure 4.16), the condition of electrochemical potential con-
stancy for V§y results in a rearrangement of such ionic specie across the interface:
in particular, if oxygen vacancies are depleted in La, ,Sr,NiO, at the interface,
this results in a negative space charge potential. Its compensation requires posi-

tive charges, i.e. V{ and in particular h*, to be enhanced on the La,CuQ, side,
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Figure 4.27. Schematic description of hole transfer from Lay ,Sr,NiO, to LayCuQy,
with formation of two charged regions at the interface as a consequence of disproportion
between Sr], and h® concentration. The concentration profiles are depicted in blue (red)
for Sry, (h%).

eventually giving rise to high-temperature superconductivity due to hole accumu-

lation. Notably, Vi is a minority defect in Lay,CuO,.

Realistic scenario. At least for what concerns the La,CuO, / Lay ,Sr,NiO,
interface, in which Sr redistribution is limited, it seems reasonable to consider
the space-charge scenario as responsible for high-temperature superconductivity.
Compared to the case in which only holes or oxygen vacancies redistribute from
the nickelate into the cuprate, the diffusion of Sr would result in a lower space
charge potential as a consequence of negatively charge defects (Stf,) migration. In
the opposite case instead (Lay ,Sr,NiO, / Lay,CuQy interface), one should take into
account the non-negligible cationic intermixing, which can be accounted for high-
temperature superconductivity. The realistic picture, a "mixed” situation in which
space-charge effects occurr at the La,CuQOy / La, ,Sr,NiO, interface, whereas the
Lay ,Sr,NiO, / Lay,CuOy interface is dominated by cationic intermixing, is illus-
trated in Figure 4.28.
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Figure 4.28. Schematic picture of the realistic situations occurring at the

cuprate/nickelate interfaces considered here: the bottom interface (i.e. Lay,CuO, /
Lay ,Sr,NiO, layers sequence) is dominated by space-charge effects, whereas at the top

interface (La, ,Sr,NiO, / LayCuQ, layers sequence) Sr redistribution is predominant.

4.2.3 Further considerations

In the following, further interesting aspects of the nickelate / cuprate inter-

face, which have been disclosed during our studies, are pointed out.

La, ,Ba,NiO,/La;CuO,4 heterostructures

The use of Ba as a dopant, instead of Sr, for lanthanum nickelate, has some

potential advantages for the study of interface effects:

e Different cationic radius. Due to the larger ionic radius and atomic mass
(see Table 2.2), one could expect a different diffusivity for Ba compared to
Sr. Whether this would be lower or higher is not straightforward, as one
might expect at first diffusion to be be facilitated for lighter elements i.e. for
St over Ba, but on the other hand, studies on ionic crystals have frequently
found increasing diffusivity for larger atoms, probably as a consequence of
the greater polarizability.!”® 7" At any rate, a comparison of the interface
intermixing in the two cases and the respective electrical properties would
provide useful informations. Moreover, the ionic radius affects the in-plane
lattice parameter of lanthanum nickelate, which is larger for the Ba-doped

98

phase than for the Sr-doped one.” Due to epitaxial strain, we expect, as
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a consequence, higher in-plane tensile strain in La,CuQ, if coupled with
Ba-doped nickelate. This is a well-known factor working in favor of high-

temperature superconductivity in La,CuQ,.8% 149

e Different oxygen vacancies concentration. Studies on lanthanum nick-
elate pellets have demonstrated that a higher level of oxygen deficiency is
found for Ba-doped samples than for Sr-doped ones.”® Therefore by compar-
ing the effect of different dopants, one might also gain insight into the role

of Vi at the interface (see“ionic space charge” case in Section 4.2.2).

In Figure 4.29, we compare the electrical properties of two bilayers having
similar structure La,CuO, / La; 3My7NiOy4, in which M=Sr (black curve), Ba
(red curve). Notably, according to these preliminary data, improved electrical

properties result from using Ba as a dopant for the nickelate.
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Figure 4.29. Resistance versus temperature for 4 u.c. La,CuQO, / 4 u.c. La; 3M( ;NiOy
(M=Sr, Ba) on LaSrAlO, substrate.
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Lattice parameter

The average out-of-plane axis parameter of Lag 7Sty 3NiOy / La,CuO, super-
lattice structures (d..,) has been obtained applying Equation (3.2) to the XRD
main diffraction peaks, and has been compared with the theoretical value dy;, ob-

tained according to Equation (3.4):

A _ ClLayCu0, X N + crag 51, sNi0, X M
N+ M N+ M
in which N and M are the numbers of LayCuQO, and Lag ,Sr; 3NiO, unit cells in

dyp, = (4.1)

the superlattice unit, respectively. Please note that in the investigate superlattices
M is constant, namely M = 2.5.

For the calculation of dy,, the c-axis parameter for La,CuO, was set as
CLayCu0, = 13.25 A, which is the typical value for optimally doped lanthanum
cuprate (see Figure 4.6), whereas cpa, .sr, ,Ni0, = 12.45 A, in agreement with liter-
ature.'® Please note that the resulting dy, is likely to be overestimated, since only
few layers of La,CuQO, in the structure are expected to be superconducting (the
remaining layers, insulating, are characterized by lower lattice parameter). Note
also that the value taken for cp,, .sr, ,Nio, is higher than the one that was obtained
for the single phase films investigated here (probably as a consequence of a higher
concentration of oxygen vacancies) (cf. Figure 4.13).

The outcome is shown in Figure 4.30. Interestingly, a discrepancy between
Jem and dy, is present, with czexp > dy,. This could be due to the smeared Sr dis-
tribution that we observed, eventually affecting the c-axis parameter as described
in the previous sections (see for example Figure 4.13 and Section 2.1.2), but it
could also indicate that a certain adjustment of the out-of-plane lattice parameter
between the two phases occurs as a consequence of electrostatic interactions in the
ionic crystal structure.® While it is well-known that the different phases adapt
their in-plane lattice parameter to each other in epitaxial structures (epitaxial
strain), less is known about the out-of-plane adjustments (“Madelung strain”).%
Therefore, it would be interesting to investigate (e.g. by means of TEM imaging)
the local distance between each atomic layer in order to highlight a possible effect

of "out-of-plane strain” induced by the epitaxial superlattice structure.
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Figure 4.30. Average lattice spacing in Lag;Sr; 3NiO, / Lay,CuQO, superlattices as
obtained by XRD (deyp) and theoretically (dy,).

Noteworthy, given the strong influence of the out-of-plane lattice constant

on the final T, value in La,CuO, (see Figure 4.6), these structural aspects could

be put in relation (i) with the lower T'. which was measured for the bilayers with

respect to the superlattices; (ii) in the case of the superlattices, with the tendency

of T'. to decrease for large Lay,CuQOy, thicknesses (see Figure 4.22).



4.3. Two-dimensionally doped lanthanum cuprate 87

4.3 Two-dimensionally doped lanthanum cuprate

The part of the project that will be described in the following is inspired by
the concept of delta-doping, which can be defined as the introduction of a very thin
slab of doped material in an undoped matrix with the purpose of modifying its
structural properties. Delta-doping technique has been extensively implemented
in semiconductor technology but has been much less exploited in oxides.!™ In
this context, investigations have been mainly performed on delta-doped SrTiO5 in
which, by confining the doped phase (typically Nb- or La-doped SrTiO3), improved
properties were obtained.!™ 18! The limits for the dimension of the delta-doped
slab and for the dopant concentration are represented by the substitution of a full,
single atomic layer with a single layer of dopant in the undoped structure: such
an approach (single-layer delta doping) has been successfully implemented in few
cases in simple perovskite structures and has demonstrated its power for tuning
electrical conductivity and magnetic properties. For example, the substitution
of single layer of SrO with LaO in SrTiO5; was shown to induce electronic redis-
tribution in proximity of the doped layer.?6 A similar effect was observed upon
substitution of SrO with GdO in SrTiO;.1%2 With respect to magnetic materials,
one example is given by the work by Santos et al., in which a metallic ferromag-
netic region was formed in superlattices made by single unit cell layers alternation
of LaMnOj3 (antiferromagnetic insulator) and SrMnOj (antiferromagnetic metal)
as a consequence of charge spread from the metallic to the insulating phase.'®3

However, none of the examples given in literature demonstrated the po-
tential of delta-doping with respect to superconductivity since, to the best of
our knowledge, all the reported delta-doped oxide superconducting systems (Sr-
TiOz /Nb:SrTiOs / SrTiO3 and LayCuOy /Lay g591015CuOy / La,CuOy ) already
exhibit superconductivity also in the bulk form (single phase Nb:SrTiO; and
Lay g5510.15CuQy, respectively).!84185

Here, we implemented atomic-layer delta-doping in lanthanum cuprate by
substituting specific single layers of LaO with SrO. This doping mode can be
referred to as two-dimensional or heterogeneous doping, in contrast to the zero-

dimensional (also called homogeneous) case in which instead the dopant is ran-
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domly dissolved in the matrix. The comparison between zero-dimensional and
two-dimensional doping in Lay,CuQO, is given in Figure 4.31. In the first case,
Sr is randomly placed in the lanthanum cuprate matrix: the system obeys the
electroneutrality condition which predicts the negatively charged Sr defects to
be compensated by electron holes and oxygen vacancies located in proximity of
each dopant ion (Debye-Hiickel situation) thus being homogeneously distributed
in the material. Viceversa, by confining the dopant in atomic layers, these play
the role of negatively charged surfaces. The situation is governed by space-charge
conditions (Gouy-Chapman) which, as a consequence of the built-up (negative)
potential, predict the redistribution of the mobile charge carriers within the space
charge region. In particular, a sharp increase of the positive defect concentrations
(i.e. holes and oxygen vacancies) and the depression of the negative ones (i.e.

oxygen interstitials) is expected. The two situations can be formally discussed as

follows: 186
’;’“56’“ <0 (4.2)
qdop
)
?“ZC’: <0 (4.3)

Equation (4.2) is valid for the homogeneous case, whereas Equation (4.3)
applies to the heterogeneous doping case. For both, z; is the defect charge number,
cx its concentration. In Equation (4.2), qqep is the effective charge of the dopant
(< 0 for Sr substituting La), which is replaced in Equation (4.3) by the effective
charge density of the doped layer Y.

The two situations are charge-wise similar (they both are expected to give
rise to an increase (depression) of positively (negatively) charged defects upon Sr
doping), but they are spatially very different as, in the heterogeneous case, a defect
concentration gradient is expected for the mobile species. Moreover, in this case
the hole distribution does not spatially follow the distribution of the dopant.

Notably, two-dimensional doping presents, with respect to the zero-dimensio-
nal case, the possibility of structuring a material at wish (i.e. by defining the

position of the doped layer) and to dope the material avoiding the crystallographic
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disorder induced by the ionic dopant random distribution, possibly improving the

material performance.

4.3.1 Synthesis of two-dimensionally doped La,CuQO,

The unique possibility of defining the composition of each atomic layer which
is given by the ALL-MBE method (see Section 3.1) was employed to the realize two-
dimensionally Sr doped La,CuQ,. In particular, superlattices in which predefined
LaO layers were substituted by SrO were synthesized. The nominal composition

of the heterostructures can be written as
S x [(SrO—LaO—CuO,) + N x [(LaO—LaO—Cu0,)]

with S being the number of repetitions of a superlattice unit and N the number of
LayCuOy blocks (i.e. half a u.c.), deposited as spacing between two Sr-containing
Lay,CuOy blocks. All the samples were grown on LaSrAlO, (001) substrate.

A two-dimensional representation of the crystal structure is depicted in Fig-
ure 4.36a.

The growth conditions were the typical ones for La,CuQOy, i.e. T & 600 °C
and P ~ 2.5 x 1075 Torr. Vacuum cooling, starting from 7" = 200 °C, was carried
out in order to exclude any contribution to conductivity due to the insertion of
oxygen interstitials. High quality samples were synthesized, as one can infer from
the RHEED analysis reported in Figure 4.32. Figure 4.32a displays the time
evolution of the specular spot intensity, while the RHEED patterns during different
stages of the deposition are shown in Figure 4.32b to Figure 4.32e. The deposition
of the SrO atomic layer does not lead to the appearance of any diffraction signal
except the one which is typical for La,CuO, (Figure 4.32b), indicating that no
secondary phases (e.g. rock-salt SrO, see Ref. 187) are formed. Rather, SrO
is deposited as atomic layer in the cuprate matrix. The oscillation amplitude
obtained during the deposition of the subsequent LaO and CuO, atomic layers is
reduced for the initial layers and recovers at a distance of about 4 constituting
blocks, i.e. about 2 unit cells, from the SrO layer. Typical diffraction pattern for

La,CuQy, i.e. 4 extra-bands between the main diffraction streaks (see Figure 4.3e),
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Figure 4.31. In panels (a) and (b) the crystal structures of homogeneously and het-
erogeneously doped LayCuO, (oxygen atoms are omitted for clarity), respectively, are
schematically depicted. In (c) the resulting defect diagram for homogeneous doping,
fulfilling the electroneutrality condition, is presented. In (d), expected defect distribu-
tion for heterogeneous doping, highlighting the presence of a hole accumulation layer in

proximity of the 2-dimensional SrO layer.
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is always present (Figure 4.32d and Figure 4.32¢), apart from the first two layer
after SrO (Figure 4.32c refers in particular to the second layer). This is suggestive
of an increased crystallographic disorder at the first layers on top of SrO.

A typical AFM micrograph is reported in Figure 4.33, showing that no sec-
ondary phase outgrowths are present. Terraces, which are due to the substrate
morphology, are clearly visible and testify that layer-by-layer conditions are main-
tained throughout the whole growth process.

In Figure 4.34, XRD 26/w scan is presented. It shows that the structure is
c-axis oriented, highly crystalline (see the presence of high index diffraction or-
ders). The magnification of the (004) peak (Figure 4.34b) shows clear superlattice
reflections. Finally, an example of XRR analysis, including simulation (using the
Parratt formalism see Section 3.3), is reported in Figure 4.35. Very good agree-
ment between the real and the expected thickness is found, confirming the precise

control of the growth process.
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Figure 4.32. RHEED in-situ analysis during the growth of a two-dimensionally doped
superlattice period [(SrO-LaO-CuO2 + 15 x (LaO-LaO-Cu02)]. a) Specular spot inten-
sity evolution recorded during the growth of a single superlattice. The different stages
of atomic layer deposition are marked with different colors for the first layers (SrO=red,
LaO=green, CuO2=blue). Diffraction patterns along the (100) direction, recorded at
the end of the deposition of the SrO layer (b), and CuO, different layers are reported
((c) to (e)). Reproduced from Ref. 140.
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Figure 4.33. 5x5 um AFM scan of the film surface of two dimensionally-doped
LayCuOy. Ry,s is 0.3 nm. Reproduced from Ref. 140.

4.3.2 Results and discussion
Electrical properties

Low temperature electrical conductivity measurements were performed as
described in Section 3.5, for several superlattice structures having different spacing
N and similar total thickness ~ 400 A. The results are reported in Figure 4.36b
and Figure 4.36¢, which show the resistivity data as a function of 7" and the average

T'. value as a function of N, respectively.

Remarkably, despite the nominal composition is not superconducting, be-
ing formed by alternating metallic and insulating La,CuO, blocks, the samples
exhibit high-temperature superconductivity. Several interesting features can be
highlighted from the analysis of the data. First, in-plane resistivity increases for
larger N: this suggests that the conducting (and superconducting) phase is located
in proximity of the SrO layer (as, by increasing the spacing between the SrO layers,
a phase with insulating character is introduced). Second, a certain dependence of
T. with N is evident: an optimal spacing interval N exists (5 < N < 9) to which
the maximum 7T (= 35 K) corresponds. For lower spacing, T. decreases: a high

hole concentration leading to overdoping (see Section 2.1.3), or structural distor-
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Figure 4.34. XRD of two-dimensionally doped La,CuQO, superlattice with structure 10
x [(SrO—LaO—CuO, + 5x(LaO—LaO—CuO,)]. In (a), fullscan, in (b), magnification
around the (004) diffraction peaks. Reproduced from Ref. 140.
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Figure 4.35. Low-angle XRR scan of a thin film of two-dimensionally doped La,CuQOy
[(SrO-La0O-Cu02) + 5 x (LaO-LaO-CuO2)] x 10 on LaSrAlO, (001) substrate (black
line). The data simulation (red line) results in an average period thickness of 38.56 A,

to be compared with an expected thickness of 39.84 A. Reproduced from Ref. 140.

tions induced by the SrO layers (see the RHEED patterns analysis in Section 4.3.1)
can be both considered as responsible . For higher spacing, T'. saturates at ~ 25

K (please refer to Section 4.3.3 for a possible explanation of this finding).
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Figure 4.36. a) Sketch of two-dimensionally doped La,CuO,. b) Resistivity versus
temperature for a set of superlattices having general structure S x [(SrO—LaO—CuO,)
+ N x [(LaO—LaO—CuO,)], for different N (colors are defined as in (c)). ¢) T versus
spacing N. The closed symbols refer to the average values, the error bar indicates the
standard deviation of the measurements set. For those compositions (value of N), in
which a set of two samples was considered for the determination of the average critical
temperature, both T, data points are shown in the diagram (open square symbols).
Reproduced from Ref. 140.
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TEM characterization

TEM characterization was performed on a representative selection of sam-
ples.?

Figure 4.37 summarizes the analysis which was performed in order to clarify
the cationic distribution. In Figure 4.37a a HAADF image is presented: one can
observe the absence of any extended structural defects such as misfit dislocations
or antiphase boundaries. Moreover, an alternation between brighter and darker
areas, originating from the inhomogeneous Sr distribution (which, due to the lower
atomic number, gives darker contrast with respect to La), can be detected. In
Figure 4.37b, the HAADF intensity, integrated for the region shown in (a), is
presented. Each intensity oscillation (light green line) corresponds to an atomic
column. By enveloping the maxima (blue line in Figure 4.37b), one can retrieve
more precise informations about the extension of the Sr-doped areas: remarkably,
a certain redistribution is present, i.e. Sr is not perfectly confined into a single
atomic layer.

More precise insights could be obtained by spectroscopic methods (EDXS and
EELS), results of which are presented in Figure 4.37¢ (linescan over the whole area
shown in a) and Figure 4.37d (linescan over the dark blue line of Figure 4.37a),
respectively. Single atomic column resolution (step-size ~ 2 A) allows one to
highlight that Sr not only underwent a spatial redistribution, but also that its
concentration profile is highly asymmetric. In particular, while the downward side
of the interface (i.e. the side facing the substrate, cf. Figure 4.36a) is sharp (the
redistribution width is 0.9 4+ 0.2 nm), the upward side (in the growth direction),
shows a Sr distribution profile which extends for 2.3 + 0.4 nm. Such a feature,
which is ascribable to thermal diffusion and to the growth kinetics for the down-
ward side and the upward side of the interface, respectively, will be analyzed in
detail in Section 4.3.4.

TEM spectroscopy also allowed for a quantitative analysis of Sr concentra-

tion. In particular, by appropriately scaling the EDXS Sr-L. and La-L intensity

2Observations and analyses were processed by Dr. Yi Wang at the StEM group (Prof. Van
Aken), Max Planck Institute for Solid State Research (Stuttgart).
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in the substrate region (where [Sr|/[LaJ=1), we could obtain the concentration
ratio of the two cationic species in each atomic column: the maximum [Sr]/[La] is
0.21 £0.02.

EELS analysis allowed us to obtain a direct measurement of the Sr and
hole distribution profiles, by averaging the Sr-L, 3 edge (for Sr) and the oxygen-K
(O-K) edge pre-peak (for holes), which were obtained over several Sr-containing
regions. In particular the O-K edge pre-peak, which is also called mobile carri-
ers peak (MCP),? is ascribed to the electronic transitions from O;gcore-level to
hole states with p symmetry in the valence band and therefore its intensity is pro-
portional to the hole concentration.?®!4® The MCP intensity, which was retrieved
upon subtraction of a reference spectrum taken from undoped, insulating La,CuQO,
(Figure 4.38), is plotted together with the Sr-L, 3 edge intensity in Figure 4.39.
Interestingly, by comparing the two profiles, one observes that, while the resulting
Sr distribution is asymmetric (as already detected by the EDXS analysis), the
hole profile is symmetric around the nominal position of the SrO layer. This is

indicative of clear decoupling between ionic dopant and mobile electronic charges.

EELS analysis was also used in order to obtain quantitative informations
about the Sr and holes distribution profiles, i.e. the number per formula unit that
can be assigned to each La,CuO, unit-block (constituted by a CuO, plane and the
surrounding La; ,Sr,O charge reservoir layers). By averaging the data points of
the plots shown in Figure 4.39 in order to assign a single Sr-L, 5 and MCP intensity
value to each unit-block, and by normalizing the sum of the intensities in order
to fulfill the nominal stoichiometry and electroneutrality, we were able to obtain
the Sr and hole concentration profiles as depicted in Figure 4.40. Remarkably, at
the upward side hole and Sr profiles almost perfectly overlap, as one would expect
for a classical homogeneous doping situation, whereas at the opposite side there
is a clear decoupling between holes and Sr ions. In particular, to the excess of
negative charge in the first unit-block (the one to which the CuO, plane marked
with Pg, = —1 belongs), corresponds an excess positive charge at planes Pg, =
—2,—3. This finding points towards the presence of an heterogeneous doping mode

at the backward side interface and has been further confirmed independently by
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Figure 4.37. a) HAADF analysis of two-dimensionally doped La,CuQO, (S =8, N = 7).
The intensity modulation (quantitatively reported in panel (b)), highlights the alternated

Sr-doped and pure LayCuO, areas. In figure (e), a magnification of the area identified

by the red square in (a), showing the atomic arrangement, is presented. c) [Sr]/[La]
profile, extracted from analysis of La-L. and Sr-L EDX lines. The error bars indicate the
standard error. d) Result of the integration of the EELS Sr-L, 5 line profile acquired
along the line marked in dark blue in panel (a). The error bars are the standard error.

Reproduced from Ref. 140.
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Figure 4.38. a) Oxygen-K edge from two-dimensionally doped La,CuQO, (red), and
from LayCuO, (black), respectively, highlighting the differences in the near-edge fine
structure. In the hole-enriched region, a pre-peak can be clearly seen. b) Magnification

of the pre-peak region. Reproduced from Ref. 140.

complementary tests, as described below. At the upward side instead, Sr and holes
profiles are coupled, as one would expect in the case of an homogeneous doping

mode.
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Figure 4.39. STEM-EELS analysis of the O-K edge pre-peak and of the Sr-L, 5 edge.
Experimental data for holes (O-K edge pre-peak) and Sr (Sr-L, 3 edge), obtained by

averaging the intensity profiles of different line scans, are indicated in light blue and

orange, respectively (the standard error is indicated by error bars). The dashed lines

mark the regions corresponding to each (La,Sr)O—CuO,—(La,Sr)O unit-block. The data

obtained as weighted mean for each region are shown in dark blue (for holes) and red

(for Sr). For the holes, the intensity is expressed as the result of the subtraction of

the reference spectrum referring to undoped LayCuQO,4 . The error bars result from the

averaging process. Reproduced from Ref. 140.
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Figure 4.40. Sr and holes per formula unit, as obtained by STEM-EELS data analysis.
Reproduced from Ref. 140.

Zinc-tomography

Zn-tomography is a successful technique for the spatial mapping of supercon-
ductivity. It is well-known that the substitution of Cu with Zn leads to a strong
reduction of T, in cuprates.!8$189 This has been applied in recent years in an
epitaxial system based on lanthanum cuprate, in order to precisely locate the su-
perconducting layers.? This technique is known in literature as ”Zn-tomography”
and is based on the measurement of the residual 7'. which persists after the inser-
tion of a small amount of Zn (about 3% a.t.) in selected CuQO, planes. Since such
a doping procedure leads to the reduction of 7. only of the doped CuO, plane (as
long as the Zn concentration is kept low enough to make diffusion to neighbor-
ing planes negligible), then the plane (or the planes) whose Zn-doping gives the
highest reduction of T'. can be identified as the responsible for high-temperature

superconductivity .

We first tested the feasibility of such a technique on ultra-thin (2 u.c.), opti-
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mally doped La; g4Sr( 14CuO,4, which has T, &~ 20 K. Upon Zn-doping we observed
a dramatic reduction of T, (=4 K), as shown in Figure 4.41. It should be noticed
that, by reducing the thickness to 2 u.c., we could minimize possible extrinsic
effects on T'. due to the formation of secondary phases such as ZnO.

We applied the ”Zn-tomography” technique in a set of samples of two-
dimensionally doped Lay,CuQO,, in which only one SrO layer was inserted. The

formal structure is:
[8 x(LaO—LaO—CuO,) + (SrO—LaO—CuO,) + 8 x(LaO—LaO—CuO,)].

The outcome is shown in Figure 4.42, in which the average residual T'. (solid
squares) is plotted as a function of the CuO, plane doped by Zn. The numbering
of the Cu0O, is made in agreement with Figure 4.40.

The result highlights several interesting aspects. Let us first focus on the
backward side of the interface, which we analyzed upon suppression of T'. of the
upward side (to obtain this, all the CuO, planes belonging to that region were
doped by Zn). We found that this region, despite the sharp Sr profile, is super-
conducting (7. ~ 25 K, red band in Figure 4.42b). Interestingly, the selective
doping of the different CuO, planes indicates that the strongest 7', suppression is
obtained when the second plane (P, = —2 in Figure 4.42) is doped by Zn, provid-
ing a precise indication that this plane is the major source for high-temperature
superconductivity at the backward side. This is in very nice agreement with the
spectroscopic results (Figure 4.40), which indeed indicated the right hole con-
centration for superconductivity for Po, = —2 (= 0.1 holes/CuQO,). Even the
quantitative agreement is good since, to such a hole concentration, 7. ~ 25 K is
expected, which is corresponding to the actual T of the backward side.3*%% Most
importantly, since a very low Sr content (= 0.02) was obtained from EELS anal-
ysis (Figure 4.39) (far lower than the threshold required for the superconducting
transition in La, ,Sr,CuQ,), this tells us that homogeneous doping cannot be ac-
counted for high-temperature superconductivity at the downward side. Rather, a
heterogeneous doping mode has to be considered. It is also worth noticing that

the confinement of high-temperature superconductivity to a single CuO, plane,
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Figure 4.41. Resistance versus temperature for 2 u.c. thick La; g4Sry 14Cu0O, and with

La1.84Sr0.16Cu0A97Zn0.03O4. Reproduced from R,ef 140.

as obtained here, is not achievable by homogeneous doping, as the thinnest su-
perconducting Lay ,Sr,CuO, phase which is reported has a thickness of 1 u.c.

152,184 Thjs finding can be related to the absence

(which contains 2 CuO, planes).
of crystallographic disorder in the heterogeneous doping case, which instead is
intrinsically introduced when Sr is randomly dissolved in La,CuO,4. A similar ob-
servation was made by Logvenov et al. for the related Lay ,Sr,CuO, / La,CuO,
system.32

In order to rule out any major contribution to high-temperature supercon-
ductivity coming from the backward on the upward side, plane Pg, = —2 was
doped by Zn in all the samples. The reference T'. in this case (as obtained by
doping only Pg, = —2 with Zn), was found to be T, ~ 20 K (green band in
Figure 4.42) In this case it was not possible to assign high-temperature supercon-
ductivity to any specific CuO, planes by singularly doping each of them, meaning
that several planes contribute simultaneously to the superconducting properties of
this side of the interface. This is consistent with an homogeneous doping mode,
according to which we predict a relatively large superconducting volume (about
1.5 u.c. i.e. 3 CuO, planes, cf. Figure 4.39) as a consequence of Sr doping. This

again matches the conclusions drawn from the STEM-EELS measurements.



4.3. Two-dimensionally doped lanthanum cuprate 105

Q
o
5 O
@
o
@
L J
’....
Q@
o
o

c
@
)
@
O‘O
0’0
)
)
o
/,.
o
T

Q@
Q@
Q@
Q@
00
\
\
\

@ Sr

»
>
7’
4
7’
4

(@]
Downward side Upward side
\D
CuO plane number P,, (doped with 3% Zn)

L
Q@
)
@
)
@
)
@
()
\
\

%ﬂﬂ%
0-0.0.0
0.0.0 0
0.0.0.0
0000
%ﬂﬂ%
0001

/0 \

/
e /
kl
o Y

.

. T

* 0 5 10 15 20 25

_ Res. average T,/ K

Figure 4.42. (a) Sketch of the symmetric structure investigated by Zn-tomography.
(b) average residual T (solid squares) as a function of the Zn-doped CuO, plane Pcy,.
The indicated T value for Pc, = —2(closed light blue square) has to be considered
as an upper limit, since the critical temperature for the samples was below the low
limit for our measurements (4 K). Reference T'; for the upward and downward sides
are indicated in green and orange, respectively. Open squares represent the single data

points. Reproduced from Ref. 140.



106 Chapter 4. Results and discussion

Comparison with La,CuQO, / SrO bilayer

A dedicated experiment was performed in order to rule out any role of
cationic intermixing (yet, as already demonstrated, very limited and not the main
responsible for high-temperature superconductivity) for the occurrence of high-
temperature superconductivity at the backward interface. We studied the proper-
ties of a bilayer structure made by La,CuO, and a thick SrO layer: this type of
structure is, from the point of view of growth dynamics for the downward interface,
very similar to the one reported in Figure 4.42, with the only exception that here
several SrO layers are deposited in sequence. Therefore, a similar La / Sr inter-
mixing width can be expected in two cases. The substantial difference between
the two systems is the charge of the SrO layer: in the delta-doped system SrO is
negatively charged, whereas it represents a neutral plane in case of the La,CuQOy
/SrO bilayer.

The electrical properties of such a structure are depicted in Figure 4.43b.
The structure exhibit neither high-temperature superconductivity nor metallic be-
havior. One could in principle argue that such a finding can be simply related to
the SrO phase acting as an insulating capping layer, eventually screening a possible
contribution to the conductivity of the sample which deriving from La,CuO,. In
order to rule out this possibility, we performed magnetic susceptibility experiments
(see Section 3.5.1), demonstrating that no superconducting transition is present in
the bilayer (Figure 4.44). This confirms once more the negligible role of cationic
intermixing at the downward side of the interface and further highlights the key
role of the negatively charged planes obtained by substituting LaO planes with

SrO ones.

Realistic picture of charge distribution

The resulting charge distribution in the doped area of La,CuQ, is depicted
in Figure 4.45. The Sr profile (black) is highly asymmetric: smeared in the growth
direction (upward side), sharp in the opposite (downward). At the upward side,
hole distribution (red line) follows the Sr profile, in agreement with the homoge-

neous doping case (cf. Figure 4.31a). A negatively charged area, resulting from the
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Figure 4.43. (a) Sketch of the bilayer La;CuQO, / SrO structure, to be compared with
Figure 4.42a. (b) Electrical properties of 15 u.c. LayCuQO, / 10 u.c. SrO. Reproduced
from Ref. 140.
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Figure 4.44. Magnetic susceptibility measurement for (a) two-dimensionally doped
Lay,CuQy structure, as depicted in Figure 4.42a (in the case of all the Pg,, > 0 are doped
by Zn) and (b) for a La,CuQO, / SrO bilayer (as depicted in Figure 4.43b). Reproduced
from Ref. 140.
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disproportion between Sr and holes (as highlighted by STEM-EELS analysis), is
present in correspondence of the maximum Sr content. In the space-charge picture,
this can be viewed as a negatively charged surface requiring hole compensation at
the left-hand side of the interface. Therefore, an hole accumulation layer is formed
yielding superconductivity at the backward interface (heterogeneous doping). No-
tably, we expect a metallic ("overdoped”) phase to be present in close proximity
to the SrO layer, where the hole distribution is maximum.

Ignoring electronic charge localization on the CuQO, planes i.e. considering
a continuum approximation, the different mechanisms of hole distribution at the
two interface sides can be depicted as in Figure 4.46. While, on the left-hand side
(downward), a semi-infinte space-charge zone is formed, on the other side we face

a sequence of finite, almost flat, contributions.

4.3.3 Relation between structural and superconducting

properties

In a similar way to what was already proposed in the case of the Lay ,Sr,NiO,
/ LayCuOy heterostructures (see Section 4.2.3), also here it is worth considering
the relation between the c-axis (which is affected by the out-of-plane electrostatic
interactions in the ionic crystal structure i.e. ”"Madelung strain”) and the mea-
sured T'. values as a function of the spacing N between the SrO-containing blocks
(Figure 4.47).%9

Note that in the top panel of Figure 4.47, two values of ¢ are displayed,
namely, €., as obtained by XRD (red symbols), and ¢, (blue symbols), which

is the expected theoretical value of ¢ obtained according to Equation (3.4):

Ceond X M ~+ Cins X (N +1— M)

eo — 4.4
Cth N+ 1 ( )

where c.,nq is the lattice parameter of the (super)conducting phase, ¢;,s the
lattice parameter of the insulating phase, M the thickness of the (super)conducting
phase and N + 1 the total thickness of one superlattice cell (cf. Figure 4.36). Note
that both M and N are expressed as numbers of La,CuO, constituting blocks.
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Figure 4.45. Realistic picture of Sr (black) and holes (red) distributions. The nominal

position of the SrO layer is marked by the dotted yellow line. Reproduced from Ref.
140.
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Figure 4.46. Holes concentration profile expected in a continuum approximation. Re-
produced from Ref. 140.
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Here the thickness of the (super)conducting phase is assumed to be M =
6 (cf. Pg, ranging from -2 to 4 in Figure 4.40) while the lattice parameter of
the insulating phase is ¢,y = 13.11 A (see Figure 4.6). At N = 5 (i.e. when 6

constituting blocks of Lay,CuO, are present), Ceond = Cexp-

From the data shown in Figure 4.47, a good agreement between c¢y., and
Cezp can be recognized. In particular, for 7 < N < 11, we can observe a decrease
of both ¢ipeo and ceyp. At first, this could be rationalized by simply considering
the increasing volume fraction of the insulating phase (i.e. N increases over M).
However such an explanation is not consistent with the simultaneous reduction of
the T, values since the total hole distribution is not expected to be influenced by
N (as long as N, namely the distance between two subsequent SrO planes, is larger
than the extent of the zone where the hole accumulation occurs). Therefore, the
decrease of the c-axis together with the drop of the T'. values suggest (given the
strong influence of the structural parameters on the superconducting properties i.e.
T, is linearly dependent on c), that for increasing N (in the range 7 < N < 11)

Ceond tends to shrink.

Interestingly, for N > 11 the values of ¢e, and ce,), tend to diverge with the
latter saturating at about 13.2 A, while ¢y,.o approaches c;,s. Since, in this range
of N, ¢;,s contributes the most to the value of ¢y, this behavior means that the

values of ¢;,s are larger than expected.

The resulting picture indicates that c.o,q and c¢;,s mutually adapt to each
other such that ceyp ™~ Coond = Cins. Noteworthy, this finding allows for reconcil-
iation with all the experimental findings: (i) by introducing an insulating phase
(7 < N < 11), Ceong shrinks and T'. decreases; (ii) at the same time, c;,s is
expanded, so that c.,, does not further decrease for N > 11; (iii) the relation
Cexp = Ceond 18 experimentally corroborated if we plot ¢,y versus T (Figure 4.48),
resulting in a linear relation which is very similar to what was found for single
phase La,CuQO, (see Figure 4.6). This indeed is suggestive that c.,, is the effec-
tive c-axis parameter of the superconducting phase rather than a simple average
between c.onq and c¢;,s . Obviously, further analysis of possible local distortions of

the lattice (i.e. by high resolution STEM imaging) should be carried out in order
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Figure 4.47. Top: experimental and theoretical c-axis lattice parameter as a function
of the spacing N for two-dimensionally doped La,CuO,. Bottom: T versus N (as in
Figure 4.36¢).

to provide a direct evidence of such an interpretation of the experimental data.

4.3.4 Asymmetric cationic redistribution

Asymmetric cationic redistribution is common in delta-doped semiconduct-
ing systems (under the name of “Muraki segregation profile”),!%191 hut has seen
only partial disclosure in the field of oxides superlattices and delta-doped sys-
tems, 171,172,192
Some considerations can be made concerning the mechanism of Sr smearing.
Let us first consider thermal diffusion. Starting from a delta-distribution, diffusion

would occur according to:*%3

Nop(z) = — exp — (4.5)

where Ngop(z) and Ngepo are the dopant concentration at distance x from

the position of the two-dimensional layer and the initial doping concentration,
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Figure 4.48. c.;, versus T'. for two-dimensionally doped Lay,CuQO,. The fitting pa-
rameters are ¢y = 13.134 £ 0.029, m=0, 037 £ 0.001. The residual sum of squares is
0.6.

respectively, D is the diffusion coefficient and ¢ the diffusion time. This expression
predicts an evolution into a symmetric Gaussian distribution profile, which is not
consistent with the experimental findings describing instead a strongly asymmetric
situation. Thus, this explanation can be discarded at least for what concerns the

upward side for the interface.

The problem of intermixing occurring in the growth direction can be disen-
tangled by allowing some intermixing to occur only at the film surface, i.e. between
the last “La,CuQ, constituting block” (i.e. the last LaO-LaO-CuO, atomic layers
on the film surface) and the incoming particles. This may be connected with the
high mobility, due to the incomplete bonds, of the atoms at the film surface and
with the observed roughness of the films (see Figure 4.33). Moreover, intermixing
is supported by the kinetic energy of the incoming particles (= 0.1 eV for a typical
MBE process).!94:19

If one considers thermodynamical equilibrium, an assumption which may by
justified by the very slow growth rate of the MBE process (see Section 3.1), some

simple semi-quantitative considerations can be proposed. In particular, if we allow
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for an equilibrium condition to be established between the last Lay,CuO, block
on the surface and the“incoming La,CuO, block”, by entropic effects these two
would undergo cationic intermixing until they are equal in composition, i.e. the
Sr content is equally distributed between the two. By iterating the mechanism (a
graphical representation of the process is presented in Figure 4.49), each La,CuO,
constituting block (number with the index n, with n = 2 being the nominal two-
dimensionally doped block) receives a Sr amount such that:
[Sri) _ 1

Lot 2" o)

Such a Sr distribution is graphically represented in Figure 4.50. Notably, it predicts
the smearing of the dopant for about 2.5-3 LayCuQO, blocks (i.e. 2.6-3 nm), which
is in very good agreement with the observed value.

An alternative explanation is based on the dopant segregation towards the
surface, which has been already observed for single phase thin films of oxides.!?
In this case, the dopant migrates towards the film surface during the growth pro-
cess as a consequence of: (i) the elastic strain induced by the ionic size mismatch
with the replaced La atom; (ii) the possible presence of a positive electrostatic
potential at the free surface which attracts the negatively charged Sr defects (sur-
face space-charge layer). The presence of a surface space-charge layer has been
experimentally proved for perovskite systems and is justified by the abundance
of oxygen vacancies at the surface, which are formed as a consequence of surface

energy minimization effects.!95197

It should be also noticed that dopant segrega-
tion has been theoretically predicted for Lay ,Sr,CuO, and perovskite systems in
general 198201

In order to investigate the role of dopant segregation and more specifically
of cationic size mismatch, we studied the effect of replacing Sr with Ba and Ca in
two-dimensionally doped La,CuO,. The electrical properties, shown in Figure 4.51,
exhibit superconducting behavior for all cases. Representative T, values are sum-
marized in Table 4.2. It should be mentioned that, for the Ba-doped system, we
systematically observed the tendency to form secondary phases during growth. As

a matter of fact, we could successfully synthesize only few samples which did not
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Figure 4.49. Sketch of the cationic intermixing process between the two superficial
layers of LayCuQy. In panel (a), the last undoped Lay,CuO, “constituting block” (labeled
with n = 1) is depicted on the surface of the film, together with the incoming two-
dimensionally doped LayCuO,4 block (n = 2) (please note that, for simplicity, the growth
process is pictured as “block-by-block” deposition, rather than as the real atomic-layer by
atomic-layer). Here the film (excluding the last La,CuO, constituting block) is labeled
as “bulk Lay,CuO,”. In (b), imposing the equilibrium conditions to be verified between
the blocks n = 1 and n = 2, Sr is equally distributed between these two. Afterwards,
when the next block (n = 3) is deposited, the situation evolves as pictured in (¢): n =1
now pertains to the bulk phase i.e. is no more involved in the mixing process, whereas
the blocks n = 2 and n = 3, which are in thermodynamical equilibrium, share the same

Sr amount. By iterating the process, a Sr distribution as depicted in Figure 4.50 results.
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0.50

[Sr.1La ]

Figure 4.50. Expected Sr distribution in the growth direction as a consequence to

entropic effects (according to Equation (4.6)).

exhibit the presence of outgrowths according to RHEED and AFM. We believe
that the lower solubility of Ba should be related to the higher cationic size mis-
match of such a specie. The broad superconducting transition which we measured
for the Ba-doped sample could be attributed to such structural “imperfections”.
The width of the dopant redistribution profiles, resulting from the STEM-
EELS analysis of the samples, are summarized in Table 4.3 for the three cases. The
data are obtained as an average over 3-4 different delta-doped areas. The cationic

mismatch with the substituted lanthanum cation is reported for an immediate

Teos (K) | Te
Ca-doped 25.7 17.3
Ba-doped 34.7 20.5
Sr-doped 40.7 37.2

Table 4.2. Representative T'. values for two-dimensionally doped LayCuO, for different

dopants.
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Figure 4.51. Resistance versus temperature for two-dimensionally M-doped Lay,CuQOy
(M=Ba, Sr, Ca), having N = 9. In order to allow for a direct comparison, the resistance

values have been multiplied for the number of superlattice repetitions.

comparison (see also Section 2.1.1).

Focusing on the upward interface, one recognizes that no clear relation can
be inferred between the extension of the dopant redistribution and the cationic
size mismatch with La, as the smearing width is comparable for all the three
cases. This is indicative that, between the two possible redistribution mechanisms
described above i.e. the one based on entropic effects and the one taking into
account dopant segregation for steric reasons, the first seems to be more likely as
in this case segregation occurs independently of the ionic radius.

At the other side instead (downward), redistribution is promoted for Ca,
which has the lowest cationic radius, whereas it limited in case of Ba and Sr.
This finding points towards thermal diffusion as the responsible for intermixing at
the downward side of the interface, since, in this case, a role of the ionic radius
is expected (in particular, here diffusion appears to be faster for the ion having
smaller radius). Such an effect, which is time dependent, would modify the Sr

distribution as resulting from the mechanism described above for the upward side
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D; (nm) | Dy (nm) | mismatch with La
Ca-doped | 1.8940.31 | 2.65+0.34 -2.47%
Sr-doped | 0.96+0.33 | 2.2540.54 +8.26 %
Ba-doped | 1.23+0.26 | 2.97£0.60 +21.48 %

Table 4.3. Dopant spread at the backward (D;) and upward (Ds) side of the interface

for two-dimensionally doped La,CuO,. Cationic size mismatch with La for the three

different dopants is reported.

(see Figure 4.49), slightly smearing the profile also at the backward side of the

interface.






Chapter 5
Conclusions

The present thesis describes the investigation of interface effects in epitaxial
heterostructures with respect to the occurrence of high-temperature superconduc-
tivity. In particular, the results have been analyzed in the light of the space-charge
model, which predicts a local rearrangement of the mobile charge carriers at the
interface as a consequence of a local electrostatic potential. Experiments have been
carried out using lanthanum cuprate (Lay,CuQ,) as a model material. Since native
LayCuQy is an electrical insulator which undergoes a superconducting transition
upon p-type doping, strategies have been employed in order to induce space-charge
effects with the purpose of enhancing the hole concentration at the interface. The
synthesis of the samples has been accomplished by the use of the atomic-layer-
by-layer Oxide-Molecular Beam Epitaxy (ALL-Oxide-MBE) method, allowing for

controlling the materials composition down to the single atomic layer level.

An important first achievement of the project consisted in the installation and
optimization of the Oxide-MBE system. We demonstrated the feasibility of syn-
thesizing single phase lanthanum cuprate and lanthanum nickelate (Lay St NiO,),
which then have been used as ”building blocks” for the heterostructures. Start-
ing from the native material La,CuQO,, we obtained the superconducting phase
by oxygen doping employing in-situ ozone annealing (La,CuQO,,s) and by doping
with an acceptor (Lay ,Sr,CuQy). Lay ,Sr,NiO, was successfully synthesized, to

the best of our knowledge for the first time by Oxide-MBE, exhibiting the typical

119
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insulator-to-metal transition upon x increase.

Two types of heterostructures have been realized for the study of space-charge
effects, namely (i) La,CuO, / Lay ,Sr,NiO, bilayers and superlattices and (ii) two-
dimensionally doped La,CuQO,. In both cases, thanks to local effects of charge
redistribution, high-temperature superconductivity occurs with critical tempera-

tures reaching up to ~ 35 — 40 K.

In the first case, high-temperature superconductivity is induced in La,CuQO,
by coupling it with highly doped (z > 0.6) Lay ,Sr,NiOy4. In the light of the compo-
sitional analysis performed by STEM, according to which a certain (yet limited to
0.5-1 u.c.) cationic redistribution at the interface occurs, a significant role for the
occurrence of high-temperature superconductivity can be attributed to Sr migrat-
ing from Lay ,Sr,NiO, to La,CuO, where it acts as acceptor dopant. Nevertheless,
based on further experimental observations (i.e. the intermixing width is strongly
dependent on the layers sequence whereas the electrical properties are only par-
tially affected), alternative explanations can be brought to the fore. In particular
one can expect the transfer of positively charge carriers, i.e. holes and oxygen
vacancies, to the La,CuO, phase inducing a negative potential in La, ,Sr,NiO, at
the interface. For compensation, holes are enriched in La,CuQO, giving rise to the
observed high-temperature superconductivity. Although a direct experimental ev-

idence is missing, the findings allow for considering this as a possible explanation.

In the second case (two dimensionally doped LayCuQy), the structure consists
of superlattices in which, with a predefined periodicity, atomic layers of LaO in
La,CuO, are substituted by atomic layers of MO, with M being an acceptor dopant
(M=Sr, Ca, Ba). By employing a variety of complementary techniques, several
remarkable observations could be made especially in the case of two dimensionally
Sr-doped La,CuOy (which was investigated more extensively): (i) electrical trans-
port measurements demonstrated that superconducting layers (whose thickness
can be estimated in 2.5-3 u.c.) form in proximity of the SrO layers. T'. is strongly
dependent on the spacing between the SrO layers; (ii) by STEM imaging and
spectroscopic methods, an asymmetric spread of the dopant, which redistributes

mostly in the growth direction, was observed, (iii) the spatially confined dopant
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layer acts as a negatively charged surface, inducing the formation of a compen-
sating hole accumulation layer at the side of the interface facing the substrate
(where the dopant distribution is abrupt), (iv) at this side of the interface, high-
temperature superconductivity is confined to a single atomic layer. In particular
the points (iii) and (iv), which were put in evidence by several independent ex-
perimental investigations (i.e. zinc-tomography, STEM-EELS, comparison with a
related system i.e. Lay,CuOy /SrO bilayer), undoubtedly demonstrated that the
hole and the acceptor dopant distributions are decoupled and that a space-charge

mode is active.

The study of two-dimensionally confined Sr-doped La,CuO, allows for a di-
rect comparison between ”classical” homogeneous doping and heterogeneous dop-
ing based on space-charge effects. We demonstrated that heterogeneous doping,
here relying on the intentional introduction of a charged surface in the form of a
spatially confined doped region, is effective for inducing high-temperature super-
conductivity due to hole accumulation. Heterogeneous doping was demonstrated
to be not only a successful alternative to homogeneous doping but rather to offer
a series of unique features. Thanks to this doping approach, it is possible to affect
the charge distribution locally without affecting the material chemical composition
and without introducing the crystallographic disorder which instead is intrinsic of
homogeneous doping. This has a number of advantages: (i) one can structure the
material at wish by inserting active layers in the matrix, defining their number
and their position a-priori; (ii) the space-charge situation induces layer-dependent
defect concentration, allowing for the precise tuning of the functional properties,
in contrast to conventional doping which leads to an homogeneous situation. In
our case in particular we obtained the alternation of metallic, high-temperature
superconducting and insulating phases at the sub-unit-cell level, thus opening a
possible path for applications on devices relying on graded, or even asymmetrical,
junctions on the sub-nanoscale. Noteworthy, superconductivity is confined to a
single atomic plane, whereas a large volume is required in the case of homoge-
neous doping; (iii) the technique may be applied to situations where the solubility

of the dopant is limited and conventional doping is not possible; (iv) our findings
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can be used to shed light onto the influence of dimensionality on superconductivity
and onto the importance of the effects of defect chemistry and ionic mobility in
the field of high-temperature superconductivity.

One further aspect is worth being mentioned: despite the use of ALL-oxide
MBE, which is generally acknowledged as the state-of-the-art method for the syn-
thesis of oxide heterostructures, we systematically observed a certain tendency to
cationic intermixing at the interfaces. This was true in the case of the La,_,Sr,NiO,
/ LayCuQy interface, in which the intermixing width was about 0.5-1 u.c., but it
was particularly evident in the case of two-dimensionally doped Lay,CuQ, in which
such a cationic intermixing involved about 3 u.c. This aspect should be taken into
serious account in the investigations dealing with oxide epitaxial interfaces, since
it may influence, or even determine, the interfacial properties of such systems.
The situation is even more complicated by the fact that, in both the cases, we
observed that the dopant spread is asymmetric i.e. it is mostly pronounced in the
growth direction. We analyzed in particular the case of two-dimensionally doped
Lay,CuQy, in which we compared the cationic distribution resulting from the use of
different dopants (Sr, Ba, Ca). This allowed us to verify the influence of the ionic
radius on the extent of the dopant spread. We could highlight that in the down-
ward direction (opposite to the growth direction) the redistribution is associated
with the size of the ionic radius (Ca diffuses more extensively than Ba and Sr),
as one would expect in a usual thermal diffusion situation. At the opposite side
instead (upward direction), we found no clear trend: having already ruled out that
thermal diffusion (which would eventually result in a symmetric dopant profile)
occurs at this side, we can also exclude a major role stemming from dopant segre-
gation effects (i.e. dopant migration towards the film surface as a consequence of
lattice strain induced by dopant substitution). Rather, redistribution is driven by
entropic effects involving the surface layer and the incoming particles during the

growth process.



List of symbols and abbreviations

= I~ IR

NN

Tc, 0.9

Vo

List of most uysed symbols

Elementary charge

Electron according to the Kroger-Vink notation

Electron hole according to the Kroger-Vink notation
Electron concentration

Oxygen interstitial according to the Kroger-Vink notation
Pressure

Electron hole concentration

Electrical resistance

Root mean squared roughness

Temperature

Superconducting critical temperature (10% of the normal state

value)

Superconducting critical temperature (90% of the normal state

value)

Negatively charged Sr dopant on a La site according to the Kroger-

Vink notation

Oxygen vacancy according to the Kroger-Vink notation
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Oxygen nonstoichiometry

Electrical resisitivity

List of abbreviations

AFM
ALL
EDXS
EELS
HAADF
MBE
STEM
TEM
RHEED
XRD

XRR

Atomic Force Microscopy

Atomic layer-by-layer

Energy-dispersive X-ray spectroscopy
Electron energy loss spectroscopy
High-angle annular dark field

Molecular Beam Epitaxy

Scanning transmission electron microscopy
Transmission electron microscopy
Reflection high-energy electron diffraction
X-ray diffraction

X-ray reflectivity
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