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Abstract

To reduce the increasing power consumption in information technology, energy-efficient
devices are the need of the hour. In contrast to conventional electronic devices, which rely
on charge transport, spintronic devices offer energy-saving alternatives and could pave the
way for next-generation information processing. The magneto-electric coupling, essential
for these devices, is usually provided by spin-orbit coupling (SOC). In 3d-transition metal
oxides (TMOs), electron-electron correlation is strong; however, SOC, which evolves with
increasing atomic numbers, is only small. On the other hand, in 5d-TMOs, which display
strong SOC, the electron correlation is rather weak. Therefore, combining both 3d and 5d-
TMOs in artificially grown heterostructures (HSs) provides a promising platform to search
for new quantum materials showing exotic effects and potential for next-generation spin-
tronic devices.

In this thesis, perovskite SrlrO; (SIO) HSs, in which 5d-TMO SIO is combined with mag-
netic 3d-TMO perovskite, are analyzed in detail with respect to proximity induced changes of
the magnetization and electronic transport in the presence of a neighboured magnetic layer,
e.g., LaXOj; or NdNiO; (LXO, NNO) with X =Mn, Fe and Co. To this purpose, high-quality
LXO(NNO)/SIO HSs were produced by pulsed laser deposition (PLD). PLD is a commonly
used thin film deposition technique to produce epitaxial TMO thin films and HSs with high
epitaxial quality and thickness resolution of one unit cell.

In contrast to the SIO single layer, the LCO/SIO HSs, where LCO is a ferromagnetic
(FM) insulator, display a strong intrinsic anomalous Hall effect (AHE) and anisotropic mag-
netoresistance indicating in-plane antiferromagnetic (AFM) ordering similar to that of lay-
ered Sr,IrO,4 with effective moment (m2.¢) along the pseudo-cubic (110) direction. Separating
LCO and SIO by a 4 monolayer thick, insulating SrTiO; layer and increasing the SIO thick-
ness in LCO/SIO HSs suppress the effects strongly and document proximity-induced AHE,
magnetic moment and magnetocrystalline anisotropy in SIO.

Electrostatic doping by electric field effect in back gate geometry enhances AHE by a
factor of 7 but leaves the magnetic moment of m.g ~ 0.02 u5/Ir nearly unaffected. Therefore,
the origin of the strong AHE is very likely caused by enhanced Berry curvature (BC) due to
the topological band structure of SIO (also supported by recently published DFT results).

Substitution of the LCO layer by other magnetic 3d-TMO layers allows for more detailed
analysis of the proximity effect, magnetic exchange, and coupling between SIO and the 3d-
magnetic layer. With increasing 3d-electron number, interfacial charge transfer is observed
from 5d-SIO to 3d-TMO which increases systematically from Mn to Co (Ni). However, the
induced spin and orbital magnetic moment in SIO is very similar in all HSs. In contrast,
the AHE shows significant enhancement when a FM layer (LCO, LMO) is interfaced with
SIO, in comparison to SIO/AFM HSs; where the AHE is one order of magnitude smaller,



indicating the strong influence of the effective magnetic moment and effective local field
associated with the magnetic layer at the interface on the BC and hence AHE.

The obtained results provide important information on the interfacial properties of 3d/5d
HSs and demonstrate effective coupling between perovskite-related 3d-TMO and SIO. On
the other side, proximity-induced SOC in the 3d-TMO layer is also very likely and could be
useful for magnetization manipulation in 3d-TMOs by electric field via the Rashba effect.

This issue will be addressed in future works.
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CHAPTER 1

Motivation

The whole of science is nothing more than a refinement of everyday thinking.

Albert Einstein



Chapter 1. Motivation

The evolution of information technologies over the previous two decades that includes
the processing, sensing, communication, and storage of data is ever-increasing. The increas-
ing demand necessitates large number of microelectronic components embedded into a com-
pact integrated circuit with sustainable power consumption [1]. Currently, the basic building
block of such systems are the silicon-based complementary metal-oxide-semiconductor (Si-

CMOS) devices, which however, now face two serious challenges-

1) Moore’s law; which states that the number of microelectronic components (e.g. tran-
sistors) on a chip will be doubled every two years [2]. In other words, the critical dimension

of transistors will be reduced by a factor of two every second year,

ii) Current state-of-the-art characteristic length scale of the devices are ~ 7-10 nm, which

is at the saturation level and possibly can’t be further shrunk.

These two pose a serious concern as Moore’s law will no longer be applicable, mean-
ing one needs to consider beyond Moore’s law technologies to fulfill the ever-increasing
demands. Recently, it was estimated that the total energy consumption of microelectronic
components in information and communication technology systems will grow to up to 20 %
of the total energy by the year 2030 [1,3]. We are again at a similar stage to when CMOS
technology replaced bipolar transistors in 1990. Thus, we must explore new pathways to

develop energy-efficient sub-nanometric electronic technologies.

In this direction, a surge in the exploration of “Quantum Materials” has emerged in the
past decade. They have shown exotic physical phenomena such as ferromagnetism, fer-
roelectricity, superconductivity and multiferroic order behavior. The physics of these ma-
terials are governed by quantum mechanical effects. For example, transition metal based
compounds represent a unique class of quantum materials with extremely rich and diverse
physical properties originating from the electronic correlation of rather localized d-electrons

in contrast to the delocalized 2p-electrons in semiconductors [4].

Transition metal oxide (TMO) interfaces are analogous to semiconductor junctions. How-
ever, there are striking differences between the interfacial coupling in these two systems.
Unlike conventional semiconductor devices where only charge degrees of freedom are ex-
ploited, TMOs offer spin, orbital, charge and lattice degrees of freedom. At the interface,
they compete and/or couple with each other and their delicate interplay provides efficient
control over various functionalities [5—8].

One unique characteristic of TMO based compounds is that they can accommodate many

elements of the periodic table and thus offer countless design opportunities. This distinctive

endeavor opens the large chemical variety to explore for possible application in electronic de-



vices [9]. In contrast, Si-CMOS devices are designed using only a few elements/compounds
(2p electron systems). Elements like Si, Ge and compounds such as GaAs, InSb, GaP and

ZnO are few examples to name.

Technological advancements in growth techniques over the last 20 years have made it
possible to grow oxide films with atomic-scale precision. This allows synthesis of artificial
superlattices with sharp interfaces. Molecular beam epitaxy [10, 11], pulsed laser deposition
[12, 13] and magnetron sputtering [13, 14] were employed to produce high-quality oxide

heterostructures and interfaces.

The discovery of two-dimensional high-mobility electron system (2DES) at the base of
two band insulators LaAlO; and SrTiO; (LAO/STO 2DES) has revolutionized the field of
oxide electronics [15]. The discovery quickly caught the attention and led to a surge in the
efforts to exploit the LAO/STO 2DES for device applications. A Nature Materials editorial
article “The interface is still the device” highlights the discovery and characteristic features
observed in LAO/STO 2DES [16]. The LAO/STO 2DES has shown numerous distinctive
features such as electric field controllable low-temperature superconductivity [17, 18] and
Rashba spin-orbit coupling (SOC) [19], ferromagnetism [20, 21], large spin-charge inter-

conversion [22,23] etc.

Spintronic devices that exploit the electron’s spin to carry information offer energy-
saving alternatives and could pave the way for next-generation information processing. Datta-
Das spin transistor and magneto-electric spin-orbit transistor (MESO) are few proposed pro-
totype examples of spin-based transistors [24,25]. Thus, the search for new spin-polarized
2DES is highly desirable as this will open the door to new oxide based spintronic devices
[26]. Compared to CMOS devices, distinctive features include possible down scaling to
sub-nanometric level, correlated phenomenon (e.g. magnetism) originating from localized d-
electrons and SOC (or Rashba SOC). The efficient control of the spin-polarization, i.e., mag-
netism is the key to information storage. Despite some experimental observations [20,21],
the intrinsic magnetism in LAO/STO 2DES is still in debate. Several experiments have
suggested the interfacial defects or stoichiometric imbalance as the origin of magnetism in
LAO/STO 2DESs [27-29]. The insertion of a few unit cell thin magnetic layers, e.g., EuTiO;
or LaMnOj; have also shown the signature of magnetic ordering [30,31]. However, the re-
ported transition temperatures are limited to < 10-20 K which limits the use of these 2DESs

in spin-based device application.

In this Ph.D. thesis, the focus is on the design of new 2D (or quasi-2D) spin-polarized

electron systems (SPESs) on the base of TMO HS comprising correlated quantum materials.
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The main interest here is not only the creation of highly spin-polarized electron systems, but

also the possibility to manipulate the polarization, for example by strain or electric field.

Different routes towards the spin polarization of 2DES will be explored in detail, e.g.,
proximity effect, interfacial doping or spatial confinement. The first one involves adding
magnetic active layers to an already existing 2DES and to create spin-polarization by prox-
imity effect. We will start with SrlrO;/LaCoO; (SIO/LCO) heterostructures (HSs). The HSs
comprise of semimetallic 5d-TMO SIO, which naturally displays large spin-orbit coupling
and the strain-induced ferromagnetic insulator LCO. To establish 2D spin-polarized transport
in SIO/LCO the main challenges are as follows: First, a quasi 2D electronic transport must
be realized in SIO by reducing the layer thickness (the mean free electron path perpendicular
to the film surface A, < parallel to the the film surface 1)), maintaining high crystallinity
and metallicity of SIO or by producing a confined potential via charge carrier depletion using
the electric field effect. Second, magnetic order must be induced in SIO which is intended to
be provided by LCO via proximity effect. The mutual competition of SOC and FM may also
allow for new topological states [32] and the possibility to manipulate spin-polarization by
the variation of SOC or magnetic anisotropy. For example, the strain-induced FM state of
LCO gives the possibility for manipulation of the magnetization and magnetic anisotropy in
LCO by epitaxy, which likely enables control of the 2D SPES in SIO as well. On the other
side, SOC also provides the possibility to manipulate magnetization via the spin-Hall effect,

resulting in a changed SP alike.

Compared to previously studied STRuO5/SrIrO5 and La, _,Sr,MnO;/SrlrO; HSs [33-35],
where both constituent layers are conducting, the electronic transport strictly resides within
the SIO layer in LCO/SIO HSs owing to the robust insulating nature of LCO [36] which al-
lows for the unambiguous, selective characterization of SIO properties by means of transport

experiments.

In addition, the heavy-metal/ferromagnet bilayer (HM/FM, i.e., SIO/LCO) interfaces
(conventional spintronic systems) offer the possibility to study the spin-charge interconver-
sion originating from the spin Hall or Rashba-Edelstein effect. The spin-orbit torque gener-
ated at the interface can be used to switch the magnetization of the LCO layer. In comparison
to commonly studied metallic spintronic systems consisting of 5d- heavy metals (W, Ta and
Ir) and 3d- ferromagnetic metals (Mn, Fe and Co), the TMO HM/FM HSs have shown large
interconversion efficiency, as exemplified by observation of large and gate tunable spin-
charge conversion efficiency in LAO/STO 2DES [22,23]. TMO perovskite related oxide

interfaces offer the possibility for smooth and atomically sharp interfaces, the prerequisite



for large spin transparency [37]. A large spin Hall effect has been predicted and observed
in SrlrO; based HM/FM HSs [38—41] which could be even enhanced in all oxide SrlrO;
based HM/FM, e.g., SrlrOs/La;_,Sr,MnO; HSs [42—44]. Inversion symmetry breaking at
the interface and the SOC of HM are expected to result in large DMI and can induce chiral
magnetic texture in these systems alike.

The second route towards 2D-SPES is focused on the delta doping of existing 2DESs.
For example, the delta doping by using a 1-2 unit cell thick EuTiO; layer between the LAO
and STO results in the formation of 2D-SPES [30]. The main challenge here is the prepara-
tion of a well-defined atomically sharp interface. For example, disorder or ion-mixing at the
interface may lead to strong fluctuations of the magnetic order parameter, preventing dis-
tinct spin-polarization. Furthermore, charge carrier freeze-out at interfacial defects reduces

conductivity and should also be avoided.
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CHAPTER 2

Perovskite Related Transition Metal (3d, 5d) Oxides

If I have seen further, it is by standing on the shoulders of giants.

Isaac Newton



Chapter 2. Perovskite Related Transition Metal (3d, 5d) Oxides

This chapter briefly introduces the physics of 3d and 5d transition metal oxides. As repre-
sentative members, a brief introduction to the structural and physical properties of LaCoOj3
(3d) and SrIrO; (5d) are discussed. Finally, a survey of the existing work related to the

SrIrOs-based thin films, heterostructures and superlattices is presented.

2.1 The 3d transition metal oxides

Transition metal oxides (TMOs) represent a class of functional materials that hold great
promise for the technological replacement of semiconductor-based electronics. They provide
a perfect playground to design exotic functionalities, e.g., ferroelectricity, ferromagnetism,
multiferroics, metal-to-insulator transition, high-temperature superconductivity etc [5—8]. In
addition, the complex interplay of various degrees of freedom, i.e., lattice, charge, orbital and
spin provide additional knobs to control and manipulate the ground state.

The physics of TMOs, to a large extent, is governed by the d-electrons of the outermost
shell of the transition metals and the hybridization between transition metals through oxy-
gen ions [4]. The presence of strong electron correlations, crystal field splitting, spin-orbit

coupling and their competition dictate the electronic and magnetic ground states in these

compounds.
(a) (b) -site cations
+ O o
CsCl structure (Pm3m) J
BO,
octahedra

BO, perovskite structure (Pm3m)

c : y d (e)
)AAbT_,;AA AP

vy vovw S69
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o
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Figure 2.1: Perovskite crystal structure: (a) the cubic (Pm3m) structure, (b) the BOg octahedra and
A-site cations form the ideal cubic perovskite structure ABO3. The lower symmetric (c) tetragonal,
(d) rhombohedral, (¢) orthorhombic perovskite structures. The figure is adapted from Ref. [45].



2.1. The 3d transition metal oxides

2.1.1 Perovskite crystal structure

The basic building blocks of perovskite (ABO;) are represented by the metal-oxygen oc-
tahedra (BOg) and the A site cation. The ABO; structure can be visualized as the corner
sharing BOs octahedra placed at the corner position (Cs) of the CsCl (Pm3m) cubic unit cell
while A cations are placed at the CI position, see Fig. [2.1a,b] [45]. Thus, the structure
can be visualized as the 3-dimensional network of corner-sharing BOs octahedra where A
cations are placed at the center of such 8 octahedra. The ideal cubic perovskite structure is
centrosymmetric and thus provides a B-O-B (or M-O-M, M = transition metals) bond angle
of 180°.

The unique feature of the ABO; TMO structure is its adaptability to accommodate most
of the periodic table elements. However, depending on the size of different cations, only a
few combinations exhibit ideal cubic lattice. Any mismatch from the ideal cubic structure,
depending on the ionic radii of the A and B site cations, leads to the distortion of the cubic
lattice and adaptation of a lower symmetric distorted perovskite structure. The perovskite

lattice distortions can be described by the following two concepts:

perovskite
X N
corundum 4&0\ @b& g@ . hexagonal
ilmenite & N & ol
& & & | ¢
& & >
I
~0.75 1 {
160° 170° 180° M-O-M angle

Figure 2.2: Tolerance factor for a perovskite structure: the reduced tolerance factor favors a lower
symmetric structure following the octahedral distortions. The increased rotation reduces B-O-B hy-
bridization and controls the physical properties of ABO3 perovskite [4].

(i) The Goldschmidt tolerance factor:

The stability and classification of a perovskite lattice can be made on the basis of the atomic
radii of its constituent ions. Let us consider the ionic radii R; of ions (i = 4, B and O) of a

perovskite lattice ABOs. For the simplest cubic case, we have the relation:
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Ri+ Ro = V2(Rs + Ro).

The above relation holds for the case of an ideal cubic perovskite. Based on the choice of
smaller or larger ions at A or B site positions, the above relation will not be valid anymore.
Any ionic radii mismatch leads to the distortion of an ideal cubic cell and consequently we

need to invoke a factor accounting for the distortion:

RA +R0:t>< \/E(RB+R0), (21)
R R
f__fatlo 2.2)
V2(Rg + Ro)

The factor ‘#’ is known as Goldschmidt tolerance factor [46]. For 0.9 < ¢ < 1.0, the
structure remains cubic, whereas 0.75 > ¢ > 0.9 drives to a lower symmetric tetragonal, or-
thorhombic or rhombohedral structure, depending on the cation radii R, and Rp, see Fig.
[2.2]. A large offset from ¢ = 1.0 results in highly distorted, asymmetric non-perovskite
structures, e.g., ilmenite, i.e., edge sharing octahedra (¢ < 0.75) and hexagonal, i.e., face

sharing octahedra (¢ > 1.0), respectively [4,47].

(ii) The Glazer’s notation of octahedral rotation

In perovskite TMOs, B-O bond strength is stronger than A-O bonds resulting in the rather
rigid BOg octahedra. Thus, perovskite distortions are usually accompanied by the rota-
tions or tilts of the BOg octahedra along one or more crystal axis directions. The physi-
cal properties of perovskite oxides greatly depend on the detail of such distortions. The
buckling of the BO¢ octahedra networks lead to the reduced B-O-B bond angles which mod-
ifies the hybridization between the Bnd-O2p-Bnd orbitals and alters the physical properties.
These octahedral rotations and tilts can be quantitatively defined using Glazer notations:
at/=/0p(+/=/9)(+/=/0) [48,49]. The a, b and c are the magnitude of rotations around
X, y and z cubic (or pseudo-cubic in case of lower symmetric perovskites) axes, respec-
tively and the superscripts +, - and 0 represent the in-phase, out-of-phase or no rotation of
neighboring octahedra. Thus, for example, the Glazer notation of @~ a~¢™, which represents
the orthorhombic structure, corresponds to the out-of-phase BOg4 octahedra rotation around
pseudo-cubic x, y (or a and b) axes with equal magnitude and in-phase BO4 octahedra ro-
tation around pseudo-cubic z (or ¢) axis with a larger magnitude than that of x and y axes,

respectively. In Fig. [2.3], we show the different distorted perovskites in octahedral rotation

10



2.1. The 3d transition metal oxides

A‘ h
v “ orthocrohombic
‘v r aa
orthorhombic - 7rp0noc|inic
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aanc_
vy 1 4 .
A 30 bic T—y } {}
tetragonal .
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Figure 2.3: Octahedral rotation phase space: rotation of BOg octahedra around in-plane (@ and b
pseudocubic axes) and out-of-plane (c) axes leads to distortion of cubic perovskite and stabilization
of lower symmetric tetragonal, orthorhombic, rhombohedral etc., structures. Based on the specific
rotation pattern, total 23 tilt/rotation systems are possible [48]. The figure is taken from Ref. [50].

phase space [50].

Based on the limitation of octahedra rotations in 3-dimensions, a total 23 distinct tilt
systems (14 three tilt systems, 6 two tilt systems, 2 one tilt system, 1 zero tilt systems) span-
ning 15 unique space groups are possible [48,49]. The most commonly observed distorted
perovskite systems are tetragonal (a®a’a*/~), orthorhombic (¢~a¢*) and rhombohedral
(a”aa™) structures.

Here, it is worth mentioning that external perturbations, such as a bi-axial or uni-axial
pressure, substrate-induced strain in epitaxial films and ultrafast laser pulses can also cause
lattice distortions and result in octahedral rotations. An off-stoichiometric composition as
in ABO, (2.5 < x < 3) also leads to the octahedra distortion and favors lower symmetric
structures (e.g. brownmillerite phase).

The octahedral rotations/tilts result in doubling of the perovskite unit cells in real space.
Thus, experimentally, the octahedra rotations can be probed by measuring the X-ray diffrac-

tion for specific set of half-integer reflections in reciprocal space [49].

2.1.2 Octahedral crystal field and electronic correlation

Crystal field splitting is a purely electrostatic phenomenon which originates from the incor-

poration of negatively charged anions (O*") in the surrounding of d-electrons of the transi-

11
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i
Negative charges i\
(a) distributed uniformly P H \G Negative charges
over surface of a sphere " located at vertices

Q\: °ofanoctahedron
o_ 2 dj

A \
8 &lrin o
_____ | 0%
Metal cation, :
M+ try m—t—— H
E J dy dy, dy b
_____ A

ey orbitals go up in energy by %Ao tyq orbitals go down in energy by %Ao

Figure 2.4: Crystal field splitting of 5-fold degenerate d-orbitals in octahedral environment: (a) distri-
bution of O>~ ions at the octahedra sites rearranges the energy of d-orbitals depending on the electron
density profile and leads to breaking of degeneracy and formation of #2¢ (dyy, dsz, dy) and eg (dy2_ 2,
d.») manifolds, (b) the electron density profile of the 14 (dyy, dy:, dy-) and eg (d,2_,2, d.2) orbitals [51].

tion metal ions (M"* or B"") [4]. Depending on the spatial arrangement, the electric field
produced by the O?~ ions leads to the increase or decrease of energy of the M"* d-orbitals.
If the 6 O®~ ions are distributed uniformly over a spherical surface, it only increases the
energy of all five d-orbitals. However they remain degenerate [2.4a]. If the distribution is
not symmetric, as in the case of octahedral symmetry, the fivefold degenerate d-orbitals split
d,., d,.) and a higher

) depending on the orbital wavefunction distributions (i.e. elec-

into two sets of non-degenerate orbitals: a lower lying triplet #,, (d,),

energy doublet e, (d,2_,2,
tron density profiles), see Fig. [2.4a]. The e, orbitals experience stronger Coulomb repulsion
compared to £, orbitals, which raises the energy of e, orbitals [4,51]. The two set of orbitals
are shown in Fig. [2.4b]. In a similar way, the tetrahedral symmetry, contraction or expan-
sion of octahedra along specific directions will also break the degeneracy, depending on the

Coulomb repulsion felt by the d-orbitals.

The crystal field plays very critical role in determining the electronic structure of TMOs.
The network of BOg octahedra result in the lifting of d-orbital degeneracy and thus strongly
influence the hybridization with the nearest neighbours via O-2p orbitals.

The B-O hybridization generally allows for a distinct B-O-B exchange of electrons,
which is often well described by the Hubbard model that includes the kinetic energy (Hy;,)

12



2.1. The 3d transition metal oxides

responsible for the hopping of an electron from one site to another and an onsite Coulomb
repulsion (Hcouoms) term describing interacting electrons [4,52—54]. The relative strength of
these two governs the metallic or insulating nature of the interacting electron system in the

absence of other stronger energy interactions.

In 4d/5d TMOs, where shell radius and hence radial velocity of electrons are much larger
compared to 3d, relativistic effects have to be taken into account. This generally results
in spin-orbit interaction. In electron’s rest frame of reference, it can be visualized as the
interaction of the spin dipole of the electron with the magnetic field produced by the orbital
motion of the nucleus. The coupling leads to a breaking of spin degeneracy of particular
orbitals. Thus, in simplest form, the energy term representing spin-orbit coupling (SOC)
can be given as- Hgoc 7? = i?.f, where u, B, S, L are spin magnetic moment,
orbital magnetic field, spin and orbital angular momentum respectively. The proportionality
constant 4 is known as the SOC constant. The ‘atomic’ A becomes important for the heavier

atoms as it evolves as 4 oc Z*, where Z is the atomic number [4, 55].

Aside from the previously mentioned, a system may involve other energy interactions,
such as the exchange interaction (Hpg,.) responsible for magnetic ordering, Zeeman or Stark
interactions relevant for lifting the degeneracy of orbitals under the influence of strong mag-
netic and electric fields, and the Jahn-Teller distortion commonly observed in manganites
to avoid the degeneracy of ground state. To model a system with these energy interactions
or others, it is important to consider all the relevant energy terms in the Hamiltonian (H)

depending on their relative strength, e.g.,

H = Hy, + Heoutomy + Hsoc + Hep + Hiye

Depending on the relative strength, a specific interaction can be ignored or treated as
a perturbation to the system; however, if the interaction is strong enough to compete with
others, it has to be taken into account in the Hamiltonian to describe the system accurately.
For example, SOC can be ignored in the Hamiltonian of 3d-TMOs. However, in 4d and
in particular 5d-TMOs, the strength of SOC is on a similar scale to that of the crystal field
splitting and electron correlation, thus it has to be considered in the Hamiltonian separately

to model the system.
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Figure 2.5: (a) Crystal structure of thombohedrally distorted LaCoO3, (b) different spin-state con-
figuration of Co’™ (d®) ion, (c) epitaxial strain induced ferromagnetic ordering in LaCoOj3 films, (d)
X-ray absorption spectra of undoped, electron and hole doped LaCoO3 films. The figures are taken
from Ref. [56-59].

2.1.3 3d TMO: LaCoOs; - crystal structure, electronic and magnetic

properties

Bulk LaCoO; (LCO) exhibits distorted rhombohedral perovskite structure (R3C) and under-
goes a rhombohedral to cubic transitions at 7 ~ 1610 K [60]. The bulk lattice parameters
are: a =5.44 A and ¢ = 13.10 A, which corresponds to a pseudo-cubic lattice constant a,, ~
3.805 A [61,62]. Depending on the competition between crystal field and Hund’s exchange
energy, Co** (d®) can accommodate different spin state configurations, see Fig. [2.5b].
Bulk LCO shows non-magnetic and insulating ground state as all Co** are in a low spin
state (15,¢9, LS, S = 0) at 7= 0 K. With increasing 7, a cross-over to high spin state (53,e;,
HS, S = 2) occurs at T ~ 500 K. However, such HS state of Co** can be promoted even at
lower temperatures. The tensile strained LaCoO; films show a ferromagnetic transition with
T, ~ 85 K [62], where the magnetization increases with tensile strain imposed by the sub-
strate, see Fig. [2.5¢c]. However, T, saturates at the higher tensile strain (¢,, ~ 1.6%) [58].
The crossover between different spin states depends on the competition between crystal field

splitting and intra-atomic exchange interaction, i.e., Hund’s rule. This competition can be

14



2.1. The 3d transition metal oxides

tuned by, e.g., electron or hole doping and chemical or external pressure. Increasing tensile
strain results in an increase of unit-cell volume making the HS state with its large ionic radius
energetically favorable compared to the LS state. A detailed XAS and multiplet calculation
analysis resulted in the presence of 36 % Co** HS and 64 % LS state in the LaCoO; films
grown on Nb-STO (001) substrate [59]. A superexchange between the Co®>* HS and LS state

was argued as the responsible mechanism for the observed ferromagnetism [59].

In Fig. [2.5d], we show the X-ray absorption spectra of LaCoOQOs3, Laj 7Sry3C00; (hole-
doped) and Lay ;Ce3Co00;3 (electron-doped) thin films [59]. The doping-induced changes
of the Co valence state are clearly visible in the spectra. With respect to the manganite
(e.g. LaMnO;) physics, the striking difference in LaCoOj; is the asymmetry of the phase
diagram towards the electron and hole doping. An equivalent amount of electron or hole
doping in manganites (Mn £ e,
sition temperature and conductivity provided by the double exchange mechanism [63, 64].

) leads to a very similar increase in magnetization, tran-

Similar to manganite, a 30 % hole doping of LaCoO; (Lag 7Sry3C00s3) leads to an increased
magnetization, transition temperature ~ 200 K (for LaCoO; ~ 85 K) and a metallic ground
state. Such transition is induced by the double exchange mechanism mediated between the
Co** HS state and the Co**™ HS state [59, 65, 66]. In stark contrast, 30 % electron doping
of LaCoOj; (Lay 7Ce(3C00s3) suppresses the transition temperature strongly ~ 23 K, and the
sample remains insulating. The 30 % Co?" were found to be in HS state. A spin blockade
phenomenon which prohibits the transfer of electrons from the Co?>* HS state to the Co**
LS state, results in the electron localization and explains the reduced transition temperature

and insulating state in electron-doped LaCoOj; [59].

This asymmetry, however, could be very interesting for integrating LaCoO; in HSs
and SLs. Undoped LaCoO; and electron doped LaCoO; (at least up to 30 % doping in
Lay7Ce3C003) does not lead to any measurable conductivity < 100 K. Thus, in heterostruc-
tures where low (or negligible) electron transfer is expected from the contact layer to LaCoOs
[67], the transport measurement will allow the unambiguous characterization of the contact
layer. Even light hole-doping also does not result in an observable conductivity, see Fig.
[4.6d]. This motivated us to combine SrlrO; with LaCoO;. The O-2p band alignment at the
interface predicts interfacial electron transfer from SrlrO; to LaCoO; owing to the difference
in the Fermi energy [68]. However, this electron transfer will not lead to any measurable con-
ductivity in LaCoOj; and will allow to measure the intrinsic transport related properties of
SrIrO; originating from the interfacial coupling at the interface with ferromagnetic and in-

sulating LaCoO3. One more point worth mentioning here is that LaCoO3; shows small but
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Figure 2.6: The phase diagram between the electron correlation U (represented by U/t) and spin-orbit
coupling SOC (represented by A/t), where t and A are the hopping and SOC constant, respectively. In
the limit of strong U and SOC, novel quantum states may emerge [32].

sizeable spin-orbit coupling which is vanishingly small in other 3d-TMO ferromagnets such
as Laj 7Sty sMnOs. This, in addition, also provides advantages to SrlrO;/LaCoOj; interfaces

over SrlrOs/Lag 7Srg sMnQOj5 interfaces.

A brief introduction to the structural and physical properties of other 3d-TMOs used in

this thesis work is given in Chapter 5.

2.2 The 5d transition metal oxides

Extensively studied 3d-TMOs have shown intriguing functionalities owing to the strong elec-
tron correlation (U) of the d-electrons. Observation of superconductivity, magnetism, and
metal-insulator transitions are a few examples in the family of strongly correlated electron
systems. SOC increases with Z (A o Z*) and its interplay with U opens a new world of
exotic ground states in 4d/5d TMOs. For example, the schematic phase diagram in the U
(represented by U/t) and SOC (represented by A/t) space is shown in Fig. [2.6]. Here, t and
A are the hopping and SOC constant [32]. Clearly, one can explore the different regions of

the phase diagram depending on the relative strength and competition between U and SOC.

16



2.2. The 5d transition metal oxides

(@) 1 ion =) Crystal field CF +SOC Spin-orbit ggmm Ir** ion b
5d° splitting = - coupling 5d° ( )

€ — —:J=5/Z - ” *
_
ACF l

isospin up spin up, 1,=0 spin down, 1,=1

Tl

=12 —4 H=1-22
o FEE
Jey=3/2 J}=
(C) n=2 (d) Mott insulator SryIrO4
n=1 0,0 -/c//,_‘,/inHB
¢ Yo Zor ;
) o 2 _
Ir0s ) ()l o - ) Barely insulator Sr3Ir207 | 2
() . ‘ - : Jeff172, =
., OB Yo O d 70 :
: WV 69 4
940 © \‘Sf'ro Correlated EF1510 =
3 “orrelates ctal S
O, o orrelate 1}3;112 rirO3 |
o Srr0 N\ ;
: o'o
Sr3lr07 Er

Figure 2.7: (a) The electronic ground state of Ir*t (54°): Crystal field and SOC result in novel Jog =
1/2 pseudospin state, (b) The electronic density profile of pseudospin-up state, (c) The crystal structure
of Ruddlesden Popper series of 5d Iridates: Sry,411r,03,4.1, n = 1,2 and oo, (d) Increase of Ir-O-Ir
hybridization, i.e., electronic bandwidth as a function of increasing dimensionality (i.e. n) [69-72].

Ruddlesden-Popper series (A, 1B,03,.1)

Compared to 3d-TMOs, where orbital moment and SOC are quenched by non-spherical crys-
tal field, a strong SOC is expected in 5d-TMOs. In the last decade, much attention has been
focused on the Ruddlesden Popper (RP) series of 5d Iridates: Sr,Ir,05,., characterized
by the pseudo-spin Jeg = 1/2 band. In an octahedral environment, the crystal field splits the
fivefold degenerate 54° (Ir**) orbitals into #,, and e, levels. The threefold degenerate 5,
levels are described by angular momentum /, = 0, 1. The spin-orbit interaction, which can
not be ignored here, again splits the #,, manifold into the spin-orbital mixed J.¢ = 3/2 and
1/2 pseudospin states, see Fig. [2.7a]. Thus, the ground state Ir** is described by the J.¢4 =
1/2 pseudospin state. In Fig. [2.7b], the density profile of the iso(pseudo)-spin up state is
shown which is the superposition of spin up density (, = 0) and spin down (I, = 1) [70].
The crystal structure consists of n- SrIrO; perovskite layers intercalated between SrO lay-
ers, see Fig. [2.7¢]. For n =1, Sr,IrO, shows a canted in-plane antiferromagnet structure
with a Mott like insulating ground state [2.7d]. Even a moderate U splits the J.g = 1/2
bands into upper and lower Hubbard bands (UHB and LHB) resulting in an insulating state.

Very similar to Sr;IrOy, Sr3Ir,O7 (n = 2) also shows an antiferromagnetic insulating state,
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Figure 2.8: (a) The monoclinic SrIrOs (space group: C2/c), energetically favorable at room temper-
ature and ambient pressure, transforms to (b) orthorhombic (space group: Pbnm) structure at high
pressure and temperatures (> 1000° C and 40 kbar). The ions are shown with different colors [78].

however, the moments are collinearly aligned along the c-axis. For n = oo, in SrlrO;, the
bandwidth (W) increases (W > U) and hence a correlated semi-metallic and paramagnetic
ground state evolves. Clearly, a bandwidth controlled metal-insulator and magnetic transi-
tion can be observed in RP- St ;Ir, 05, ;. This is also highlighted in the phase diagram, Fig.
[2.6]. Therefore, SrIrO; is at the verge of a metal-insulator and magnetic transition, where
the competition between different energy interactions can modify the ground state [73]. Ex-
ternal perturbations, e.g., strain, pressure, dimensionality confinement and proximity effects
have shown great promise in realization of new ground states in SrlrO; or SrlrO; based

interfaces or superlattices [74-76].

2.2.1 SrIrO; (n = o0): crystal structure

Room temperature and atmospheric pressure synthesis of SrlrO; results into the formation
of energetically favoured monoclinic structure (space group C2/c) [77]. The refined lattice
parameters were extracted from the powder diffraction and are: a = 5.604 A, b = 9.618
A, c=14.17 A and p = 93.26°. The structure can be viewed as the distorted hexagonal
BaTiO; (6H) structure [77]. At high temperature and pressure (> 1000° C and 40 kbar), the
structure transforms to the orthorhombic structure (a, = 5.60 A, b, = 5.58 A, ¢, = 7.89
A, space group Pbhnm) accompanied by a reduction of 3 % in volume. This corresponds to
a pseudo-cubic unit cell with lattice constant of a,. ~ 3.96 A (a,. = (a,/ V2 + by /V2 +
¢,/2)/3) [77,78].

Despite the need of extreme conditions, there are few successful reports on the growth of
single- and poly-crystalline orthorhombic SrIrO; crystals [77,79-83]. A metastable phase

can be stabilized by quenching the SrIrO; from high temperature and high pressure to ambi-
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2.2. The 5d transition metal oxides

ent conditions [79, 80]. Synchrotron and neutron X-ray diffraction studies were performed
to refine the crystal structure. From the refined atomic positions, two independent tilts of the
IrO¢ octahedra were found: ~ 11.5° out of phase and ~ 8.7° in-phase along (110) and (001)
axis, respectively at 300 K [80] which corresponds to the tilt pattern of (a~a~¢™) in Glazer
notation [48,49].

Even though it is possible, the metastable growth starting from the high-pressure phase
poses technical challenges and makes it impractical for the study and application. This prob-
lem can be solved by thin film engineering. The substrate-induced in-plane epitaxial strain
(ex¢) can be used as a “effective pressure” to stabilize the perovskite SrlrO; phase at ambient
conditions [84-90]. Moreover, it also offers great promise to integrate SrlrO; into HSs and
SLs. The pseudocubic lattice constant a,. &~ 3.96 A, makes it compatible with large num-
ber of commercially available perovskite substrates and allows to grow with wide range of
strain states. To accommodate the substrate induced strain; a distortion, tilt and/or rotation
of the IrO¢ octahedra is expected, depending on the degree and sign of strain (compressive,
ex < 0 or tensile, £,, > 0) which can significantly modify the crystal structure. In per-
ovskite oxides, electronic and magnetic properties are closely linked to structural properties
and thus a significant change in the physical properties are expected as function of substrate
strain [76,87,90].

The growth conditions and substrate choice can have strong influence on the film struc-
ture and so on physical properties. One needs to carefully optimize the growth parameters,
see Chapter 3. The high volatility of IrO; does not allow to grow the films at very high
temperatures. A high temperature growth (> 700° C) can cause Ir deficiency favoring the
insulating Sr,IrO4 phase instead of SrlrO3 [71]. To protect the surface of ultrathin films,
a thin insulating SrTiO; capping layer is usually recommended, which may avoid possible
degradation. With increasing film thickness, rapid structure relaxation of the films is ex-
pected, which again limits the thickness (¢) up to which high quality single crystalline films
can be prepared. On lattice matched substrates, ¢ ~ 40-50 nm can be achieved. Beside the
impact of substrate strain, which will be discussed later in detail, the symmetry of substrate
also plays very crucial role. Growth of SrIrO; on orthorhombic substrates (e.g. DyScOs,
GdScOs3) generally results in the untwinned growth with c-axis of film in the film plane and
parallel to that of the substrate. In contrast, a highly twinned growth was observed on cubic
substrates (e.g. SrTiOs, (Lag 13Sr0.82)(Alg.s0Tag41)03) [90]. However, the twinned growth
can be strongly suppressed using SrTiO; substrates with high miscut angle [91].
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Figure 2.9: Electronic band structure of SIO: (a) DFT calculated band structure of bulk SIO (Pbnm)
for U =2 eV, a = 2. The Fermi level and J.g = 1/2, 3/2 bands are shown, (b) the U-SOC phase
diagram of SIO [73,92]. Three different phases (MM = magnetic metal, M/SM = non-magnetic
metal or semimetal, MI = magnetic insulator) are shown.

2.2.2 SrIrQO;: electronic and magnetic properties

As mentioned briefly in last section, epitaxial films may have slightly (or largely) different
structure compared to bulk perovskite SrIrO; which can strongly influence the electronic and

magnetic ground state alike.

In Fig. [2.9], we show the electronic band structure of SrlrO;. The band structure was
calculated for bulk SrlrO; using density functional theory incorporating Hubbard interac-
tion (U) and SOC (represented by a, a unitless prefactor of the SOC term in Hamiltonian).
A range of U and a were chosen carefully to observe the impact on electronic structure [92].
In Fig. [2.9b], the band structure is shown for U =2 eV and o = 2. The band structure near
the Fermi level is made of J.¢ = 1/2 band. Most importantly, a Dirac-like linear node point is
found along the U-point, consistent with the semimetallic nature of SrlrO;. A qualitatively
similar band structure and line node near the U-point was also observed in the band struc-
ture calculated by the tight-binding model which shows the robustness of the feature [92].
The interplay of U and a strongly modifies the band structure and thus the ground state of
SrIrO; [73]. In Fig. [2.9b], the phase diagram as a function of U and a is shown. Clearly, one
can observe a phase transition from nonmagnetic semimetal to magnetic metal or magnetic
insulator depending on the competition between U and a. In a recent band structure calcu-
lation, even a richer phase diagram has been reported [93]. Experimentally, the electronic
band structure of SrIrO; was measured using angle resolved photoemission spectroscopy on

metastable SrlrO; films on LSAT (001) substrate. A semimetallic ground state with heavy
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Figure 2.10: Electronic transport in SIO films: Resistivity vs temperature of SIO films as a function
of (a) thickness and (b) substrate strain. MIT is observed for thin and compressively strained SIO
films, (c) The compressive strain induced octahedral rotation and its consequence on the electronic
structure of SIO. Figures are taken from [75, 85].

hole-like dispersion and light (nearly linear) electron-like bands were observed at the Fermi
level [94]. The semi-metallic charge dynamics with different mobilities for electron and
hole carriers in SIO films were further evidenced by the magnetotransport and Raman ex-
periments [95,96].

Owing to the presence of Dirac nodal line, SrlrOj; is theoretically predicted as a toy model
for the realization of topological phases [92]. Depending on the specific broken symmetry,
SrIrO; can be grouped into various topological phases, e.g., Dirac semimetal or topological
insulator [97].

Electronic transport in bulk SrlrO; single crystals show metallic behavior down to 2 K.
At high temperatures, the resistivity varies linearly with temperature, however at low tem-
peratures, it follows a 72-dependence, characteristic of a Fermi liquid metal system [80]. In
some samples, a resistive upturn at low temperature (< 30 K) originating from impurities
were also discussed [79]. Magnetoresistance (MR) of bulk single crystals were found to fol-
low a B?- magnetic field (B) dependence. In stark contrast, polycrystalline samples showed
a very large linear MR ~ 100 % at low temperatures [81]. A magnetic field-induced topo-
logical evolution of Dirac nodes was discussed as the origin of such large, unusual linear

MR in polycrystalline SrlrOs;.

Resistivity behavior of thick (> 40 nm) SrIrO; films were found to be similar to that of
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bulk. A metallic behaviour at higher temperatures accompanied with a resistivity upturn at
low temperatures are commonly observed in SrlrO; films on different substrate. However,
the upturn temperature is found to be inconsistent with strong dependence on the growth
process and choice of substrate material.

Reducing the film thickness of SrlrO; to # < 4 monolayer (ML) can strongly influence
the transport properties as well. Reducing film thickness usually results in an increased
disorder, electronic correlation and structural distortion which significantly contribute to en-
hanced resistivity and insulating behavior. A disorder driven localization was reported as
the origin of MIT as a function of thickness, see Fig. [2.10a], [75]. Similarly, a MIT and
weak antilocalization to localization transition was observed in SrlrO; films below 4 ML
thickness [98]. A simultaneous MIT and magnetic transition was observed in SrlrO; films
below < 3 ML, where suppression of octahedral rotation was found to open a charge gap at
the Fermi level.

Beside dimensional confinement, MIT as a function of strain has also been reported in
several studies [75,85]. In Fig. [2.10b], the resistivity behavior of 35 nm film on differ-
ent substrates is shown [75]. Compressive strain is found to support insulating transport in
comparison to tensile strain, where metallic transport of SrlrO; was obtained. In SIO films,
Ir-O-Ir bond angles are highly susceptible to lattice strain rather than the Ir-O bond length
due to rigid IrO¢ octahedra [85]. An in-plane compressive strain results in a decreased Ir-O-Ir
bond angle, see Fig. [2.10b], which consequently reduces the hopping between Ir 5d-orbitals
and hence the electronic bandwidth. Bandwidth reduction can put the system from a metallic
to an insulating state either by the localization of states or even by opening a gap near the
Fermi level [85]. An anisotropic electronic transport was also evident in untwinned SrlrO;

films with lower resistivity along the c-axis direction [90,91].

2.3 SrIrQO; thin film heterostructures and superlattices

Since physical properties are closely related to the structure, the ground state of SrlrOs;,
particularly of strained thin films, is shown to be highly tunable, for example, as a function
of film thickness and substrate material. In this section, a survey on SrlrOs-based HSs and
SLs, comprising other 3d/4d TMOs is given. The interfacial coupling between two dissimilar
oxides can lead to the observation of new ground states that can be very different from either

of the constituent layers.

The very first attempt to combine 3d-5d TMO SLs was realized by Matsuno et al. [99],
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Figure 2.11: Magnetic ground state evolution in [(SrIrO3),,,(SrTiO3)] superlattices: proposed mag-
netic structure for m =1 (a), 2 (b) in comparison to Sr,IrO4 (¢). The figure is adapted from Ref. [99].

where non-magnetic and insulating SrTiO; were combined with SrIrO; to study the effect of
dimensional confinement and its interplay with SOC and U. Artificial [(SrIrOs3),,,(StTiO;)]
SLs with m = 1, 2, 3, 4 and oo, the number of unit cells, were grown with varying SIO
stacking layers, i.e., m. The SLs undergo simultaneous semimetal to insulator and ferro-
magnetic transition for m < 3. The concurrent transition suggests the strong coupling of
charge gap and magnetic ordering in the SLs. The magnetic ground state can be expected
to be very similar to that of Sr,IrO4. The different IrO, planes show weak effective in-
plane magnetic moments resulting from the canting of the J.¢ = 1/2 pseudo-spins. In Fig.
[2.11], the proposed magnetic structure is shown. In contrast to the antiferromagnetic cou-
pling of effective in-plane moments along c-axis in Sr,IrOy, the ferromagnetic ground state
observed in [(StIrO3),,,(SrTiO3)] for m = 1, 2 can be explained by considering the ferromag-
netic alignment of the effective in-plane moments of different IrO, planes along c-axis, see
Fig. [2.11a,b].

For m = 1, an effective moment m.g ~ 0.02 up/Ir was reported which is about (1/4)th of
the moments in Sr,1rO,4 [100,101]. As the net moment values strongly depend on the canting

angle of the J.g = 1/2 moments, a smaller rotation (8° instead of 11-12° in Sr,IrO,) of the
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Figure 2.12: Magnetism evolution in SrlrOs: (a) the magnetic anisotropy, Ir edge XMCD and mag-
netization measured with SQUID as a function of temperature for [(SrIrO3);/(La, 3811 /3Mn03)3]
SLs [34], (b) XAS and XMCD measured at Mn and Ir edge on a series of [(StMnO3),,/(SrRu0O3),]
SLs. The inset in (b) shows the relative interfacial charge transfer [35].

IrO¢ was argued to be the reason for smaller moments observed in [(StIrO;),,,(StTiOs)].

In another pioneer work, Di Yi et al. prepared [(SrIrOs),/(La,/3Sr;;3MnOs);] SLs (la-
beled as 7,,M3, with m = 1-10, the number of SrIrO; unit cell) and studied the magnetic and
transport properties [34]. A change of in-plane magnetic anisotropy in the /,,M3 superlattices
was observed as a function of SIO film thickness m. By controlling m, it is possible to tune
the overall anisotropy energy systematically. Moreover, the change of magnetic anisotropy
was also accompanied by the evolution of ferromagnetism in the SrlrO; see Fig. [2.12a].
The onset temperature (7. ~ 270 K) and coercive field of ferromagnetism in SIO closely
follow the ones in La,/3Sr;,3MnO3, suggesting a strong correlation between the two. X-ray
magnetic circular dichroism (XMCD) demonstrated anti-parallel alignment of Mn and Ir net
moments with magnetic moment m; = 0.036 ug/Ir and m; .z = 0.002 ug/Ir. The large
m,/my ratio signifies the role of strong spin-orbit coupling in SrIrO;. Note that the X-ray

absorption spectroscopy did not report interfacial charge transfer in this system.

A large intrinsic anomalous Hall effect and proximity induced magnetism was also re-
ported in SrlrO;/Lag;Sro3MnO; HSs [102]. However, the metallic La,;Sry3;MnO; layer
makes the characterization of the anomalous Hall or related topological transport phenom-
ena in SIO complicated.

Another seminal work on manganite-iridate interfaces reported by J. Nichols ef al. [35],
investigated the magnetism and transport in the [(StMnOs),,/(StIrOs),] x Z SLs, where m,
n and Z are the numbers of StMnO; and SrlrO; unit cells and the repetition, respectively.

They combined the antiferromagnetic insulator StMnO; with SrlrO;. A strong interfacial
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electron transfer from SrlrO; to StMnO; for m = n < 3, reaching up to 0.5 electron/uc
for m = n = 1 was determined from XAS experiments, Fig. [2.12b]. XMCD showed
a clear magnetic response at Mn and Ir edges which becomes maximum form = n = 1,
see Fig. [2.12b]. In contrast to the negative XMCD at Mn L3 edge, the XMCD at Ir L;
is positive, which indicates anti-parallel alignment of the Mn and Ir net moments. Such
anti-parallel alignment of the Mn and Ir moments was also observed for other manganite-
iridate interfaces [34]. A sum rule analysis on Mn and Ir XMCD resulted in total moments of
my = 2.1 ug/Mn (m; = 0.3 ug/Mn, mg = 0.9 ug/Mn) and my, = —0.08 ug/Ir (m; =
0.057 ug/Ir, my = 0.013 up/Ir).

The induced ferromagnetism can greatly influence the transport below the transition tem-
perature which is reflected, e.g., in the magnetotransport. A negative hysteretic magnetore-
sistance (MR) is observed for m = n < 4 superlattices for 7 < 75 K. Concurrently, a hys-
teretic anomalous Hall resistance (AHR) has also been observed. It is important to mention
here that the transport for superlattices m = n < 2 is dominated by the onset of conductivity
in the SrMnO; layer.

Skoropata et al. [103] replaced the StMnO; with LaMnO; and studied the interfacial
properties of [(LaMnOs),/(SrIrO;),] x Z SLs. In contrast to an antiferromagnetic insulator
ground state of bulk LaMnOs, thin films show a ferromagnetic insulating state. In addition
to the anomalous Hall, a topological Hall effect has been also discussed. However, as both
SrIrO; and LaMnOj; are conducting in the superlattices, the observation of topological like-
Hall effect can be explained also by the superposition of two anomalous hall resistivity with
opposite polarity. Note that an anomalous Hall effect has already been observed in single-
layer (doped) LaMnOj thin films [63, 64].

Instead of 3d-TMO, there are also efforts to combine the 4d-TMO with SrlrO; to study
the interfacial properties in 4d/5d HSs and SLs. Mainly, SrRuQs, a ferromagnetic metal, was
extensively used to realize such interfaces. In [(SrIrOs),,(SrRu0Os),,] bilayers, with m being
the number of SrRuO; unit cells, an AHE was observed for different m (4-7) [33]. A sign
change of the AHE as a function of temperature was also reported, consistent with the earlier
reports on SrRuO; [105]. In addition to an AHE, an additional hump-like feature (for m =
4-6) ascribed to topological Hall effect (THE) was observed over a range of temperatures
and magnetic fields, see Fig. [2.13]. The large Dzyaloshinskii-Moriya interaction (DMI),
resulting from the strong spin-orbit coupling in SrlrO; and inversion symmetry breaking at
the SrRuO;/SrIrO; interface, was discussed as the origin of the THE in the bilayers. The

results advocate for the realization of Néel-type magnetic skyrmions at the STRuO;/SrlrO;
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Figure 2.13: Electric field control of AHE and THE in SIO/SRO bilayers: (a) AHE+THE at 30 K
as a function of gate voltage, (b) AHE and, (c) THE as a function of temperature at different gate
voltages. The figure is adapted from [104].

interfaces.

Later, the same group also studied the electric field control of AHE and THE at the
SrRuQ3/SrlrO; interfaces [104]. The AHE and THE both show strong gate voltage depen-
dence and their temperature evolution as a function of gate voltage are shown in Fig. [2.13].
A change of spin-orbit coupling in SrlrO; with applied electric field was argued as the pos-
sible reason [104].

There are some further studies on [(SrIrO3),,(SrRuO3),,] HSs and SLs, where hump-like
additional features were observed in total Hall that were ascribed to the THE resulting from
the deviation of electrons in the transverse direction while crossing the magnetic skyrmions
inreal space. Some studies combined transport experiments with imaging methods like mag-
netic force microscopy (MFM) [106]. MFM images demonstrated the presence of magnetic
features in these systems. However, the existence of skyrmions is still under debate [107].
A large discrepancy was found between the skyrmion number density obtained from the

transport and MFM experiments.

Recently, similar AHE and hump-like additional features were observed in single-layer

SrRuO; thin films. This strongly questions the origin of hump-like features at StTRuO;/SrIrO;
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interfaces and strongly suggests the superposition of two AHEs with opposite polarity as the
main reason for the observation of hump-like features [108, 109]. The magnetic properties
of ultrathin SrRuO; films are strongly thickness dependent, with even a slight variation in
thickness leading to magnetic inhomogeneity in the sample [110]. These inhomogeneous
magnetic regions can result in AHE with opposite polarities (positive and negative), leading
to the observation of hump-like features superimposed on the AHE in the Hall resistivity. The
above hypothesis of “two-channel AHE” with opposite polarity in SrRuOj; is reasonable as
SrRuO; shows a sign change of the AHE as a function of temperature [105] and one can
expect two AHEs with opposite polarities over a range of temperatures originating from
different magnetic regions.

Thus, one should be very careful in choosing the magnetic layer with SrlrO;. Ideally, a
strong ferromagnetic insulator would be a good starting choice. Commonly used LaMnO;
is an antiferromagnetic insulator in bulk. In contrast, strained LaMnOs thin films develop
a ferromagnetic insulating ground state. However, as manganite physics is symmetric with
respect to the electron-hole doping, hole or electron doping results in a metallic ground state
in LaMnOs [63,64,111,112]. Also, STRuO; remains metallic down to 2-3 ML and contribute
to the total conductivity of the HSs and SLs.

In this thesis work, we concentrate on the interfacial properties of SrlrO;/LaCoQj; inter-
faces by integrating them in HSs and SLs. Lightly doped LaCoO; remains insulating and
allows electronic transport within the SIO layer only. At the end, we will provide a more
general and comprehensive study on the 3d-5d TMO based interfaces SrlrO;/LaX0; (X =
Mn, Fe, Co and Ni) and will discuss the interfacial electronic and magnetic exchange at such

interfaces.
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CHAPTER 3

Sample Preparation and Experimental Methods

An experiment is a question which science poses to Nature and a measurement is the

recording of Nature’s answer.

Max Planck
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Chapter 3. Sample Preparation and Experimental Methods

This chapter discusses the main experimental tools used throughout this thesis work.
The first part reports on the sample growth and device preparation. In the second part, a
brief introduction to the various experimental methods used to characterize the structural

and physical properties of the samples is given.

3.1 Sample preparation

3.1.1 Target preparation using solid state synthesis

The first step towards the growth of a thin film consists of the preparation of the target
material. In the course of this thesis work, home built targets were used for laser ablation. In
the following, the details on the preparation of the SIO targets are provided. For this purpose,
a solid-state synthesis methods were employed.

In a first step, IrCl; powder was annealed twice in flowing O, environment at 600 °C for
15 hours. The heating and cooling rate was kept at 250 °C/hour. This results in the formation
of homogeneous IrO, powder. In Fig. [3.1a], powder XRD of converted IrO, using a Mo
K, source is shown which confirms single phase IrO, with minor presence of pure Ir metal.

The chemical reaction is given by-
IrCls(s) + Oz(g) — IrO,(s) + Cl(g)

Next, IrO, and SrCO; powders, taken in equal molar weight were mixed and ground
together to form a homogeneous mixture. This mixture was calcined at 700 °C for 10 hours

which results in the formation of the SrlrO; monoclinic phase.

IrO;(s) 4+ SrCO;(s) — SrIrOs(s) + CO,(g)

After the calcination, the powder was sintered at 1050 °C for 40 hours. The sintered
powder was then pressed into the pellets (diameter ~ 15.2 mm and thickness ~ 3 mm) ap-
plying hydrostatic pressure of &~ 0.27 GPa. In a second sintering, pellets were sintered at
1150 °C for 20 hours. In Fig. [3.1b], we show the XRD of the sintered powder and the pellet
with black and blue lines, respectively. No changes were observed. Compairing the XRD of
target with the reference data confirms the single phase monoclinic strontium iridate (space
group: C12/cl (15)) targets. The target density was estimated to 5.048 g/cm? which is about
59 % of the bulk density.
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Figure 3.1: Structural characterization of SrlrO; target: (a) XRD of IrO; powder and (b) solid SrlrO;
target. For the comparison reference data are provided.

3.1.2 Substrate pre-treatment

In order to grow high-quality epitaxial thin films, HSs and SLs with atomically sharp inter-
faces, the prerequisite step is to start with an atomically flat, well-defined surface terminated
substrate. Prior to the film depositions, all the substrates used in this thesis were pre-treated
to ensure well-defined atomic termination. This was done by combining chemical wet etch-

ing followed by annealing in a flowing oxygen environment.

(a) Surface termination:

For the termination of SrTiO3 (STO) (001), substrates from CrysTec GmbH (5 x 5 x 1 mm?)
were chemically etched and annealed to provide atomically flat, smooth surfaces [113—115].
The STO crystal structure can be visualized as a layered structure along the (001) crystal-
lographic direction where the alternating SrO and TiO, planes (blue and orange blocks in
Fig. [3.2a], respectively) are aligned parallel to each other. Freshly received STO substrates
usually show a mixed terminated surface.

In a first step, STO substrates were kept in bi-distilled water for about 10 minutes. This
leads to the formation of strontium hydroxide (Sr(OH),) on the surface. Strontium oxide
reacts strongly to the water compared to the titanium oxide and this forbids the formation
of titanium hydroxide (Ti(OH),) to a large extent. The (Sr(OH),) rich surface was then
selectively etched by a buffered hydrogen fluoride solution for 30 seconds [116]. After the

etching, a stopping bath in bi-distilled water for 10 seconds was carried out. In the last
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Figure 3.2: Substrate pre-treatment: (a) Surface termination of STO (001): freshly received surfaces
are mixed terminated, which after the selective etching and annealing in O, transform to single ter-
mination [116], (b) Surface morphology of a TiO, terminated STO (001) substrate, (c) Height profile
of the TiO;- terminated STO (001) along the direction perpendicular to the terraces.

step, substrates were dried by the nitrogen blow. These chemically etched substrates were
annealed at 950 °C for 5 hours in flowing oxygen environment. The whole process results
in atomically sharp surfaces with step-terrace like surface structure where terrace height

amounts to one perovskite unit cell (3.9-4.0 A), see Fig. [3.2¢].

(b) Atomic force microscopy:

The surface morphology of the single terminated STO (001) (and others also) substrates were
characterized by atomic force microscopy (AFM). AFM is a powerful technique to image the
surface topography with 3-dimensional precision. The main principle is to ‘feel’ or ‘touch’
the individual atoms of the surface utilizing an atomically sharp tip, attached to a flexible
cantilever. The interaction between the tip and the surface atoms is used to create the 3-

dimensional image of the surface down to the atomic scale. For our experiments, we used
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Figure 3.3: Cross-sectional view of the PLD system equipped with the RHEED for in-situ growth
monitoring. A focused UV laser ablates the target material which later re-condensates on the heated
substrate.

the contact mode where the tip directly touches the surface atoms. In Fig. [3.2b], we show
the AFM surface topography of a TiO,-terminated STO (001) substrate showing step-terrace
like surface structure. The height profile perpendicular to the terraces direction is also shown
in Fig. [3.2¢c]. The terrace height amounts to one perovskite unit cell (3.9-4.0 A).

The AFM experiments were performed at the Karlsruhe Nano Micro Facility at the In-
stitute of Microstructure Technology (IMT), KIT, Germany.

3.1.3 Pulsed laser deposition

(a) Laser ablation:

During the course of this thesis, Pulsed Laser Deposition (PLD) was used for the growth
of thin films, HSs and SLs unless stated otherwise. PLD is one of the most widely used

deposition techniques for the growth of oxides. It allows the deposition in a wide range of
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pressures- in ultrahigh vacuum or reactive gas environments such as oxygen, nitrogen, argon
up to ambient conditions or even above [12,13].

The basic principle of PLD lies in the ablation of a target material by a pulsed laser and
its subsequent deposition on the substrate. An ultraviolet (UV) pulsed laser (KrF excimer
laser, A = 248 nm) is focused on the target surface and ablates the target material. The rather
complex light-matter interaction, which involves the following sequential processes: UV
light absorption, electron-phonon interaction, plasma (ions) formation and particle collision
(i.e. thermalisation of high energetic particles), results in the formation of plasma plume
directed perpendicular to the target surface. In the last step, deposition of the film takes place
on the substrate surface, which strongly depends on the sticking coefficient, surface mobility
of ad-atoms, and competition among different surface energies (i.e. surface wetting). The
schematic of the PLD equipped with in-situ RHEED is shown in Fig. [3.3]. The target
carousel can hold ten targets at a time, making it very suitable for the growth of superlattices
comprising two or more individual layers. Note that the deposition of perfect stoichiometric

films using PLD is challenging and often results in a slightly off-stoichiometric ratio.

(b) Growth modes:

The nucleation and subsequent film growth on the substrate surface is a very complex pro-
cess and generally governs the structural and chemical properties of both substrate and film
material. It depends on the sticking coefficient and surface mobility. The substrate tem-
perature (7) and deposition rate (R) strongly influence the growth kinetics and nucleation
process. Generally, higher T, i.e., ad-atom surface mobility and lower R favor the fewer
and larger nuclei, which is important for the smooth layered growth. In contrast, low surface
mobility (i.e. Ts) and high supersaturation (i.e. R) favor 3D island growth. In addition, laser
energy (E), background oxygen pressure (PO,) and substrate induced epitaxial strain (e,,)

also play an important roles. The growth modes can be categorized into following types:

(i) Island growth (3D growth): In this mode, film atoms tend to bound each other strongly
compared to the substrate atoms and surface diffusion is rather slow. This results in the island

(also known as Volmer-Weber) growth mode.

(ii) Layer plus island growth (3D mixed growth): This is more realistic and commonly
observed in case of epitaxially grown films. In this mode, growth starts initially as layer-by-

layer (2D) and transitions to the island growth (3D) after few layers. This is also known as
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Figure 3.4: Working principle of RHEED: Thin film growth on the substrate (right side) and corre-
sponding intensity change (oscillations) of specular spot as a function of time. This figure is adapted
from [117].

Stranski-Krastanov mode.

(iii) Layer-by-layer growth (2D growth): In this mode, a layer-by-layer and smooth 2D
growth takes place. Film atoms tend to bound strongly with substrate compared to each other
and generally results in the highest crystalline quality films.

Layer by layer (also known as Frank-Van der Merve) growth mode results in the obser-
vation of well defined reflection high energy electron diffraction (RHEED) intensity oscil-

lations, where one oscillation corresponds to the growth of one layer.

(iv) Step flow (2D growth): This is also a layer by layer 2D growth mode which usually
takes place on the substrates with steps and terraces like surface structure. During the growth
of a complete layer, the surface coverage remains constant and the intensity of diffracted spot

does not change as a function of time, resulting in the steady RHEED intensity.

(¢) Growth control:

Reflection high energy electron diffraction (RHEED) is a surface-sensitive technique com-
monly employed for thin film growth analysis and structural characterization. A high energy
electron beam (~ 30 keV) is accelerated and focused on a substrate surface at grazing in-
cidence (1-5°) along a specific crystallographic direction, which makes it surface sensitive,
see Fig. [3.3]. The e-beam interacts with the surface atoms and undergoes diffraction de-
pending on the arrangement of the atoms at the surface. A fraction of diffracted electrons

interfere constructively and hit and form a diffraction pattern at the detector screen. The
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Figure 3.5: Intensity modulation of a specular diffraction spot (red ellipse) along the STO (100)
surface as a function of time. The orange and blue lines represent the RHEED oscillation profile for
SIO (10ML) and LCO (10ML), respectively

arrangement and intensity of these diffraction spots depend on the reflectivity of the sam-
ple surface. RHEED is a very powerful technique to in-situ monitor the film growth on
the substrate and provides information on the layer thickness (number of unit cells), growth
rate, surface roughness, epitaxial relation between the film and substrate and possible surface
reconstruction during the growth.

As the deposition starts, the nucleation and growth of the film take place. As a conse-
quence, the intensity of a particular diffraction spot changes, see Fig. [3.4a]. With increasing
surface coverage on the substrate, intensity decreases and takes a minimum corresponding
to the 50 percent coverage on the surface, Fig. [3.4b-c]. As the surface coverage further
increases, intensity again starts increasing and then takes a maximum with the full coverage
of the surface, Fig. [3.4d]. Thus, one complete oscillation corresponds to the growth of one
atomic layer at the surface. Depending on the type of film growth, the RHEED oscillation
profile can be very different in nature and thus provide very important information. Gener-
ally, intensity decreases with time (number of layers) due to imperfect layer growth, see Fig.
[3.4e].
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Film T, (°C) PO, (mbar) E (mJ]) or (J/cm?)
SHr0, 600 0.1 40 (~ 1)
SrTiO; 700 0.1 40 (~ 1)

LaCoO, 650 0.3 80 (~ 2)
LaMnO, 700 0.3 80 (~ 2)
LaFeO, 700 0.3 80 (~ 2)
NdNiO, 700 0.1 40 (~ 1)

Table 3.1: Optimized set of growth parameters for the thin films used in the course of this thesis
work. The substrate to target distance and laser frequency were kept fixed for all the films at 55 mm
and 2 H., respectively.

The PLD chamber at IQMT, KIT is equipped with a electron source with 30 keV maxi-
mum energy from STAIB GmbH. Differential pumping is used to make RHEED compatible
with the PLD that allows it to use even in higher background gas pressure. A software from
k-space associates (kSA 400) analyses the changes in the intensity of a given spot and allows
to monitor and control the growth in real time.

For example, we show the intensity modulation for a specular spot of RHEED pattern ob-
served from the growth of a LCO(10ML)/SIO(10ML) bilayer in Fig. [3.5]. Clear thickness
oscillations were observed for both layers, documenting the layer-by-layer growth mode.
The film growth was stopped at the maxima of 10th oscillation which results in a growth
of 10 ML LCO and SIO. The inset of Fig. [3.5] shows the images of RHEED diffraction
patterns at different growth stages, documenting the layered growth of the films and smooth
2D like surface.

(d) Optimization of epitaxial growth:

As discussed in the last subsection, growth conditions and parameters have very strong influ-
ence on the epitaxy of deposited film. In this regard, laser parameters such as 4, E, frequency
(f) and other parameters as T, PO,, target to substrate distance (/) are very important. To get
a high quality single crystalline thin films, first, the growth parameters need to be optimized
with respect to stoichiometry and crystallinity. In general, £ and PO, play very critical role
in the plasma expansion profile and strongly affect particle scattering and distribution of the
ablated material. Hence, a careful optimization of the growth conditions is very important.

This was done by varying a specific parameter, e.g., Ts (500 °-750 °C) or £ (30-120 mJ) or
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Figure 3.6: The sequential steps involved in the microstructuring of Hall bars using standard UV-
photolithography and Ar-ion etching.

PO, (107%-10° mbar) independently while keeping others constant. T strongly influences
the epitaxy and crystallinity. Whereas £ and PO, largely control the stoichiometry, defects
(e.g. O, vacancy) and intermixing. The / and f'were kept fixed to 55 mm and 2 H,, respec-
tively. The films were checked for structural properties (X-ray diffraction), stoichiometry

(Rutherford Backscattering Spectrometry), electronic and magnetic properties.

Prior to each deposition, the targets were usually polished with a fine sand paper to
achieve reproducible starting conditions of the target material. A pre-ablation with around
100 laser shots was also applied to provide clean surface for the ablation. To compensate for
possible oxygen loss during the growth, all the films were post annealed in a 500 mbar O,

atmosphere at 500 °C for around 30 minutes and then cooled down to room temperature.

In Table [3.1], we have summarized the optimized growth parameters for different films

used in the study of this thesis work.

3.1.4 Device preparation

Electronic transport of the thin films, HSs and SLs were measured either in four point contact
using Van der Pauw geometry on plane films or in six-point contact Hall bar geometry on
microstructured samples. In this section, the details on the Hall bar device preparation that
includes the Hall bar microstructuring of films using UV-photolithography, ion etching and

subsequent solid back-gate device fabrication are briefly discussed.
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(b)

5mm

Figure 3.7: (a) The micrograph of the hard mask used for the Photolithograpy. Two perpendicular
Hall bars parallel to the crystallographic directions are shown, (b) Layout of the 3-terminal global
back gate device structure used in experiments. Contacts are provided by Al-wire bonding.

(a) Ultra violet photo lithography

Hall bars with surface dimension 40 x 200 um? along two perpendicular crystallographic
directions namely (100) and (010) (pseudo-cubic notations) were patterned using the com-
bination of UV-photolithography and Ar-ion etching. The realization of Hall bars along
two perpendicular directions allows to investigate the anisotropy (if any) in the electronic
transport along these directions. The schematic of the sequential steps involved in the pho-
tolithography process are shown in the Fig. [3.6].

A positive photoresist (PR) (AZ MIR 701) was first deposited on the sample using spin-
coating method with spinning speed of 4000 round per minute for 60 seconds. This results
in the deposition of ~ 900 nm thick PR layer. After soft baking on a hot plate at 90 °C for
60 seconds, the PR was exposed to UV-light using a mask aligner in hard contact (MA56/
7.5sx18.4 mW/ cm?, Micro Chemicals) and developed using AZ 726 MiF (Micro Chemi-
cals) for 45 seconds. The Cr mask used for the UV exposure is shown in Fig. [3.7a]. Next,
the Ar-ions were bombarded in a sputtering chamber with P(Ar) = 1.5 x 10> to etch the de-
sired surface area. The sputtering time was chosen carefully depending on the film thickness
where etching rate amounts to ~ 20 A/ minute under the given condition. In a next step, PR
was lifted off using Technistrip P1316 in ultrasonic bath for around 20 seconds. As a last
step, the samples were washed in bi-distilled H,O for 10 seconds and finally dried using
nitrogen blow.

Ar ion exposures for longer time may lead to creation of oxygen vacancies and con-
sequently parasitic conductivity in STO. However, this can be avoided by annealing the

samples in flowing O, atmosphere at 450 °C for 5 hours after etching process.
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(b) 3-terminal back gate device

Three terminal back-gate devices were fabricated employing STO substrate as dielectric ma-
terial. Crystalline STO shows very good dielectric property which increases with decreasing
temperatures. At low temperatures 7 < 30 K, the dielectric constant (¢) reaches the value of
> 5000 which makes it efficient for gating devices. The schematic of the device is demon-
strated in Fig. [3.7b]. The STO substrate was carefully thinned down to 0.1-0.2 mm from
the backside to increase the electric field strength at given voltage. The gate terminal was
provided by sputtering platinum (Pt) on the backside of the thinned STO substrate. In a final
step, a Pt sputtered MgO was glued using silver paste on the backside of Pt- sputtered STO

substrate.

3.2 Experimental methods

3.2.1 Chemical analysis

Rutherford backscattering spectrometry

In order to quantify the cationic ratio in the deposited film, we used Rutherford Backscatter-
ing Spectrometry (RBS). RBS is a non-destructive technique and allows the determination of
elemental concentration in thin films. The basic principle of RBS is the classical scattering of
high energy ions with the target (thin film) atoms which is governed by the Coulomb repul-
sion of the charge scatters (He' ™ ions). By measuring the energy and count of backscattered
ions at a particular backscattering angle, one can identify the target atoms as the energy of
the backscattered ions depend on the mass of target atoms [118].

In Fig. [3.8a], we show the schematic of a typical RBS spectra for a A,B,, film on
substrate S. The spectra consists of various regions related to the different element present
in the sample. Considering the integrated peak areas A, and A related to A and B elements
respectively, the stoichiometry ratio can be given as [118]:

n ABO'A

m AAO'B7

3.1)

where, 04 (op) is the scattering cross-section for A (B). In case of pure Coulombic scattering,
the ¢’s can be approximated as: ¢ ~ Z?, where Z is the atomic number [118]. Therefore, we

can write:
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Figure 3.8: (a) Schematic of a typical RBS spectra of A,B,, film on S substrate. Integrated peak
area corresponding to elements A, B and S are given as A4, Ap and Ag, (b) RBS spectra of a SrlrO3
films grown on MgO (001) substrate, presence of different elements are shown with arrows. The
simulation resulted in a stoichiometry ratio Ir:Sr = 1.00:1.07.

n . ABZi

m A2y

(3.2)

For the RBS measurement, thin films of thickness ~ 50 nm were deposited on MgO (001)
substrates. RBS measurements were performed by Dr. J. Schubert at Forschungszentrum
Jiilich, Peter Griinberg Institute Jiilich, Germany. In Fig. [3.8b], we show the RBS spectra
for a SrlrO; film (~ 50 nm). The simulation of spectra resulted in the stoichiometry ratio
Ir:Sr=1.00:1.07. A slight Ir deficiency is often reported in SrlrO; films due to high volatile

nature of IrOs.

3.2.2 Structural characterizations

Structural information are very important to understand the properties and functions of a ma-
terial. Macroscopic structural properties were mainly investigated using X-ray based tech-
niques. X-rays are widely used to probe structural information because their wavelength (0.1
- 10 A) are in the same order of the atomic spacing. All the samples grown during the course
of this thesis work were structurally investigated using a high resolution, four circle X-ray
diffractometer D8 Discover from Bruker GmbH.

In the following, we discuss the different methods used to study the structural properties

of epitaxial thin film samples.
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Figure 3.9: Illustration of the X-ray diffraction from the periodic arrangement of the atoms in a crystal.
The condition of constructive interference is full-filled (a) in real space when the path difference is
integral multiple of the X-ray wavelength n4, (b) in reciprocal space when the wave-vector transfer
Ak corresponds to some wave-vector Q

(a) X-Ray reflectivity

X-ray reflectivity (XRR) was used to obtain the individual film thickness (¢), electronic den-
sity (p) and the roughness (R) of the films. XRR is very sensitive to surface properties and is
thus very suitable for the study of thin films, HSs and SLs. X-ray beam, in reflection mode,
were used and the specularly reflected intensity was recorded as a function of incidence an-
gle. Usually the incidence angle is very small, close to the critical angle (a.), the angle
below which the total reflection condition is satisfied. The reflected intensity profile shows
two main characteristics. The one which decreases after o, in accordance with the Fresnel
reflectivity and the other comprise of Kiessig oscillations resulting from the constructive in-
terference of X-rays reflected from the different diffractive layers and is directly related to
the thickness of layers.

Experimentally measured XRR data were simulated using the LEPTOS v.7.05 software
from Bruker AXS GmbH. The fitting parameters include film thickness, surface roughness

while density was kept constant to bulk values unless stated otherwise.

(b) X-Ray diffraction

X-ray diffraction (XRD) is an elastic X-ray scattering process which is widely used to de-
termine the structural properties of crystalline materials. The periodic arrangement of the
atoms inside crystalline material act as a diffraction grating for the X-rays. Scattering of
X-rays from these long-range atomic networks reinforce it to go under the constructive and
destructive interference and as a consequence produce a diffraction pattern which is the fun-

damental signature of that crystalline material, see Fig. [3.9a]. The constructive interference
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condition is given by the Bragg’s equation

2.dp(03) = ni, (3.3

which states that the in-phase interference leads to the formation of diffraction peak in the
pattern. Here djy; is the interplanar spacing between the planes with Miller indices (hkl), O
is the Bragg angle satisfying the interference condition, 4 is the X-ray wavelength used and
n is the order of diffraction.

The intensity of a particular diffraction peak depends on the symmetry and geometrical

form factor of the atoms inside the crystal.

(¢) Reciprocal space maps

The reciprocal space (also known as momentum space/ K-space/ g-space) can be visualized
as the Fourier transform of the direct real space. The reciprocal lattice corresponding to a real
lattice can be constructed by arranging the each parallel set of Miller planes as a point normal
to the plane direction at a distance equal to the reciprocal of inter-planar distance between the
parallel planes. The 3-dimensional network of these points thus formed is called reciprocal
lattice.

The condition of constructive interference defined by the Bragg’s equation can also be
understood by using the concept of reciprocal space. This condition is given by von Laue
and is commonly known as Laue’s equation.

If the wavevector of incident and diffracted wave are k and ¥ respectively then the
wavevector transfer Ak during the scattering process will be (l? — K ). According to the
Laue’s condition for the in-phase interference, the wavevector transfer Ak must correspond

to some vector Q in reciprocal space lattice, see Fig. [3.9b]:

(k—K) = Ak = 0. (3.4)

In general, symmetric XRD measurements around a substrate peak provides information
about the film lattice planes parallel to the substrate surface, i.e., about out-of-plane lattice
parameter. Hence, to extract the information about the in-plane lattice parameters, asym-
metric XRD measurements are needed. This is done by recording the reciprocal space maps
around specific allowed asymmetric lattice planes which allow to resolve the in-plane and
out-of-plane parameters separately.

Reciprocal space mapping (RSM) is a high-resolution powerful technique to study the
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Figure 3.10: Schematic showing the different types of scans in (a) real space and (b) reciprocal space
performed on the thin film heterostructures using a four circle diffractometer. The crystallographic
and scattering directions are shown for the clear visualization.

epitaxial relationship between the constituent films and substrate, can be recorded by giving
an offset Aw to incident angle (w) in the conventional coupled (w — 26) scan around an
asymmetric reflection, Fig. [3.10b]. By scanning an area in reciprocal space in the vicinity
of an asymmetrical reflection, one can extract the out of plane and in plane information as
well. It enables us to define the degree of relaxation, mosaicity, tilt, twist, strain, curvature
present in the constituents films.

Due to constraints imposed by the source wavelength and the thickness of sample, only
few reflection planes of k-space are allowed to be mapped. In reflection mode, these planes
lie within the limiting semicircle (limiting hemisphere in 3-dimensional) of radius % and two
forbidden zones (semicircles) centered at 7 with radius 1, see Fig. [3.10b]. The forbidden
zones are formed due to the thickness of sample, where absorption of incident or diffracted
X-ray takes place when the incident angle or the scattered angle of the X-ray beam is less
than zero.

Different types of scans, i.e., rocking curve (o scan), detector scan (26 scan), azimuthal
(¢ scan) and coupled (w-26 scan) in real and reciprocal space are demonstrated in Fig.
[3.10a,b].

(d) Half integer reflection XRD

As pointed out in the Chapter 2, physical properties of the TMOs strongly depend on the ar-

rangement of BOg octahedra, specially in SrlrOs, where strong pseudo-spin lattice coupling
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is active. Thus, it is important to analyze the octahedra distortion (tilt or rotation pattern) of
BOg octahedra in ABO; layer.

The oxygen octahedral distortions lead to a doubling of the pseudocubic unit cell along
specific crystallographic axis in real space and thus allow to analyze the tilt or rotation pattern
by measuring a set of specific pseudocubic half integer reflection (HIR-XRD). Considering
the Glazer notation (a*b*c*, x = +/ — /0), see Section 2.1.1 and also [48], the in-phase
(+) rotations a™*, b* and ¢ produce ikl reflections: even(h)-odd(k)-odd(/) with k # [ (e.g.
013, 031), odd-even-odd with & # [ (e.g. 103, 301) or odd-odd-even with & # k (e.g. 130,
310), respectively. While the out-of-phase (-) rotations a—, b~ and ¢~ give hkl reflections:
odd-odd-odd with k£ # [ (e.g. 131, 113), odd-odd-odd with /2 # [ (e.g. 113, 311) or odd-odd-
odd with & # k (e.g. 131, 311), respectively [49]. The intensity of these HIR depend on the
strength of orthorhombic distortion and are often rather low. However, the high crystalline

quality of the films sometime allow to probe such reflections using lab-based XRD systems.

(e) Scanning transmission electron microscopy

Transmission electron microscope (TEM) is a very powerful technique to image atoms/ sur-
faces/ interfaces of a sample with the resolution down to atomic scale. For example, an
electron beam running at 100 kV offers a practical resolution of 0.5 nm and allows direct
probing of individual atoms. The working principle is very similar to an optical microscope
where the light source and optical lenses are replaced by the high energy electron source and
electromagnetic lenses, respectively. The whole process takes place inside a high vacuum
chamber which is decisive for the resolution and performance of the TEM [119].

A high energy, focused electron beam passes through an ultrathin sample and interacts
with the atoms. The interaction involves several complex elastic and inelastic processes and
results in backscattered, unscattered, secondary and Auger electrons and/or generation of
X-rays. These emitted electrons and radiations can be used to deduce different information
as elemental composition and topography of the sample specimen. In TEM, elastically scat-
tered, transmitted electrons are collected by a detector and in a final step, used to create the
magnified image of the sample.

The Scanning-TEM experiment were performed by D. Wang and V. Wollersen at the
Institute of Nanotechnology, KIT. Investigations on HSs (total film thickness ~ 20-40 nm)
were carried out using aberration corrected TEM in cross-section mode.

Furthermore, chemical analysis of the samples were also investigated performing elec-

tron energy loss spectroscopy (EELS). Integrating EELS within the TEM set-up provide
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several advantages over the other chemical analysis techniques as energy-dispersive X-ray
spectroscopy and allow imaging and chemical analysis parallely with resolution down to
atomic dimensions. A typical electron energy-loss spectrum consists of several key charac-
teristics. The zero-loss peak, which corresponds to the unscattered and elastically scattered
electrons during the interaction of the electron beam with the sample. The low loss region,
also known as the valence region, provides information about the band structure and dielec-
tric properties, including band gap, surface plasmon, etc. The last region at the higher energy
loss side is known as the ionization edge or core energy loss region. The ionization edges,
similar to the absorption edges in XAS (discussed later), provide information which includes

the chemical analysis of the specimen sample.

Figure 3.11: Electronic transport of the thin films and heterostructures: (a) Electrical connections for
four-point contact measurement in Van der Pauw geometry and (b) the sample holder (puck) used for
the experiments. (c) Electrical connections for six-point contact in Hall bar geometry. The connection
between sample and puck was provided by Al-wire.

3.2.3 Electronic transport measurement

Electronic transport measurements are at the heart of the experimental techniques used in this
thesis work. The transport measurements were performed with a Physical Property Measure-
ment System (PPMS) from Quantum Design (model 6000) equipped with superconducting
solenoid magnet with a maximum magnetic field of 14T. A Helium-4 cryostat equipped with
nitrogen jacket allows the measurements in the range of temperatures between 350 K to 1.7
K. An AC current I,, = I,sin(wt) (w =2 H,, I, = 1-100 uA) was used for the measurements.

Measurements were performed either in Van der Pauw or in six-point contact geometry
on microbridges, see Fig. [3.11]. The electrical connections between PPMS sample holder

pads and the sample were realized using an ultrasonic wire bonder with a aluminium wire,
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Fig. [3.11b]. In Van der Pauw geometry, the symmetric contacts were made at the corner of
the square shaped sample. The longitudinal resistivity (p,,) and transverse resistivity (p,,)

values were obtained using following expression,

X Rxx Vxx
p.=Rsxt= ”ln Xt Ra= T (3.5)
£
Pry = ny X1, ny = Kja (3.6)

with Ry, ¢, R, (V) and R,,, (V) are sheet resistance, film thickness, longitudinal and trans-
verse resistance (voltage) respectively.

In six-point contact geometry on Hall bars, samples were microstructured using UV-
lithography (see sample preparation section) into Hall bars and contacts were made on the

pads of Hall bar structures. Resistivity values were calculated using following expression,

P = T Py = Ry X 8, (3.7

with R,,, 4, [ and R,,, are longitudinal resistance, cross-sectional area of conduction channel,

length of the bar and transverse resistance, respectively.

(a) Longitudinal resistivity and Magnetoresistance

The longitudinal resistivity as a function of temperature (p, (7)) was measured during cool-
ing and warming of the sample between 300 K to 2 K. Any hysteretic effect related to struc-
tural or magnetic transition was carefully checked.

Magnetoresistance (MR) of a conductive sample is defined as its resistive response to

internal magnetization or an applied magnetic field. It is defined as:

B) —p(B=0)
p(B=0)

The normal MR measurements were performed with an applied magnetic field perpen-

MR(%) = P % 100, (3.8)

dicular to the film surface. The classical or ordinary MR originates from the cyclotron motion
of charge carriers under the influence of an applied field (B). In the limit of w.z > 1, where
w.(x B) and 7 are the cyclotron frequency and mean scattering time respectively, it becomes
dominant and follows quadratic field dependence.

In addition to classical MR, several distinct contribution to MR, depending on the choice

of sample, are possible. For example, negative MR in ferromagnets [ 120], giant MR in metal-
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lic multilayers and spin valves, colossal MR in manganites, tunneling MR in ferromagnet-
insulator-superconductor multilayer etc [121]. In quantum transport limit, weak localization
(WL) and weak anti-localization (WAL) can show dominant MR behavior at low fields [122].

(b) Transversal (Hall) resistivity

A conducting/semi-conducting material, when placed in a magnetic field, develops an addi-
tional transverse velocity perpendicular to the current and field direction as a consequence of
Lorentz force acting on the charge carriers. This phenomenon was first reported by Edwin
Hall in 1879 and commonly known as Hall effect [123,124]. Since the Lorenz force acts and
deflects positive (holes) and negative (electrons) charge carriers differently, Hall effect mea-
surements are very useful to characterize the type and concentration of charge carriers. In
single band transport, it shows a linear field dependence and is commonly known as ordinary

(or linear) Hall effect.

OHE
xy

acting on the charge carriers, transverse to the applied current 7, and an external applied

For an ordinary Hall resistance R;;", the Hall voltage V., generated due to Lorentz force

magnetic field B can be given as:

R

l@:M:fWBx@, (3.9)
Vi R

észjﬁz—;XB, (3.10)

where Ry (= £1/ne) and ¢ are Hall coefficient and the film thickness, respectively. In a single

band model, one can calculate the charge carrier density » and mobility p:

1 Ry 1
n= U=—=——""—.
pxx nxexpxx

n e X RH ’
Above relations are valid in case of single type charge carrier transport. If two different

(3.11)

bands contribute to the electronic transport, the Hall resistance is given by:

(Mapty — met) + pppe (my — ne) B>

R ;
(g, — nept,)* + puz (ny — ne)*B>

Xy

(3.12)

where ny, (n.) and g, (u,) are the density and mobility of holes (electrons), respectively.
Note that single SIO layers usually show a linear Hall effect with negative slope indicative
of dominant electron type electronic transport. However, one can also simulate the linear

behavior using a two band model considering the semi-metallic nature of SIO.
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Figure 3.12: Origin of the anomalous Hall effect: (a) Intrinsic AHE related to the Berry curvature of

the Bloch states at the Fermi level and extrinsic AHE including skew and side-jump scatterings, (b)

Relation between oy, and afyH E:S in different conductivity regime. In dirty or moderate dirty limit,

afyHE’ * does not depend on oy, i.e., af;]E’ * = floxy) [125]. The figures are adapted from [126, 127].
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In addition to RfyHE , the total Hall resistance can be comprised of several other contribu-

AHE
Xy

from the action of spin-orbit coupling in time-reversal symmetry broaken systems [125]. It

tions related to different physical phenomena, e.g, the anomalous Hall effect p£’** originating
is also known as spontaneous Hall effect as it depends on the internal magnetization in fer-
romagnets and can be observed even in the absence of an external magnetic field. In early
investigations on Fe, Ni and Co metals, the saturation value of AHE was found to be pro-
portional to the magnetization, M [128]. Therefore, in a classical description, the total p,, is

given by the following empirical relation:

Py = P+ plF =R, X B+ Ry x M. (3.13)

In 1954, the AHE was redefined as an additional “anomalous” contribution to the trans-
verse velocity under the application of an external electric field [129]. In ferromagnets, the
sum of this anomalous velocity over all the Bloch states at the Fermi level becomes non-
zero and consequently results in the observation of an AHE. As this contribution is related
to the band structure and does not depend on scattering, it is known as the intrinsic AHE.
Later, the AHE was classified depending on the origin mechanism into intrinsic and extrin-
sic AHE. The intrinsic AHE results from SOC and topological band properties. It is related
to the geometrical concept of Berry curvature and can be thought of originating from the
effective magnetic field “Berry connection” in reciprocal space [130]. In presence of disor-
ders, extrinsic mechanism can also contribute to the AHE, see Fig. [3.12a]. For example,
skew scattering (SOC assisted electron scattering from impurities) or side-jump scattering
(electron scattering from spin-orbit coupled impurities). A distinction among the different
origins of the AHE can be made by scaling the longitudinal conductivity (o,,) and transverse
anomalous conductivity (a7 *), see Fig. [3.12b] [125], which can be deduced from the

resistivities, p,, and pi/'" as follows:
2 2
Pix O,AHE s px)’
Ou = s d 0y = g (3.14)
Pt P Pt

First principal Berry curvature calculations have shown a large Berry curvature and hence
intrinsic AHE around the band (anti-) crossings points near Fermi level. Thus, strong spin-
orbit coupled materials with non-trivial crossing points in the band structure are expected to
show a large intrinsic AHE [125].

Apart from the ordinary and anomalous Hall contributions, the transverse resistivity can

be comprise of several other contributions, for example, topological, spin, inverse spin Hall
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Figure 3.13: Definition of AMR(¢) (¢ = a, S, y) scans: (a) Magnetic fields are swept inxy(a), zy(f, )
and xy(y) planes. For the visualization, axes and different scans are shown. (b) Sample holders used
with rotator for AMR measurements with magnetic field rotating in different planes.

effect etc.
Experimentally measured data (p,, and p,,) were corrected with respect to a linear drift

and a residual offset. p, (B) and p,,(B) were symmetrized and anti-symmetrized using

La) £ and =

, respectively.

(c) Angle dependent anisotropic magnetoresistance

Angle dependent anisotropic magnetoresistance AMR(¢p) measurements were performed us-
ing a special sample holder and a sample rotator HR-133 from Quantum Design. Magnetic
fields were swept in different crystallographic planes with current always along the x-axis.
Prc! P (@)s P/ Py (B) and p, [ p, (7) are defined as the longitudinal and transverse resistiv-
ities with magnetic field rotating in xy, zy and zx-plane, respectively, see Fig.[3.13]. Ex-
perimentally measured p,./p,,(¢), (9 = @, 8, 7) data were corrected with respect to sample
wobbling due to any possible tilt of the sample glued to the sample holder and linear drift.

In magnetic materials, the conventional AMR is caused by spin-flip and exchange scat-
tering between s- and d-electrons, i.e., s-d scattering (sdS) and depends only on the relative
direction between the current and the magnetization [131]. Thus, it is a powerful tool to
probe magnetization in metallic samples. The s-d scattering in an isotropic magnetic ma-
terial results in a two-fold symmetry of the AMR proportional to cos(2¢) (¢ = a, y) where
maxima appear at 0° and 180° for ¢ = a, and 90° and 270° for ¢ = y.
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Figure 3.14: Working principle of a SQUID: A vertically moving magnetic sample scans the distance
across the superconducting coil, which results in the change of the magnetic flux. This figure is taken
from [134].

In heterostructures comprising magnetic insulating layers and metallic layers display-
ing strong SOC, as in LCO/SIO, the spin-Hall magnetoresistance (SMR) may be active as
well [132]. Similar to the sdS-dominated conventional AMR, the SMR shows a two-fold
symmetry alike for ¢ = a, f with maxima at 0° and 180° [133]. In addition, SMR (= 10~%)

is usually about one order of magnitude smaller than conventional AMR (= 1073).

3.2.4 Magnetization measurements

Magnetic properties of the samples were measured using a Superconducting QUantum Inter-
ference Device (SQUID) from Quantum Design (Magnetic Property Measurement System
- MPMS). It allows the magnetization measurements in the temperature range 1.7 K-300 K
with a magnetic field up to £ 7 Tesla. The measurements of the samples (films + substrate)
were recorded either as a function of magnetic field m(u,H) or temperature m(T). The sam-
ples were placed in a clean straw in different geometry in order to apply the magnetic field
along the specific crystallographic directions, see Fig.[3.14]. This allows to characterize
possible anisotropy of the magnetisation in the films.

Magnetic moment versus temperature (m(7)) measurements were performed to analyze
the nature of magnetic ordering in the sample. Depending on the type of magnetic ordering,
samples show different temperature dependence, see Fig.[3.15]. By analyzing the temper-

ature dependence, we can identify the type of magnetic order in the sample. The magnetic
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Figure 3.15: Temperature dependence of the magnetic susceptibility for different magnetic samples.
The figure is taken from [135].

susceptibility of a magnetic material is defined as the ratio of magnetization and applied
magnetic field (y,, = 36—[;’ ~ i—ﬁ;{). Paramagnets, ferromagnets and antiferromagnets show
x > 0, but the magnitude and temperature dependence greatly depend on the type of mag-

netic ordering, see Fig.[3.15].

Magnetic moment versus field measurements (m(u, H)) along a specific crystallographic
direction provide information on the coercive field, easy and hard axis behavior of magne-
tization. It is very useful to characterize the magnetic anisotropy in the magnetic sample.
As SQUID measures total m, it is important to subtract the substrate’s contribution from the
total signal. For a diamagnetic substrates like STO, this contribution is linear in magnetic

field.
m(T) and m(u H) data were corrected to avoid any substrate (e.g. STO) induced diamag-

netic contribution. As the diamagnetic contributions are temperature independent, we define
m*(T) as (m(T) — m(300K)). This allows us to directly compare the m*(7T) data from differ-
ent samples. At higher fields, once the film magnetic moments are saturated, the total signal
depends on the diamagnetic STO substrate only. Thus, we can define m*(u, H) by subtract-
ing the linear part at higher fields from the total (m(u,H)). Magnetic impurities present in
STO and other substrates show a strong increase in magnetic response at low temperatures

(T < 15 K), which makes the data correction challenging in that 7-range.
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3.2.5 Spectroscopy measurements

(a) X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) involves the irradiation and subsequent absorption of
intense, monochromatic X-rays by a sample as a function of X-ray energy (0.1-100 keV).
These experiments are performed at the synchrotron facilities which provide highly intense,
monochromatic and energy tunable X-rays. The basic principle lies in the excitation of a
core electron to above Fermi level by X-ray absorption. When the X-ray energy is sufficient
enough to cross the threshold (absorption edge), absorption spectra shows a sharp jump in
the absorption cross-section followed by a continuum. Since the each element has a set of
specific absorption edge energies depending on the binding energies of its electrons, XAS
is an element specific experiment and is independent of state of matter, i.e., applicable to
solids, liquids and gases as well. Thus, it is one of best technique to investigate the elec-
tronic structure of a sample. XAS measurements can be performed in different modes such
as transmission, total electron yield (TEY) and fluorescence yield (FY) mode, depending
on the detection methods. In transmission mode, the intensity of transmitted electrons are
recorded while in TEY, the number of emitted Auger electrons are measured. Not all the gen-
erated Auger electrons have sufficient energy to escape the materials, only electrons from
the surface region participate in the process, making TEY surface-sensitive technique. On
the other hand, FY yield involves the measurement of fluorescence X-rays resulting from
the de-excitation of an high energy electrons to the core levels. TEY is dominant process in
case of soft X-ray XAS while FY is more likely in hard X-ray XAS.

A normal XAS spectra shows several regions including the pre-edge, edge, near edge and
whiteline regions. The whole spectra can be divided in two regimes namely X-ray absorption
near edge structure (XANES) around a edge jump involving low energy photoelectrons and
extended X-ray absorption fine structure (EXAFS) far above (50-1000 eV) the edge jump
involving high energy photoelectrons. XANES is used for the study of electronic structure,
unoccupied density of states and oxidation state. The local environment generally results in
the XANES fine structures, which allows to study the local electronic structure. While EX-
AFS is useful to extract information about the neighbouring atoms including type of atoms,
distance between them, coordination number. It also provides information about the disor-
ders. Depending on the energy of X-rays, one can study the different excitation, for example,
K-edge (transition from ls to empty nd level), L-edge (transition from 2s or 2p to empty nd
level), M-edge (transition from 3s or 3p or 3d to empty nd level) etc.
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Figure 3.16: XAS and XMCD spectroscopy: (a) the principle of spin-dependent X-ray absorption
in magnetic materials, (b) the XAS recorded with right and left circularly polarized X-rays and the
average (difference) of two represents the XAS (XMCD) [136].

(b) X-ray circular magnetic dichroism

Dichroism, in general, is defined as the polarization selective absorption of light in a material.
In X-ray magnetic circular dichroism (XMCD), two XAS spectra are recorded using left
and right circularly polarized X-rays in an applied magnetic field (or zero field) and the
difference between the two XAS spectra provides information on the magnetic properties
of the sample. Left and right circularly polarized X-rays behave differently to the spin-
up and spin-down electrons and account for the spin-dependent absorption of X-rays by the
electrons. Thus, the difference between the two XAS, i.e., XMCD directly correlates with the
differential population of spin-up and spin-down electrons in the magnetic sample, see Fig.
[3.16]. XMCD is element specific tool for the characterization of magnetization. It allows
to calculate the spin and orbital moments separately using magneto-optical sum rule [137].
In this thesis work, Ir valence state, branching ratio and magnetism was investigated
recording hard X-ray XAS and XMCD spectra at Ir L3 and L, edge at the ID12 beamline of
European Synchrotron Radiation Facility (ESRF), Grenoble. The spectra were collected in
grazing incident (15° to the film surface) and fluorescence mode geometry with an applied
in-plane magnetic field of = 6T (£ 7T for LMO/SIO SL) using right and left circularly
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polarized light. The XAS data were first normalized between 0 and 1 before and after the
edge jump, respectively and then corrected with respect to the edge jump using an arc tangent
step-function as described in Ref. [137]. The integrated L; and L, white-line sum area was
used to estimate the hole density in Ir.

The L, edge corresponds to the X-ray absorption from 2p, , to 5d5,, state while the L3
is related to the transition from 2ps, to 5d3, and 5ds, states. The relative occupation of 54

states is represented by the branching ratio (BR) which is given as:

IXAS
BR— I 2 2lisi (3.15)
IS+ =3 3(m)

where (n;) is the total number of holes, > . /..s; is the expectation value of /;.s; operator
summed over all electrons [137].
The total magnetic moment is the sum of orbital (#,..;) and effective spin (m,,) mo-

ments, i.e.,

Miotal = Morpital + Mpin,eff = _(<Lz> + 2<Seff> ) Hp, (316)

where (L) and (S,;) are the expectation value of orbital and effective spin angular momen-

tum, respectively which can be calculated using sum rule analysis on XMCD spectra as

follows:
> JXMCD 4 pmeDp
(L) = ) X L3XAS )L(ZS ; (3.17)
3 L+ I
and
7 JPMCD _ 5 . pXMCD
QM:@H%DZW>L3 = (3.18)

X
2 FAS 4 A4S
where (n;,) is the number of holes in the d-orbital, /** (F/*%) and LY/P (FVP) are the XAS

and XMCD peak area of L3 (L,), respectively. (7.) is magnetic dipole contribution [137].
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CHAPTER 4

Proximity Induced Magnetic State and Anomalous Hall
Effect in 54-TMO SrlrO;

If you can’t explain it simply, you don’t understand it well enough.

Albert Einstein
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4.1 Structural properties of the LaCoQO;/SrIrO; HSs

The details on the growth optimization of single layer thin films are already discussed in
the last Chapter 3. In this section, the focus is placed on the study of structural properties
of the SrIrO;(SIO)/LaCoO; (LCO) HSs. For a systematic study, we prepared following
samples; single layer films LCO(xML), SIO(yML), bilayers [LCO(xML)/SIO(yML)] and
trilayers [LCO(xML)/STO(zML)/SIO(yML)], where x, y and z are the thicknesses of LCO,
SIO and STO layers respectively in units of monolayers (ML). In bilayers, LCO and SIO
are in direct contact to each other whereas in trilayers they are separated by an ultrathin,
insulating STO layer. Single layer SIO films were capped with a thin STO (3-4ML) layers
to protect the surface from possible degradation. All the HSs and SLs were deposited on the
TiO,-terminated STO (001) substrates. The growth was monitored in-situ by RHEED which
allowed to control the film thicknesses precisely and to stop the deposition at a particular

thickness.
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Figure 4.1: X-ray reflectivity (left) and X-ray diffraction (right) for the LCO, SIO and LCO/SIO
samples grown on STO (001) substrates. Experimentally measured XRR are shown with the black
symbols while fitting to the data are shown with the solid red lines. The substrate and film peaks are
indicated by star (*) and arrows (), respectively. Note, SIO single layer film is capped with a STO
protecting layer.
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The XRR for SIO(10ML), LCO(10ML) and LCO(10ML)/SIO(10ML) samples are shown
in the left side of Fig. [4.1]. All the measured XRRs show well-defined Kiessig fringes above
the critical angle, which generally correlates with the inverse thickness of individual layers
documenting the layer-by-layer growth of the constituent films. Measured data are shown
with the open circles, whereas fits to the data are shown with the solid red lines. The thick-
ness and roughness (thickness + roughness) values extracted from the simulation of data

confirmed the same thickness as monitored by RHEED.

Next, symmetric XRD measurements were performed in the vicinity of the pseudocubic
(00/) peak family of STO. The right side of Fig. [4.1] shows the XRD close to the STO (001)
peak. Substrate and film peaks are denoted by star (*) and arrows (J), respectively. Clear
observation of Laue (thickness) oscillations on both sides of the main film peak indicates the
high quality epitaxial growth of the films. The pseudocubic (cubic) lattice constant of STO
(3.905 A) results in a compressive and tensile strain for SIO (3.96 A) and LCO (3.80 A),
respectively. This is clearly visible in the XRD as SIO (LCO) film peaks appear at a lower
(higher) 260 angle compared to the STO. The out-of-plane lattice parameters (dy; or c¢) are
calculated using Bragg’s equation (2d,Sind = 1) and are 4.05 A and 3.78 A for SIO and
LCO, respectively.

In Fig. [4.2], we show the RSM in q,-q. space measured in the vicinity of the (204)+
peak of the STO substrate for SIO(10ML), LCO(10ML) and LCO(10ML)/SIO(10ML) HSs.
Note that for SIO and LCO, pseudocubic (204) corresponds to equivalent orthorhombic (444,
206, 602) and rhombohedral (244) reflections, respectively. The q, and g, are the reciprocal
space vectors along x (parallel to the (100) in-plane direction of STO) and z (perpendicular
to the STO surface, i.e., along the (001) out-of-plane direction), respectively. Hence, RSMs
contain information on both the in-plane (a or b) and out-of-plane (c) lattice constants. The
color profiles represent the intensity distribution of the peaks (where blue corresponds to the
minimum and red to the maximum intensity). The rather low thicknesses (~ 10ML) of the
films result in a broadening of the peaks along the q, direction. The q, value of both single
layer films and HS are the same as of the STO, i.e., both films share the same in-plane lattice
parameters as of STO (i.e. a = 3.9 A) and are coherently strained to STO. The q. values of
SIO and LCO in single films and also in the HS, are at different values compared to STO. For
SIO, it is at a lower q, value (larger ¢) compared to STO, which means SIO is tetragonally
distorted and compressively strained to STO. For LCO, q, appears at a larger value compared
to STO (i.e. shorter ¢), which corroborates the tensile strained growth of LCO on STO. This

is in full agreement with the results obtained on the symmetric XRD. We also measured the
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Figure 4.2: Reciprocal space maps around the asymmetric (204)+ peak of STO (001) substrate for
(a) SIO(10ML) film, (b) LCO(10ML) film and (c) LCO(10ML)/SIO(10ML) HS. For LCO/SIO, four
maps were recorded around the (204) peak family. The film and substrate peaks are indicated by the
arrows. The intensity is plotted on logarithmic scale and the profile is shown by the color scale at the
bottom where blue and red correspond to minimum and maximum intensity respectively.

RSMs around symmetry equivalent peaks of (204)+ family, shown in the Fig.[4.2¢]. For
this, RSM was measured 4 times while rotating the STO substrate in steps of ¢ = 90°. The
g, values for all 4 maps appear at the same position as for STO which confirms that the films
are coherently strained to the STO substrate. Despite the line broadening, distinct variations
of the q, values are not visible. They can be assumed to be the same in all four maps, which
within the experimental resolution, rules out the presence of an orthorhombic distortion in
the films. Thus, both SIO and LCO films in the HS possess pseudo-tetragonal symmetry
with a ~ b, locked to the STO substrate (3.9 A) and c are higher (4.05 A) and lower (3.78
A) for SIO and LCO, respectively.

As pointed out in the Chapter 3, physical properties of the TMOs strongly depend on the
arrangement of BOg octahedra, specially in SIO, where strong pseudo-spin lattice coupling
is active. Thus, it is important to analyze the octahedral tilt or rotation pattern of IrO¢ and
CoOg octahedra in SIO and LCO layers. To probe the octahedral rotations, we investigated a
set of pseudo-cubic HIRs corresponding to different rotations, see Table [4.1]. In Fig. [4.3a],
we show specific HIR-XRD for LCO/SIO bilayer, SIO and LCO single layers. In LCO/SIO

bilayer, we did not observe any HIR corresponding to the in-phase rotations in SIO. The out-
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Figure 4.3: Octahedral rotation pattern of SIO and LCO: (a) XRD for specific set of HIRs in SIO
(10ML) in LCO/SIO bilayer (left panel) and SIO (10ML) single layer (right panel) grown on STO
corresponding to a’a’c™ rotation pattern of IrOg octahedra. For LCO (10ML), the intensity was too

low to be detectable with the lab XRD, however, with increasing thickness, a~a~ ¢~ rotation pattern
evolves (see middle panel). (b) The sketch of the a’a®c™ rotation pattern for IrOs and CoOg octahedra
in LCO(10ML)/SIO(10ML) bilayer on STO substrate.

of-phase (1/2 3/2 1/2) and (3/2 1/2 1/2) reflections of SIO were observed which correspond to
ac~ rotation of SIO, see left panel of Fig. [4.3a]. However, we did not observe intensity from
the (1/2 1/2 3/2) reflection corresponding to a a~ or b~ rotations. Thus, SIO in LCO/SIO
bilayer has the a®a’c™ rotation pattern, consistent with the pseudo-tetragonal symmetry of
SIO. We also measured the single layer SIO film and found the same rotation pattern of
a’a’c—, right panel of Fig. [4.3a]. The HIR-XRD intensities and peak positions do not show
any distinct differences, thus definitely ruling out any structural difference in SIO layers in
the two samples such as additional strain from top LCO layer in LCO/SIO bilayer. The bulk
SIO with orthorhombic symmetry shows the a~a~¢™ rotation pattern. The highly strained
growth of few monolayer SIO on cubic STO (a’a’a’) often results in the suppression of
rotations around in-plane directions, i.e., SIO not only adapts the in-plane lattice parameters
albeit octahedral patterns of STO as well [76, 138].

For LCO in LCO/SIO bilayer, we could not observe any HIR-XRD, see middle panel
of Fig. [4.3a], very likely due to the weak intensity expected from the lower X-ray scatter-
ing from Co compared to Ir. For this purpose, we investigated the evolution of octahedra

pattern in LCO single layers as a function of thickness. With increasing thickness, the HIR
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Rotations Investigated Observed Observed
Clockwise (+) HIR HIR HIR
Anti-clockwise (-) hkl SIO LCO
at 213 No No
a’ 231 No No
bt 123 No No
bt 321 No No
ct 132 No No
ct 312 No No
a 131 Yes Yes
a” 113 No No
b~ 113 No No
b~ 311 Yes Yes
c” 131 Yes Yes
c” 311 Yes Yes
a’a’c™ a’a’c™

Table 4.1: Set of pseudo-cubic half integer reflections investigated to probe the octahedral rotation

pattern of IrOg and CoOg octahedra in SIO and LCO, respectively. A a’ac™ rotation pattern was
observed for both SIO and LCO in LCO/SIO bilayer HS.

corresponding to (a~a~ ¢ ) starts appearing, in line with the rhombohedral symmetry of bulk
LCO. The intensity of (1/2 1/2 3/2) peak which corresponds to a @~ or b~ rotation, increases
much stronger compared to (1/2 3/2 1/2) and (3/2 1/2 1/2) reflection from ¢~ rotation. As
the intensity directly correlates with the strength of octahedral rotations, we can assume the
suppression of CoOg octahedra rotation around in-plane axes in LCO(10ML) as well. Thus,
the 10 ML thick LCO and SIO both in LCO/SIO bilayer have the a’a’c~ rotation pattern.
In Fig. [4.3b], we sketch the octahedral rotation pattern for SIO and LCO in the LCO/SIO
bilayer.

In Fig. [4.4a], we show the cross sectional TEM micrographs collected near the STO/SIO
and SIO/LCO interfaces in a LCO/SIO bilayer grown on STO (001) substrate. Generally,
the intensity is proportional to Z?¢, where Z is the atomic number and ¢ is the thickness of
the investigated lamella. Thus for a fixed ¢, the intensity directly depends on Z2. The cations

are indicated with different colors, see legend Fig. [4.4a]. The TEM shows atomically sharp
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Figure 4.4: (a) Cross-sectional TEM micrographs showing the STO/SIO (left) and SIO/LCO (right)
interfacial region in a LCO/SIO bilayer. Elements are indicated by color, see legend; (b) The ele-
mental STEM line scans (indicated by red and blue lines in (a)) across the LCO/SIO interface. The
intensity peaks corresponding to cations are indicated with the arrows.

and distinct STO/SIO and SIO/LCO interfaces with interdiffusion exceeding not more than
one ML. The sample shows nearly stoichiometric composition without presence of any vis-
ible structural defects. The elemental line scans across the SIO/LCO interface measured
with scanning-TEM (STEM) is also shown in Fig. [4.4b]. The atomic intensity peaks from
different cations (Sr, Ir, La and Co) are shown and again verify the sharp LCO/SIO interface.

4.2 Electronic transport in LaCoO;/SrIrO; HSs

In this section, we discuss the electronic transport in the SIO, LCO and LCO/SIO samples
in detail. The samples were micro-patterned using photolithography and Ar-ion etching as
discussed in Chapter 3. The electrical connections between the sample holder pads and HSs
were realized by ultrasonic wire bonder using aluminium wire (diameter 20 xm). Samples
were kept at low temperatures (< 10 K) for at least 12 hours to stabilize and avoid any
photo-induced phenomenon. An alternating current (I, ~ 1 -100 uA, 2 Hz) was used for
the measurements. From now onward, thicknesses of the individual layers will be given in
brackets and in units of monolayers (1 ML ~ 3.9-4.0 A).

4.2.1 Longitudinal resistivity

The temperature dependence of the longitudinal resistivity (p,, vs T) of a single SIO(10) and
LCO(10) as well as for a LCO(10)/SIO(10) HS is shown in Fig. [4.5a]. Beside these, we also
measured LCO(10)/STO(4)/SIO(10) trilayer HS where a 4-ML thin insulating STO insertion

layer was used intentionally to suppress any interfacial exchange between LCO and SIO.
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Figure 4.5: (a) Resistivity vs temperature, p,.(7) of SIO(10) single layer, LCO(10)/SIO(10) bilayer
and LCO(10)/STO(4)/SIO(10) trilayer. In inset, the p. (7T) of LCO(10) is shown, (b) The p,,.(7T) of
LCO(10)/SIO(10) bilayer on log-T scale, the dash line is the extrapolation of linear log-7 behavior of
P (T) > 100 K.

LCO(10) single layer shows highly resistive behavior and p, (7) was too high to be measured
below 230 K, see inset of Fig. [4.5a]. The SIO(10) single and LCO(10)/STO(4)/SIO(10) tri-
layer HSs show nearly comparable semi-metallic behavior where p, (7)) first decreases with
decreasing temperature, takes a minima around 200 K and then increases with decreasing
temperature. This is well consistent with the previous reports on SIO single layers [75,90,91]
and also documents that the electronic transport property of the trilayer is determined by the
SIO and is not affected by the LCO.

In stark contrast to the SIO and LCO/STO/SIO, the LCO(10)/SIO(10) bilayer shows very
different p  (T) behaviour. The p  (7) is increased (2-4 times larger compared to SIO and
LCO/STO/SIO) and appears close to the metal-insulator transition (MIT). For single layer
SIO (< 4ML) films, a MIT has been previously reported [ 76] where gap opening at the Fermi
level due to the tetragonal distortion was discussed as the main reason. However, in our case,
as the thickness of SIO layer is same in SIO, LCO/SIO and LCO/STO/SIO HSs, the MIT
behavior in LCO/SIO must be related to the interfacial exchange between the LCO and SIO
layers and can be attributed to an the interfacial electron transfer (ICT) from SIO to LCO.
This will be discussed later in detail when we provide experimental evidences for the ICT

scenario.
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Figure 4.6: (a) Spin blockade phenomenon between Co> LS and Co?* HS, (b) p,.(T) for SIO(6) and
LCO(10)/SIO(6) HSs in comparison to LCO(10)/SIO(10) HS, (c) Electrostatic gating of LCO(10),
switching behavior of Ry, as a function of time, (d) Ry, vs T of LCO(10) at different gate voltage V.

In Fig. [4.5b], we show the logarithmic temperature dependence of resistivity (p,, vs
In(T)) for LCO/SIO bilayer. The p, . (T) displays nearly linear /n(T)-dependence for T > 100
K. Below 100 K, p, (7) is strongly reduced and hints towards a change of scattering rate
in SIO. This could be related to reduced spin-flip scattering due to, e.g., proximity induced
spin-polarization in SIO by the neighboring LCO layer (strained LCO displays FM insulator
behavior below T ~ 85 K).

Now, the question arises whether the electron transfer to LCO could induce measurable
conductivity in LCO or not. LCO is a non-magnetic insulator in bulk form; however, it
shows ferromagnetism with 7. ~ 85 K when grown as a tensile strained thin film. Ferro-
magnetism arises from the spin-state transition, where the tensile strain stabilizes the Co®*
HS state. The related exchange mechanism can be explained as super exchange between the
Co** LS and Co** HS states. The hole-doping of LCO (e.g. Lag 7Sry3C00;) results in the
formation of Co** HS. This, in turn, favors the double exchange between Co** HS and Co**

HS and a ferromagnetic metallic ground state with increased 7. ~ 195 K [59]. On the other
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hand, the electron doping (e.g. Lag;Cey3C00;) promotes the Co?>* HS state. However, this
results in the insulating state with strongly reduced ferromagnetic 7. ~ 23 K. Spin-blockade
phenomenon, (see Fig. [4.6a]) commonly observed in other cobaltites, leads to the localiza-
tion of the #,, and e, electrons and explains the insulating nature of Lay 7Ce 3C005 [59]. In
the following, we provide further experimental observations to exclude the contribution of
LCO in the electronic transport of LCO/SIO HSs.

(i) In the Fig. [4.6b], we compare the p, . of a SIO(6) film and a LCO(10)/SIO(6) bilayer
in comparison to LCO(10)/SIO(10) bilayer. As expected from the proximity of SIO to a
MIT (SIO usually becomes insulating for thicknesses of 4ML or less [76]), the p,. of SIO(6)
is increased with respect to that of the SIO(10), Fig. [4.5]. Therefore, it can be expected
that a further depletion of the electron carriers in SIO by LCO (as in LCO/SIO bilayers)
will shift the MIT to higher SIO thickness. In comparison to LCO(10)/SIO(10), the p.. of
LCO(10)/SIO(6) shows increased resistivity and becomes completely insulating below 100
K. If the electron transfer would yield any conductivity in the insulating LCO layer, the
LCO(10)/SIO(6) bilayer would at least remain conductive, as the electron transfer to LCO
can be assumed to be the same in both samples. Thus, the electron transfer from SIO to LCO

reduces the conductivity of SIO but does not induce measurable conductivity in LCO.

(ii) We investigated the doping induced changes of the resistivity of LCO(10) single layer
by electrostatic gating experiments exploiting STO as dielectric media and LCO as one of
the conducting plate in parallel plate capacitor geometry. In Fig. [3.7b], device layout is
shown. The external gate voltage V, was applied between gate electrode (G) and source
(S) and R,, R,, was measured simultaneously at different V,. In Fig. [4.6c], we show the
relative change of R,,, i.e., AR/R as a function of V, at 7= 300 K. AR/R shows positive V,
field dependence, i.e., R,, increases with increasing V, (> 0V). This hints towards the hole
dominated electronic transport behavior. Next, we show the R, versus T at different V,, see
Fig. [4.6d]. R,, increases strongly with decreasing 7" and reaches the limit of measurement
below 250 K for different V,. Thus, for light hole or electron doping expected from the
electrostatic gating, we could not observe any induced conductivity in LCO below 250 K.
We also measured the Hall Resistance R,, of LCO at 300 K for different V,. R,, does not
show any V,-dependence. However, the positive field dependence again supports the hole
dominant transport as observed earlier.

Therefore, we can rule out the possibility of LCO being conducting below 100 K after
light electron doping expected from the electron transfer from SIO to LCO in LCO/SIO
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Figure 4.7: Anomalous Hall effect in LCO(10)/SIO(10) bilayer: (a) Hall resistivity p,,(u,H)

of LCO(10)/SIO(10) and LCO(10)/STO(4)/SIO(10) at T = 20 K, (b) anomalous Hall resistivity

p;'yHE (u,H) and (c) ordinary Hall resistivity pXOyHE (u,H) of LCO(10)/SIO(10) as a function of 7. The

field sweep directions are indicated with the arrows.

bilayer and electronic transport in LCO/SIO bilayer strictly belongs to SIO only.

4.2.2 Transversal (Hall) resistivity

As shown in the last section, the SIO single- and LCO/STO/SIO trilayer HSs show nearly
similar p_ (7) behavior, in stark contrast to the LCO/SIO bilayer; from now onward, we will
focus on the bilayer and trilayer HSs only, where LCO and SIO are in direct contact with
each other or not.

In Fig. [4.7a], we show the transverse resistivity pxy(,uoH) of the LCO(10)/SIO(10) bi-
layer and LCO(10)/STO(4)/SIO(10) trilayer HSs, measured in six-point contact geometry
on Hall bars at 7 = 20 K. The trilayer LCO/STO/SIO HS shows linear field dependence

within the applied field range. The behavior is well consistent with the single-carrier type

OHE
Xy

Py (1,H) documents the electrons as dominant charge carriers, well consistent with earlier

ordinary Hall effect (p = R’ x u,H, R° is the Hall constant). The negative slope of the

reports on SIO thin films [90]. The Fermi surface of semi-metallic SIO consists of multiple
light electron and heavy hole bands [94]. The quasi-particle mass of the electrons are 2-6
times lighter than the holes and explains the dominant electron-like behavior commonly ob-
served in electronic transport [94]. In contrast, p,,(u,H) of bilayer HS is dominated by an

additional contribution that shows hysteretic field dependence. This additional contribution,

AHE
Xy
metallic systems with SOC. Usually, pﬁyHE is indicative of the ferromagnetic ordering and

can be expressed as: pi’" = R* x M., where R* is material specific parameter depending on

known as anomalous Hall resistivity (p2"" (1,H)), is commonly observed in ferromagnetic,
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the longitudinal conductivity (o,,) and M, is the perpendicular component of magnetization.
As already shown, the strained LCO films display FMI behavior and do not contribute to

AHE

conductivity, the observed p;,"™ must be related to the interfacial SIO layers.

AHE

The origin of p;,;™ can be very different in nature. Classically, AHE was explained to

originate from the internal magnetization (p/™

o M,). However, later it was redefined as
a pure quantum mechanical phenomenon and was discussed in terms of the Berry curvature
and Berry connection (equivalent magnetic field in reciprocal space) [125]. The strong SOC
and time-reversal symmetry breaking are two important parameters deciding the strength of
Berry curvature. As magnetism breaks the time reversal symmetry, ferromagnetic metals
with strong SOC often show AHE alike.

At higher fields, p/"* displays saturation and p,, shows linear field dependence. Thus,

one can obtain the p{/"* by subtracting the linear part (p$/"") at higher fields from p,, :

Py = PoE + pE,

= Py = Py — RO X, H. (4.1)

In Fig. [4.7b.c], we show the p{" (u,H) and p™* (u,H) of the LCO(10)/SIO(10) bi-
layer at different 7. The field sweep directions are indicated with the arrows. The pAHE
show clear hysteretic field dependence, which resembles the magnetization of typical ferro-
magnets. Both the saturation resistivity p2** (p2/"* at 14 T) and coercive field H, of p/"*
show strong 7-dependence and decrease with increasing 7. pAHE is positive throughout the
measured 7-range.

Similar to the hysteretic magnetization behavior of a ferromagnet, we can fit the pAHE

using a step-function as:

Pl = R* x tanh(o(H — H.)), (4.2)

where R4, H, and o are saturation value, coercive field and slope of the hysteresis at H.. re-
spectively. Fits to the data are shown in the Fig. [4.7b] with the solid lines (fitting parameter
are give in Table [6.1]). A nearly perfect fit to the data were obtained using the above model
which covers all important features observed in the measurements. Note that . becomes
too large for 7< 20 K and even 14 T magnetic field was not sufficient to saturate the p7/.
Depending on the scattering mechanism, the AHE can be further subdivided into two

categories: (i) intrinsic, and (ii) extrinsic AHE. Intrinsic AHE originates from the topological
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Figure 4.8: (a) Intrinsic AHE in LCO(10)/SIO(10): scaling of o * on gy, nearly independent
affl E:5 behavior for < 30 K suggests intrinsic AHE in SIO, (b) The pf;] Es ys T for LCO(10)/S10(10)
and LCO(10)/SIO(25) bilayers, (c) The pfyH ES for a set of LCO(10)/SIO(x) bilayers. In inset, pfyHE’S

is shown on 1/x scale demonstrating a nearly linear inverse thickness dependence.

band properties of the electronic band structure whereas the extrinsic AHE originates from
the skew- or side jump scatterings [125]. A distinction among the different origins can be
made by scaling the longitudinal conductivity (o,,) and transverse anomalous conductivity

(ai""*), which can be deduced from the resistivities, p, and p/’* as follows:

P e 2,
Oxx = + and = = R (43)
P+ patt? v P+ put?

In our LCO/SIO bilayer, SIO belongs to the moderately dirty metal group owing to the
rather low o, ~ 500 Q' cm~! (at 7= 80 K). In this limit, the AHE does not depend on the
transport lifetime and the scattering mechanism of the charge carriers , i.e., cr;‘;[Es # flo?,).
This is shown in Fig. [4.8a]. For 7 < 30 K, ¢/} is independent on g, (5" o 67, ) and
results in a dissipation-less anomalous transverse current in the SIO [125]. The anomalous
Hall angle (¢*7F = a;fyHE S /o) refers to the deflection of spin-up and spin-down electrons

from the current direction. In LCO(10)/SIO(10) bilayer, the maximum of 8% amounts to
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Figure 4.9: Magnetoresistance (MR) of (a) SIO(10) single layer and (b) LCO(10)/STO(4)/S1O(10)
trilayer HSs at different 7. Open symbols are the measured data and black solid lines are fits to the
data including Kohler and Maekawa-Fukuyama terms accounting for the classical Lorentz and weak-
antilocalization contribution respectively.

0.8 % (in some samples up to 1.2 %) and is comparable to that of other iridates and heavy
metals with strong SOC and an order of magnitude larger than that of 3d metal oxides, e.g.,
Co,Ti;_,0,_5[139], La;_,Sr,MnO; [102].

In Fig. [4.8b], we show the p£/" *(T) for the two LCO/SIO bilayers with SIO thickness
10 ML and 25 ML. For LCO(10)/SIO(10), p¢/"* decreases strongly with increasing 7" and

is completely suppressed for 7 > 100 K, close to the ferromagnetic transition of the tensile
strained LCO on STO (7, = 85 K). Furthermore, the LCO(10)/SIO(25ML) shows a much

AHE, s AHE, s
o W versus

the inverse SIO thickness (x) clearly demonstrates an interfacial, i.e., proximity effects in

SIO, see Fig. [4.8¢c]. The figure shows pi/"* for a set of LCO(10)/SIO(x) HSs with different

SIO thickness (x) at 20 K. In inset, we show the p{/"* versus 1/x, where a nearly linear

weaker p , albeit the same 7-dependence. The nearly linear correlation of p

dependence was observed.

4.2.3 Magnetoresistance

In the following, we discuss the normal magnetoresistance (MR) (defined as: MR (%) =
[(p (e, H) — p..(0))/p..(0)] x 100 (%)) properties of the HSs with magnetic field (u, H)
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Figure 4.10: Magnetoresistance (MR) of LCO(10)/SIO(10) bilayer at different 7. Open symbols are
the measured data and black/red solid lines are fits to the data including the positive, classical Lorentz
and negative contribution. Field sweep directions (down and up) are shown with black and red lines
respectively.

applied normal to the film surface. First, we start with the discussion of MR for SIO(10ML)
single layer and LCO(10ML)/STO(4ML)/SIO(10ML) trilayer. Similar to p,, vs 7, the two
HSs display qualitatively similar and positive MR behavior, see Fig. [4.9]. At 50 K, MR
displays quadratic field dependence that can be well described by the classical Lorentz scat-
tering (LS) [140]. However for 7' < 20 K, an additional cusp like contribution to MR is
visible. This additional contribution is dominant at lower fields and can be well described by
weak-antilocalization (WAL). This has been already reported in the SIO thin films [98,141].
Hence, the MR can be fitted using the two contributions, i.e., Kohler term (ox H?) for
LS [140] and the Maekawa-Fukuyama term accounting for WAL including the SOC and
Zeeman terms [122].

Next, we discuss the MR properties of the LCO(10ML)/SIO(10ML) bilayer where LCO
and SIO are in direct contact to each other, see Fig. [4.10]. For 7 > 100 K, MR display
pure positive and quadratic field dependence behavior which again can be understood by
the LS (o< H?). With decreasing temperatures, an additional negative contribution to MR
(NMR) evolve and show complete crossover from a monotonic positive MR for 77 > 100
K to a dominant NMR for 7" < 20 K. At 7 = 80 K, in the crossover regime, MR displays

enhanced quasi positive linear MR [142] which might be related to the electronic disorder
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Figure 4.11: MR (upper panel) and positive & negative contributions to MR i.e. PMR oc H? and
NMR o P? (lower panel) for LCO(10)/SIO(10) bilayer are shown at 7 = 100, 50 and 20 K. The
measured data points and fits to the data are shown with open symbols and solid lines respectively.
The black (red) solid line represents the positive (negative) MR contributions respectively.

originating from the spin-fluctuations when approaching magnetic order or spin-polarized
state [143]. For 7' < 50 K, the NMR becomes hysteretic. The field dependence and coercive
field of NMR is very similar to that of p//’*. Similar to p{/"*, the coercive field of the NMR

is very large for 7 < 10 K so that even the maximum available field 14 T is not sufficient to

AHE
Xy

T < 100 K strongly suggest proximity-induced spin-polarized state in SIO. The magnetic

saturate the hysteresis. The coupled behavior of NMR, p<** and the suppression of p, . for

order effectively suppresses the spin-flip scattering (SFS) and results in the appearance of

AHE
Xy

model NMR as: NMR = bP? with P = tanh(w(H — H,)).

NMR below the order temperature [144]. Similar to p a step-function can be used to

Thus, the total MR is well described by considering contributions from LS and SFS as:
MR = (aH? — bP?), where a and b are proportionality constants, see Table [6.2] for fitting
parameters. We can not rule out the presence of other minor contributions to MR, but as
the classical LS and NMR are dominant here, this will not affect the main conclusion. In
Fig. [4.11], we show the fits to the MR and the positive and negative contributions to MR
separately. The positive contribution, which is quadratic in H, is shown with the solid black
line while the NMR is shown with the solid red lines. At 7= 100 K, the NMR is positive
and the negative term is absent. With decreasing 7, the NMR term increases and becomes
dominant for 7 < 30 K.
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Figure 4.12: Anisotropic magnetoresistance AMR(¢) for (a) ¢ = a, (b) ¢ = f, and y of LCO/SIO
bilayer at different 7 (symbols). Data are well described by AMR(¢p) = ¢y + caxcos 2(p + wy) +
c4xcos 4(p + wa4), see fits to the data (solid lines).

As shown above, SIO in the single and trilayer HSs do not show NMR. Even in bilayer
HSs, the effects strongly get suppressed with increasing SIO thickness. Thus, the NMR of
SIO in LCO/SIO bilayers are related to the proximity induced interfacial effects.

Recently, a proximity induced interfacial magnetism and AHE was observed in man-
ganite/SIO HSs and SLs [35,102]. The effects were explained as a consequence of charge
transfer from SIO to manganite layer which provides the interfacial coupling via the for-
mation of molecular orbitals at the interface [145]. A similar mechanism can also explain
the observed interfacial magnetism in SIO in LCO/SIO HSs. An interfacial charge transfer
(ICT) at LCO/SIO interface is expected where the Co3d-O2p-Ir5d band alignment at the
interface drives the electron from SIO to LCO [68]. We indeed observed ICT from SIO to
LCO in LCO/SIO HSs (shown later). The ICT may provide a interfacial coupling between
LCO and SIO. In addition, hole doping of SIO may also favor long range magnetic ordering
as proposed by the Nagaoka physics [146, 147].

Beside normal MR, anisotropic MR (i.e. AMR) also gives useful insights on the mag-
netic properties of thin films. A detailed analysis of AMR in LCO/SIO bilayer was ob-
tained by angle-dependent measurements: AMR (¢) = [(p,.(¢) — p,.(0))/p..(0)], where ¢

(¢ = a, B, and y) is the angle between magnetic field- and current-direction, see Fig. [3.13].
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Figure 4.13: Anisotropic magnetoresistance AMR(¢) for ¢ = a, ¢ = 5, and y of LCO/SIO bilayer at
T =2 K for various field strength x4 H. Data are vertically shifted for clear visualization.

Generally, AMR(¢p) is very weak (nearly zero) for 7 > 90 K.

In magnetic materials, AMR is usually caused by spin-flip and exchange scattering be-
tween s- and d-electrons, i.e., s-d scattering (sdS) [131] and depends only on the relative
angle between the direction of the current and the magnetization and therefore provides a
powerful tool to probe magnetization in metallic samples. The sdS in an isotropic magnetic
material results in a two-fold symmetry of the AMR proportional to cos(2¢) (¢ = a and y),
where maxima appears at 0°, 180° for ¢ = a, and at 90°, 270° for ¢ = y. In heterostruc-
tures comprising magnetic insulating layers and metallic layers displaying strong SOC, as
in LCO/SIO, the spin-Hall magnetoresistance (SMR) may be active as well [132]. Similar
to the sdS-dominated conventional AMR, the SMR shows a two-fold symmetry alike for ¢
= a, B with maxima at 0° and 180° [133]. In addition, SMR (= 10~%) is usually about one
order of magnitude smaller than conventional AMR (= 1072).

In Fig. [4.12a], AMR(a) is shown for 2 K < T'< 20 K. Generally, AMR(«) increases
with increasing field, see Fig. [4.13], so we concentrate in the following on measurements
at 4 ,H =14 T. The AMR(a) displays a two-fold and a four-fold symmetric contribution.
Data are well described by AMR () = ¢y + ¢, xcos 2(a + w,) + cgxcos 4(a + w4). The offset
angles w, and w, amount to about few degrees and are likely caused by backlash error of

the sample rotator or magnetic coercivity of the sample. At 2 K, AMR(a) is dominated by
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the four-fold symmetric contribution indicating strong magnetocrystalline anisotropy and
does not depend on the current direction parallel or perpendicular to field. The four-fold
symmetric contribution, i.e., ¢4 decreases with increasing 7 and vanishes above 90 K. The
two-fold contribution shows maxima for a = 0° and 180°. The amplitude, c,, decreases with

increasing 7" with a saddle point about at 40 K and disappears above 90 K as well.

AMR(f) and AMR(y) are shown for 2 K < 7< 20 K in Fig. [4.12b]. The $- and y-
dependence of the AMR is nearly the same and qualitatively similar to that of AMR(a).
The two-fold symmetric contribution shows maxima at f =y = 0° and 180°. The four-fold
symmetric contribution is also present for AMR(f) and AMR(y). In Fig. [4.13], AMR(p)
(p = a,f,and y ) is shown as a function of field strength (1, H) at T =2 K. AMR(p) (i.e.

the amplitudes c, and c¢4) increases with increasing field.

Since AMR () shows maxima at same a, /3, and y angle, dominant sdS and SMR can be
ruled out. Electron scattering by magnetic domain walls (dwS) seems to be more plausible.
When a magnetic field is applied along easy-axis direction, the dwS is effectively suppressed
[148] resulting in minima of the AMR. In that context, the minima of the four-fold symmetric
contribution at o = nx45° (n = 1 - 4) indicate in-plane magnetic easy-axis along the (110)
direction. Furthermore, as in the present case, AMR(f8) =~ AMR(y) > AMR(«) also indicates
a magnetic proximity effect AMR which is different from the commonly observed normal
AMR (AMR(a) =~ AMR(y) > AMR(f)) or SMR (AMR(a) ~ AMR(f) > AMR(y)) [132,149].

Next, we compare the MR of LCO(10)/SIO(10) bilayer for out-of-plane and in-plane
magnetic field. In Fig. [4.14a,b], we show the MR at 10 K with a magnetic field parallel (4 //
n) and perpendicular (H L n)to the surface normal (). As shown before, for H//n,the MR is
negative and shows large hysteretic behavior (also see Fig. [4.10]). In contrast, for H | nthe
hysteresis is completely suppressed. The magnitude of the NMR (i.e. [NMR]) is nearly the
same for H// n and H L n, but the absence of hysteresis for in-plane field strongly suggests
the easy axis of magnetization in the film-plane (ab-plane). A more careful experiment was
done by changing the angle between H and current direction (a« = 0/45/90°), [4.14b]. For
a = 45°, a slightly larger | NMR | was observed compared to a = 0° or 90°. As the NMR
is related to the magnetization in SIO, this demonstrates an in-plane (110) easy-axis. In Fig.
[4.14c], we show again the AMR(a) and the extracted 2- and 4-fold components (¢, & ¢4) at
5 K and 14T. The ¢, component, which represents the magnetocrystalline anisotropy, shows

minima for « =n x 45° (n =1 - 4) and confirms a (110) easy-axis of magnetization.

Based on the (a’a’c™) rotation pattern of IrO¢ octahedra and the observation of magnetic

easy axis along (110) pseudocubic direction, we propose a magnetic structure of the induced
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Figure 4.14: Magnetic anisotropy and structure in SIO: magnetoresistance (MR) with (a) H // n, (b)
H 1 nat10K and, (¢c) AMR at 5 K of LCO(10)/SIO(10) bilayer. (d) proposed magnetic structure in
SIO considering the a®a’c™ octahedral rotation pattern and (110) easy axis

magnetism in SIO, see Fig. [4.14d]. In Sr,IrOy, a similar octahedral rotation pattern results
in the canting of J.¢ = 1/2 moments owing to the strong pseudospin-lattice coupling and
consequently it shows weak ferromagnetism within the IrO, (i.e. ab) planes below Ty =240
K. The net moments of different planes couple antiferromagnetically along the c-axis [150].
Similar to Sr,IrO,, the Ir-pseudospins in SIO can be expected to be locked in the ab-plane
of the octahedra. The out-of-phase rotation of neighbouring IrO¢ octahedra around (001)-
direction favors a net moment within the ab-planes aligned along (110)-direction and parallel
for neighbored layers n; and n; 1, i.e., a ferromagnetic coupling along the c-axis. The strong
pseudospin-lattice coupling in the ab-planes explains the large coercivity observed in the

AHR and NMR, where magnetic field is applied perpendicular to the ab-plane.

4.2.4 Interfacial charge transfer:

(1) As SIO is a semi-metal and possess low charge carrier density (n) compared to normal
metals, even small changes in n (i.e. An) can be easily visualized by the Hall effect mea-
surements. Here, we calculated the n of SIO in two different samples, LCO/SIO bilayer
and LCO/STO/SIO trilayer at 7= 150 K, well above the critical temperature. Here again,
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Figure 4.15: Interfacial charge transfer at LCO/SIO interface: (a) HAADF STEM image and Co map
constructed from the integrated EELS L3, L, intensities near LCO/SIO interface region, (b) EELS
spectra and (c) L3/L, ratio for the four consecutive Co-layers at the interface labelled as 0, 1, 2 & 3,
(d) ordinary Hall resistivity of the LCO(10)/SIO(10) bilayer at 7= 150 K, well above the 7.

we would like to recall that the LCO layer does not show any conductivity and the electric
transport is exclusively related to SIO only. In Fig. [4.15d], we have shown p,, versus u,H
for the two HSs. The linear field dependence with negative slope document the electron
dominant transport behavior which is consistent with the earlier reports. However, the slope
of the p,,, versus u,H for the LCO/SIO bilayer is nearly half of that for the trilayer hinting
towards the lower z in the bilayer. Calculations using a single band model result in n ~
1 x 10! and ~ 1.9 x 10?! /em? for the bi- and trilayer respectively. The difference An
amounts to be around 9 x 10?° which is equivalent to 0.05 e/unit cell if we assume a uni-
form distribution throughout the 10 ML. The lower » of SIO clearly demonstrates the ICT
from SIO to LCO in the bilayer. Considering, ICT is only restricted to the first SIO layer, a

nominal valence state Ir*> can be assumed for the SIO layer directly at the interface.

(i1) To verify the ICT at the LCO/SIO interface, the valence state of the Co, close to
the interface was investigated by electron energy loss spectroscopy (EELS). In Fig. [4.15a],
we show a high-angle annular dark-field (HAADF) STEM image (left) and the Co map

constructed from the integration of L; and L, intensities (right) across the LCO/SIO interface.
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Figure 4.16: Interfacial charge transfer in LCO/SIO: (a) Ir L3 and L, XAS spectra for a set of
[LCO,,/SIO,] x Z SLs at T'= 20 K, (b) relative hole density (i.e. Ir-valence state) in [LCO,,/S10,]
superlattices as a function of SIO layer thickness (7).

The Co map shows distinct Co atomic layers with sharp LCO/SIO interface. The EELS
spectra from these Co columns were integrated (see the area labeled as layer 0, 1,2 & 3 in Fig.
[4.15a]) and plotted as a function of Co layers, i.e., distance from the LCO/SIO interface, see
Fig. [4.15b]. This allows the direct comparison of Co valence state locally in the interfacial
region. The L;- peak position shifts to higher energies as we go from interface (0) to deeper
(1-3) Co- layers. For Co layer-0, the L; peak position is at 780.2 eV which shifts to 781.0
eV for Co layer-3. In general, a peak position shift to a higher(lower) energy side manifest a
higher(lower) valence state of Co ion. Thus, the lower energy position shift by around 0.8 eV
for L; peak for Oth layer indicates a lower valence state for the Co compared to deeper layers.
A L5 peak shift by 1.5 eV in Co;04 compared to CoO has been previously reported [151].
The L3/L, intensity ratio of different Co layers, which reflects the 3d occupancy of Co, is
shown in Fig. [4.15¢]. Clearly, for the layers directly at the interface, i.e., Oth and 1st layers,
the ratio is considerably high compared to the deeper 2nd and 3rd layers. The Ls/L, value for
the first two layers adjacent to the interface compares well to the reported values for Co®™
state [151, 152]. Since changes of the valence state are restricted to the interfacial region, it
is very likely caused by an electron transfer from the SIO layer. Oxygen vacancies may also
lead to the formation of Co?*, which however, is expected to be homogeneous in such thin

films.

Complementary EELS investigation of Ir valence state was not possible as the Ir L3 or
L, absorption edges are at much higher energies (11-12 keV) and are not accessible within
the STEM-EELS setup.
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For that reason, we studied the valence state of Ir in series of [LCO,,/S10, ] x Z SLs by
X-ray absorption spectroscopy (XAS) at 20 K. Here, m and » are the thickness of LCO and
SIO layers in units of ML and Z is the repetition number in the SLs. The measurements
were performed at the hard X-ray XAS XMCD beamline ID 12 of European Synchrotron
Radiation Facility (ESRF) in Grenoble, France. In Fig. [4.16a], we show the Ir L3 and L,
edge XAS spectra. A clear shift in the L,, L3 peak position and an increase of integrated
peak area was observed with decreasing n. In the Fig. [4.16b], we show the integrated peak
area of L3 and L, (left axis) for different SLs as a function of n. The integrated peak area
under L3 and L, are generally proportional to the hole density. This obviously hints towards
an increased valence state of Ir in SIO with decreasing n. If we assume a 4+ valence state of
Ir (Ir**) in [LCOy/SIO 0] x 2 (or SIO(20)) SL, the relative change in the valence state can
be estimated, see [4.16b] (right axis). For [LCO;/SIO] x 18 SL, a Ir valence state of ~ 4.45
was observed which corresponds to the 0.45 electron transfer from SIO to LCO and is well
consistent with the Hall experiments discussed before.

The experimental findings, including transport and spectroscopy, confirm the accumu-
lation and depletion of # in the LCO and SIO layer, respectively and establish the ICT in the
LCO/SIO HSs and SLs. As already mentioned, ICT plays a very crucial role in the obser-
vation of proximity induced-magnetism in SIO and seems to provide the essential electronic

coupling between LCO and SIO.

4.3 Magnetic properties of LaCoO;3/SrIrO; HSs

4.3.1 Magnetization measurement

In Fig. [4.17a], we show the field cooled magnetization measurement, i.e., magnetic moment
m*(= m(T) — m(300K)) vs. T for the STO substrate, LCO(10), SIO(10) single layers and
LCO(10)/SIO(10) bilayer. Measurements were recorded with an applied in-plane magnetic
field of 100 Oe along the (100) direction of the STO substrate. STO does not show any
T-dependent magnetization as expected from diamagnetic behavior. The strong increase of
m* below 15 K, which is present in all samples, is related to magnetic impurities in the STO
substrate. The SIO layer shows paramagnetic behavior without any signature of a magnetic
transition, whereas the LCO layer displays a ferromagnetic transition with 7. ~ 75 K. This
is consistent with earlier reports where tensile strain induced ferromagnetism resulting from
the stabilization of Co** HS in LCO have been commonly observed [58, 62].
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Figure 4.17: Proximity-induced magnetism in SIO in LCO/SIO SLs: (a) Field cooled SQUID mea-
surements for LCO(10), SIO(10), LCO(10)/SIO(10) and STO substrate. A 100 Oe magnetic field was
applied parallel to (100) pseudocubic direction, (b) The Ir L3 and L, XMCD for [LCO,,/S10,]xZ, SLs
measured in grazing angle incident and 4= 6 T magnetic field at 20 K. In inset, we show the field de-
pendence of XMCD for [LCO;/SIO; |x18.

In contrasts to LCO, the LCO/SIO bilayer displays a reduced m*. A distinct quantitative
analysis of SIO magnetic moments in LCO/SIO bilayer are not possible as the total magnetic
signal is dominated by the ferromagnetic LCO and STO substrate. However, the reduced
LCO moments can be attributed to the presence of Co** states resulting from the ICT to
LCO. In the inset of Fig. [4.17a], we show the m*(u,H) at T= 20 K for LCO/SIO HS with

a magnetic field applied along the in-plane (100) pseudo-cubic direction.

4.3.2 X-ray magnetic circular dichroism

In the following, we provide element specific X-ray magnetic circular dichroism (XMCD)
on the Ir L edge which provide information on the induced magnetism in SIO. The mea-
surements were performed at the hard x-ray XAS XMCD beamline ID 12 of European Syn-
chrotron Radiation Facility (ESRF), see Chapter 3. The XMCD spectra were recorded at the
Ir L5 and L, edge in grazing incidence (15°) with an in-plane magnetic field of £ 6T on a set
of [LCO,,/SIO, ] xZ SLs. Here, m and n are the thickness of LCO and SIO layers in unit of
ML and Z is the repetition number, i.e., Z reflects the total number of LCO/SIO interfaces
in the SLs.

In Fig. [4.17b], we show the L3 and L, XMCD measured at 20 K for different SLs.
The single SIO layer does not show any significant XMCD response. For [LXO;¢/SIO]x2
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SL, we could not observe any meaningful XMCD response. This is very likely due to the
small volume fraction of magnetic SIO in the rather thick SIO (10ML). However, as we de-
crease the SIO thickness n and/or increase the number of interfaces Z, as in [LXO,,/SIO,, | xXZ
SLs, the Ir L; XMCD signal evolves and shows a weak but clear magnetic response which
becomes strongest for [LCO,/SIO;]x18. The negative XMCD indicates a parallel align-
ment of the SIO moments with magnetic field direction, i.e., the SIO moments are aligned
parallel to that of the LCO layer documenting a ferromagnetic coupling at the SIO/LCO
interface. Furthermore, the L, XMCD signal is even smaller compared to that of L; edge
for all the samples. Generally the L, signals are weaker in iridates and a L,/L; XMCD in-
tensity ratio of about 5% was observed in Sr;IrO, [153]. For [LCO,/SIO;]x 18, the Ir spin
moment m;, orbital moment m; and total moment m, was calculated using the sum rule and
are 0.011, 0.008 and 0.019 ug/Ir, respectively. This agrees well with observed total mo-
ments of SIO in other 3d/5d HSs, e.g., La;_,Sr,MnO5/SIO (m;, m;, m, = 0.003, 0.018, 0.021
up/Ir) [102]. The striking difference here is the alignment of SIO net moments with respect
to the LCO moments. In contrasts to the anti-parallel alignment of SIO and LSMO mo-
ments in LSMO/SIO [34, 35, 102], the SIO net moments are aligned parallel to the LCO.
This definitely calls for a deeper understanding of the interfacial coupling between the SIO
and magnetic (LCO or LSMO) layer in these HSs, see Chapter 5. In the inset of Fig. [4.17b],
we also show the XMCD for [LCO,/SIO;]x 18 at 20 K as a function of magnetic field. This
was done by recording the XMCD signal at its maximum for the L; edge while sweeping
the field. Within the experimental resolution and due to small signal, no clear indication of

hysteretic behavior has observed.

4.4 Electric field control of the anomalous Hall effect in
LaCoO;/SrIrO; HSs

In the following, we focus on the systematic control of the proximity induced anomalous
Hall effect in the SIO by electrostatic gating. Since the ICT seems to play a very important
role, further doping of the SIO channel by electric field gating is a prominent direction.
Doping can modify the available density of states at the Fermi level, which in turn can change
the integral of the Berry curvature responsible for the occurrence of intrinsic AHE in SIO.
To avoid complications arising from the chemical doping or liquid ion gating which may
modify the structure, we adapt solid state back gating to dope the SIO by applying electric
field effect [154]. STO is widely used as dielectric material and shows very high dielectric
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Figure 4.18: Three terminal gating device and switching behavior: (a) The device layout used for
the electric field gating experiment of LCO(10)/SIO(10) HS, (b) the micrograph of the real device
used in the study, connections for the magnetotransport are shown, (c) switching behavior of the SIO
channel at 7=2 K as a function of applied gate voltage. Note, the Ryy adopts different values while
sweeping the voltage from plus to minus and minus to plus.

constant with decreasing temperature which can reach > 10° below 30 K. The details on the

device preparation are discussed in the Chapter 3.

4.4.1 FElectric field effect in SIO/LCO HSs

In Fig. [4.18a & b], we show the cross-sectional layout and micrograph of the device used
for the electric field gating experiments. The electric field was applied between the gate (G)
and source (S) terminals of the Hall bar channel, see Fig. [4.18a]. For the magnetotransport
experiments, electrical connections were made as indicated in the micrograph.

First, we show the gate voltage (V) switching behavior of the LCO(10)/SIO(10) HS at
T'=2K, see Fig. [4.18c]. V, was swept from -50V to +50V repeatedly and the longitudinal
resistance (R) was measured simultaneously. R shows a cyclic and reversible V,-dependence.
Note that R(0) adapts different values while switching the 7, from -50V to +50V and vice
versa.

Generally, a positive (negative) V, results in an accumulation (depletion) of electrons
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in the SIO channel. However, here, the application of positive V, leads to an increase of
R similar to what is expected for a hole-type transport. This is in contrast to the commonly
observed electron dominant transport inferred from the ordinary Hall effect, see Fig. [4.15d].
This contrasting behavior has been previously observed in SIO films and is discussed as the
balanced electron-hole transport as SIO is a semimetal with several electron and hole pockets
with different mobilities at the Fermi level [95,96].
The charge carrier modulation can be estimated by considering a parallel-plate capacitor
configuration:
pn= S0t (4.4)
edy
where € and ¢, are the permittivity of vacuum and STO, respectively, £, is the applied gate
electric field, e is the electron charge and d,;, is the conduction channel thickness. Consid-
ering €, ~ 5000 for 7'< 40 K [155], application of +50 V (i.e. E, =5 kV/cm) leads to an
electron accumulation of An, ~ 3.5 x 10'"® ¢m—3 in SIO.
Next, we address the effective screening length of the electric field (4y.), i.e., the pene-
tration depth of the electrostatic modulation.
In metals, the electric fields are screened at the surface and decay exponentially inside
the metal. Similar can also be assumed for the SIO channel and we can describe the effective

modulation length as:

E(z) = E(0)exp(—z/Azr). (4.5)

Here, A7r is known as the Thomas-Fermi screening length which is the distance (z = A7r)
from the SIO surface (i.e. STO/SIO interface) at which the effective field E(z) decays to 1/e
of its original value E(0) (at z = 0) [156]. A7z can be estimated using Lindhard theory for

the free electron which gives,

coes 1/2
Arp & 4.6

with gy, &, and N(Er) are the dielectric permittivity of the vacuum, channel material and
density of states at the Fermi level Er. In case of a 3-dimensional electron gas, this formula

simplifies to

m e? 3n

2\ "’ 1/6
A (505" ad ) x (£> . @.7)
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Figure 4.19: Electric field effect as a function of the SIO channel thickness: (a) normalized resistivity,
p/p(300K) vs T, (b) the AR/R for LCO(10)/SIO(x) bilayers, x = 6-20 ML. Note, for the red data
points, devices with STO thickness 0.17 mm were used, whereas the black data point represents
the LCO(10)/SIO(10) device with STO thickness of 0.10 mm and shows strong gating effects. The
same device was used for the study of gating effect in LCO(10)/SIO(10) bilayer. (c) electric field
screening in LCO(10)/SIO(10) bilayer. The different regions are indicated. A distinct electric field
induced effects are expected in the magnetically active SIO, i.e., the 9th and 10th SIO layer at the
LCO/SIO interface.

where m and n are the charge carrier mass and density, respectively. As Az oc (1/n)'/°,
good metals show a very small Az < 1 A. However, this could be significantly larger in

semiconductors or semimetallic oxides which show smaller 7.

Usually, semimetals show a large ¢, [157]. For Sr,IrO, and other Iridates ¢; ~ 30 [158]
or even colossal values of ¢, (> 600) have been reported [159]. Assuming ¢; = 10 for SIO,
A7 amounts to ~ 6 A, which is larger compared to that of good metals, however still smaller
than the SIO channel thickness (d.;, =40 A). Note that £, needs to be increased by two order of
magnitude to get A7z increased by one order of magnitude, i.e., in the range 0of 40 A. One thing
worth noticing here is that the classical Lindhard theory assumes uniform non-interacting
free electrons, which is not the case here. As shown earlier, weak electron localization is
expected in LCO/SIO HS which likely results in a larger electric field screening length Azp.
For example, single layer SIO films show MIT with decreasing film thickness. An insulating
state was observed below < 3 ML [76,98]. In LCO/SIO bilayers, additional electron transfer
from SIO to LCO results in the depletion of electrons in SIO and increased critical thickness
of 6 ML for the MIT transition. Consequently, LCO(10)/SIO(6) bilayer shows insulating
behaviour, see Fig. [4.6f]. Considering this, we can assume that the first 6 ML of SIO in
the LCO(10)/SIO(10) bilayer are insulating and therefore, the electric field screening starts
from the 7th layer onwards. To get more clarity on that, we studied the thickness dependence
of gating effects in a set of bilayers LCO(10)/SIO(x) with different SIO film thicknesses (x
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Figure 4.20: Electrostatic field induced switching behavior in LCO/STO/SIO and LCO/SIO: (a), (d)
V4 induced relative changes in the resistance, i.e., AR/R at different T; (b), (¢) AR/R versus T and
(c), (f) remnant of AR/R at Vg =0V, i.e., AR/R, oy versus T for LCO/STO/SIO (a,b,c) and LCO/SIO
(d,e,f), respectively. In Fig. (f) right axis, we also show the temperature dependence of the electric
field induced-remnant polarisation in STO at different electric fields. The data is taken from the
Ref. [160]. The applied field here (500 ¥/mm) is strong enough to induced such ferroelectric like
transition.

= 6-20 ML). In Fig. [4.19a], we show the normalized resistivity (py, = p(T)/p(300K))
versus 7 for different x. p, strongly increases with decreasing 7 for x < 10 ML and becomes
insulating below 100 K for x < 6 ML. In Fig. [4.19b], we show the strength of gating effect,
i.e., AR/R = [R(V;) — R(0)]/R(0) for different x (7 < x < 20) at 20 K. AR/R decreases
exponentially with x (7 < x < 10) and becomes vanishingly small for x > 10 which is in
agreement with the expected classical electric field screening. Assuming E o< An/n o< AR/R,
we can estimate the A7 from the fitting of AR/R versus x (7 < x < 10) which amounts to be
Ar ~ 0.92 ML. This is comparable to the calculated value of 6 A for SIO considering ¢; =
10. Thus, assuming the first 6 ML are insulating, a distinct gating effect is expected at the 9th
& 10th SIO layer, i.e., at the magnetically active side of SIO at the LCO/SIO interface. The
electric field screening profile in the LCO(10)/SIO(10) bilayer is sketched in Fig. [4.19¢] as
a function of the layer number, i.e., distance from the STO surface.

In Fig. [4.20], we show the relative change of longitudinal resistance R, i.e., AR/R
for LCO(10ML)/STO(4ML)/SIO(10ML) and LCO(10ML)/SIO(10ML) HSs as a function
of V,. From the back-gate capacitor model, An, = 3.5 x 10'® cm™3 (for V, = +50 V) is
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expected to be same in both samples which corresponds to An,/n, = 0.18 % and 0.35 % for
LCO/STO/SIO (n, = 1.9 x 10?! cm™3) and LCO/SIO (n, = 1.0 x 10*! cm™3), respectively.
The AR/R for LCO/STO/SIO amounts to +0.5(—0.5) % for V, = +50(—50) V and T
<30 K. AR/R shows hysteretic behavior which is most likely related to the electric field in-
duced ferroelectric behavior of the STO substrate, see below. In Fig [4.20b], the 7-dependence
of AR/R at +50 V is shown which increases with decreasing temperature and saturates be-
low 30 K. As expected, this behavior is reminiscent of permittivity £(7) of STO where the
£(T) increases with decreasing 7" and saturates below 30 K for E, > 1.5 kV/cm. Interest-
ingly as mentioned before, AR/R increases for ¥, > 0 despite the electron accumulation
(i.e.An./n, > 0 for Vy > 0). This hints towards a decreased electron mobility in SIO which

can be understood considering R o< (n.u,)”" in case of dominant electron type transport:

AR/R = —(Ang/n, + D,/ u,). (4.8)

For LCO/STO/SIO, An,/n, = 0.18 % and AR/R = 0.5 %. The relative decrease of
mobility Au,/u, is thus =~ —0.68 %. This is well consistent with the reports on SIO and
other oxide HSs where an decrease of u is reported for an increase of n (—Au/u ~ 3 x
/An/n) for a charge carrier concentration in the range of ~ 10%° — 10*' ¢m=3 [95]. Thus,
the gating behavior in SIO (i.e. LCO/STO/SIO trilayer) can be well explained considering
simple electrostatics and the semimetallic behavior of SIO.

For the LCO/SIO bilayer, AR/R is significantly large and amounts to about ~ 15 % at 2
K, which is about 30 times larger than that of LCO/STO/SIO. Assuming the same electron
accumulation An,/n, = 0.35 % (for V; =+50 V) with respect to AR/R, results in Au,/u, ~
—15.35 %, hinting to a weak charge carrier localization in SIO. This is well consistent with
the increased resistivity behavior of SIO in LCO/SIO bilayer compared to the SIO single
layer and LCO/STO/SIO trilayer HSs, see Fig. [4.5]. Also, AR/R versus T, see Fig. [4.20¢],
shows different temperature dependence that can’t be simply explained by the £(T) of STO
alone, i.e., the strong increase of AR/R down to 2 K.

In Fig. [4.20e], we show the remnant part of AR/R at Vo, =0V, i.e., AR/R,y) as a
function of 7 for LCO/SIO (also for LCO/STO/SIO in Fig [4.20c]). AR/R,(oy) decreases with
increasing 7 and strongly suppresses around 60 K. The 7-dependence and onset temperature
qualitatively show similar behavior where STO goes to a field induced ferroelectric like state
below 60 K. In the right axis, we show the field induced remnant polarization of STO (P,)
for different electric field strength as a function of 7' [160]. The field induced ferroelectric
state of STO explains the observed hysteresis behavior of AR/R versus V, and enables the
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Figure 4.21: Effect of electrostatic gating on magnetotransport: MR (%), p,,, and pﬁyHE at different V,
starting from +50 to -50 and then again to +50 V at 20 K. p,, and p,, were measured simultaneously

while sweeping the V, cyclically. Field sweep directions are indicated with the arrows.
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non-volatile switching of AR/R in LCO/SIO bilayer.

4.4.2 Effect of electrostatic gating on magnetotransport

Now, after showing that the electric field and hence V, enables modulation of the carrier
density at the LCO/SIO interface, we concentrate on the study of magnetotransport as a
function of V,. We performed the experiments at 7> 20 K where the full saturation of the

AHE was observed. In Fig. [4.21], we show MR (%), p,, and piI"* at 20 K as a function

of V, for a complete cycle of V,-sweeps starting from +50 V to -50 V to again +50 V. As

AHE
xy

induced spin-polarization in SIO. With decreasing V, (from +50 V to -50 V), the negative

shown in the last section, MR and p%"* show similar hysteretic behavior that arises from the
contribution to MR (i.e. NMR) and the strength of pi/’* decreases. A complete crossover
from a pure negative MR to positive MR is observed. At the same time, a strong decrease in
the pi/"™* (14 T) is observed. The process is reversible and MR, pii"*

original values as the ¥, was again swept from -50 V to +50 V. Again, MR and p{/"* data

recovers back to the

can be fitted by using the same step function, see section 4.2, documenting consistency of
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the magnetotransport.

To discuss the observations more quantitatively, we extracted the saturation value of
plF at 14 T, i.e., pil"™ and remnant of p/’* at 0 T, i.e., p{i’*", see Fig. [4.22a,b]. A strong
increase of pAHE * by a factor of 7 is observed which increases from ~ 3 uQcm at -50 V
to ~ 23 uQcm at +50 V, respectively. An even stronger, asymmetric increase of about one
order of magnitude in pAHE " is observed, showing unipolar gating behavior. Despite the

relatively small doping of about 0.35 %, the observed changes in pfyHE are much stronger.

The anomalous Hall angle (67%) is shown in Fig. [4.22¢]. Similar to pfyHE a 6 fold increase

AHE

of 6*F is observed, documenting the intrinsic nature of s ., 0% is independent on

0y as discussed previously.

The temperature evaluation of pAHE’S at different V, is shown in Fig. [4.22d]. Measure-
ments are consistent with the earlier observations and a strong increase of the pAHE * was
observed when ramping V, from -50 V to +50 V. However, the onset temperature is very

robust and did not change as a function of V.

(a

. . . : —
90 1 éO 2%0 SéO 450 90 180 270 360 450

o (°) o (%)
Figure 4.23: Effect of electrostatic gating on magnetic anisotropy: (a) AMR(a) at 20 K for different
Ve =+50V, 0V and -50 V, respectively. Symbols are the measured data points and red solid lines

are the fits to the data considering two- and four-fold symmetric terms, (b) The two- and (c) four-fold
components extracted from the fitting of data at different V.
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4.4.3 Effect of electrostatic gating on the magnetic anisotropy

As V, not only changes the MR and pﬁfE , but also H_; influence on the magnetic anisotropy
as a function of ¥, might be alike. To this end, we studied the V,-dependence of the AMR ()
(see Chapter 3 for the definition). In Fig. [4.23a], we show AMR(«) for different V, at T =
20 K.

AMR(a) can still be described using the same phenomenological model which includes
two-fold symmetric conventional AMR and four-fold symmetric magnetocrystalline anisotropy,
see Table [6.4]. The C,(a) and C4(a) components extracted from the fitting of AMR(«) are
shown in Fig. [4.23b,c], respectively. C,(a) shows maxima for a = 0 & 180°. A strong
increase (4-5 times) of C;(a) for ¥, =+50 V and 0 V is observed compared to V, =-50 V.
However, the angular dependence does not show any distinct differences as function of V5.

In contrast, C4(a), which represents the magnetocrystalline anisotropy, is affected only
slightly by V. By sweeping V, from -50 V to +50 V, Cy4(a) increases only by a factor of 1.3

which indicates only small changes of the magnetocrystalline anisotropy by V.
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0.024 F
= .- 10.02
= 0.020F -
£ T e 1000 _
< ooi6f N >
S . . I R
—|— i A N\ A \Q‘S
R N =<
< 0.012 . 1-0.04 5
\
1 oo0slh v 4006
S [ [LCO,/SIO, %10 L
0.004 I'=20K, uH==7T 1-0.08

-100 -50 0 50 100

Ve (V)

Figure 4.24: SIO magnetism as a function of gate voltage: (a) total magnetic moment (m, = my + m;)
deduced from the Ir L3, L, XMCD signal (left scale) and relative change of the hole-concentration
Any/ny at the Ir site (right scale) extracted from the Ir L3, L, XANES peak area as a function of the
gating voltage V.
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4.4.4 Effect of electrostatic gating on Ir edge XMCD

To elucidate the origin of the strong electric field dependence of the AHE, we investigated
SIO magnetism as a function of ¥, measuring the XAS and XMCD at the Ir L3, L, edge. The
experiment was performed on a [SIO,/LCO,]x 10 device (see Fig. [4.18] for the device) at T’
=20 K with an in-plane applied magnetic field of & 7 T. The doping effect was clearly visible
as the Ir L3, L, XAS whiteline (WL) peaks and area changes as a function of V,. The magnetic
moment was simultaneously monitored by the XMCD. The Ir L3 XMCD signal is rather
weak (0.9 %) and shows parallel alignment with respect to the magnetic field and did not
show significant changes as a function of V,. The L, XMCD signal is nearly zero consistent
with our earlier studies on other [SIO,/LCO,]xZ SLs. From the sum of the Ir L5, L, XAS
WL-peak area and the integrated Ir L3, L, XMCD area, the relative change of the Ir 54 hole
density Any,/nj, and magnetic moments (1, m; o and m,) were calculated. The m;, m; o5, and
m, values as a function of V; are given in Table [4.2]. In Fig. [4.24], we have shown An,,/ny,
and m, versus V,. Note, for calculating Any,/ny,, we assumed nj, =5 for V, = 0 V, which is
obviously not the case here. There is already an additional ICT at the LCO/SIO interface,
which reduces n,, slightly. As expected, with increasing V, (i.e. electron accumulation),
Any/ny (i.e. the number of holes, n;,) at the Ir site slightly decreases. However, for m, ~
0.015 up/Ir, there is no change within the experimental resolution is visible. The m;, m; .4,
and m;, values as a function of V, are given in the Table [4.2]. From these results, we can

conclude that the magnetization in SIO does not change during the variation of V.

Gate Voltage Total Moment Orbital Moment Spin Moment
Ve (V) m, (up/Ir) my (up/Ir) M o (/1)
-100 0.0152 0.0061 0.0091
0 0.0137 0.0055 0.0082
100 0.0144 0.0057 0.0086

Table 4.2: SIO magnetism as a function of gate voltage in [SIO2/LCO;]x 10 SL: the m;, m; o5, and m;
values as a function of V,, estimated using magneto-optical sum rule [137]. Within the experimental
error bars, a distinct difference is not visible.
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4.5 Magnetism and band topology in SrIrQO;

Bulk polycrystalline perovskite SIO displays a paramagnetic ground state [79]. However,
SIO is at the verge of magnetic order, so a magnetic state (FM or AFM) can be achieved
by depending on the competition between SOC and U [73]. Therefore, the structural stabi-
lization of crystalline SIO, e.g., by thin film epitaxy, which usually results in a strained, and
hence structurally modified state of the first few MLs of SIO, may lead to magnetic prop-
erties of thin SIO films. For example, ultrathin SIO films on cubic STO (001) have shown
simultaneous MIT and magnetic transition for x <4 ML accompanied with the suppression
of in-plane octahedral rotations [76]. The electronic band structure of these films in 2D limit
were found to be very similar to Sr,IrO, [76]. The octahedral rotation pattern which was
found to be responsible for the gap opening at the Fermi level, is similar to that of AFM
insulator Sr,IrO,4 [150]. A distinct canted AFM state with weak FM order was also recently
reported in SIO/STO and CalrO;/STO SLs [142,161].

In Sr,IrO, (tetragonal, [4/mmm space group), the IrOg4 follow the (a’a’c™) rotation pat-
tern and are rotated about the c-axis by ~ 11.8° [150]. Following the strong spin-octahedra
locking [162], Ir moments (the spins and coupled orbital moments, i.e., pseudospins) are
also rotated in a similar fashion and result in a canted AFM structure in the ab-plane below
Ty = 240 K. The net moment = 0.08 up/Ir within the in-plane layers were found to align
along the (110) direction and an AFM ordering was observed along the c-axis [100]. Thus,
the pseudospin-lattice coupling which is commonly observed in iridates [162, 163], is very
important and the magnetic structure strongly depends on the arrangement of the octahedral

network.

In our case, SIO in LCO(10)/SIO(10) bilayer also shows a’a®c™ octahedral rotation pat-
tern, thus a similar magnetic structure of the Ir** pseudospins (Jo¢ = 1/2) can be assumed
in SIO. However, as already shown, SIO(10) single layers do not show magnetism and an
AHE. Thus, structural modification together with proximity effect, i.e., interfacial coupling
to LCO are essential for the magnetic ground state of SIO in LCO/SIO HSs and SLs. This
is documented by the absence of an AHE in LCO/STO/SIO trilayer alike. The proximity of
structurally modified SIO to a ferromagnet, e.g., LCO can trigger a ferromagnetic coupling
of the Ir net moments within the ab-planes and along the c-axis direction. The proposed
magnetic structure is shown in Fig. [4.14d]. The Ir-edge XMCD in LCO/SIO SLs showed a
clear albeit weak XMCD signal with m, = 0.019 ug/Ir, my = 0.011 ug/Ir and m; = 0.008 up/Ir
aligned parallel to the moments of LCO. The m,/m; ratio (= 0.67) is rather low and typical of
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spin dominated magnetization instead of orbital dominated expected from the strong SOC in
SIO. The total moments are consistent with other 3d/5d HSs, e.g., La;_,Sr,MnQO;/SI10 (m;
=-0.003, m; = -0.018, m, = -0.021 up/Ir) [102]. The striking difference here is the align-
ment of SIO net moments with respect to the LCO moments. In contrasts to the anti-parallel
alignment of SIO and LSMO moments in LSMO/SIO [34, 35, 102], the SIO net moments
are aligned parallel to the LCO. Also, the m;/m; ratio in LSMO/SIO amounts to around 6,
characteristic of orbital dominated moment. The discrepancy observed in the magnetic cou-
pling at the 3d/5d interfaces in the two systems, i.e., LCO/SIO and LSMOY/SIO calls for the
further experimental and theoretical investigation to understand the interfacial coupling in

these systems, see Chapter 5.

Next, we discuss the giant tunability of AHE as a function of external electric field £ (or
gate voltage V,). Beside the rather small charge carrier doping (0.35 %), which may control
magnetism in iridates only to some extent, the electric-field dependence of the Rashba effect
at the SIO interface might be important as well. The inversion symmetry breaking at the
SIO interfaces result in a distinct Rashba interaction due to the presence of the strong SOC
in SIO. The Rashba effect is commonly described by the Hamiltonian Hy = ag(ko ).z, where
k is the electron momentum, o its spin, and z the direction along the surface normal. The
Rashba coefficient o o< E for free electrons which provides control of the Rashba effect by an
applied E. The Rashba effect introduces a momentum dependent magnetic field and therefore
affects the AHE, leading to a quadratic, i.e., symmetric dependence of ¢*F on E or V, (¢
o E?) [164]. However, in our SIO/LCO HSs, o'£ or p?"F is found to be not symmetric
with respect to E. In addition, significant changes of o'*F due to the E-dependence of ay
are expected only for £> 10 MV/cm, which is well beyond the field strength that has been
applied here. Therefore, the field dependence of the Rashba effect can be ruled out as the
main source for the tunability of the AHE.

Despite the weak magnetic moment in SIO, the large intrinsic ¢4#£ and Hall angle hint
towards the topological band properties in SIO. The bulk orthorhombic SIO (Pbnm) is pre-
dicted to host Dirac-like linear nodal point related to J.¢ = 1/2 bands below Fermi level [92].
Depending on the specific symmetry breaking, SIO can comprise various topological phases,

e.g., a Dirac semimetal or a topological insulator [97].

Very recently, first principle calculations were employed to study the ICT, magnetism
and topological properties of LCO/SIO SLs [165]. A [LCO,,/SIO,] SL geometry, fully
strained to the STO substrate, was considered for the calculations. The ferromagnetic Co-Co

exchange in LCO was found to induce Ir-Ir ferromagnetic exchange and consequently SIO
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Figure 4.25: Electronic structure of tetragonally distorted ferromagnetic SIO: (a) Band structure along
the high-symmetric reciprocal directions, see the (b) Brillouin Zone for the symmetry points, (c)
Chern number and calculated Berry curvature associated with the Weyl points above and below Er
along a-A-b and a’-A’-b’" respectively, (d) Electric field induced increase of Berry curvature (top) and
anomalous Hall conductivity (bottom) respectively. The figures are adapted from [165, 166].

shows ferromagnetic order [165]. The interfacial magnetic coupling across the LCO/SIO
interface was provided by the Co-Ir ferromagnetic exchange. Thus, the calculation explains
the ferromagnetic alignment of the net SIO and LCO moments. The moments were found to
be in in-plane similar to observed in our experiments.

For the study of topological band properties, the electronic band structure of tetragonally
distorted, ferromagnetic SIO was calculated [165] and is shown in Fig. [4.25a]. In addition
to two Dirac crossings points at high symmetry A (A") point, two linear band crossings (10
meV above and 20 meV below Er) were observed along a-A-b direction, see Fig. [4.25¢].
These crossing points were characterized as double Weyl points with topological charge C =
+2. The double Weyl points act as source of Berry curvature, see Fig. [4.25¢c]. The intrinsic
o4"E calculated using the Berry curvature amounts to 7.5 Q™ 'em~! and is of the same order of
magnitude observed experimentally (~ 3 — 5 Q 'em™"). Thus, first principle calculations
verify the experimental observations and strongly indicate topological band structure and
Berry curvature as reason for the observed large AHE in the LCO/SIO HSs and SLs.

The electric field gating induced giant-tunability of AHE (c#£ vs V) can be also dis-

94



4.5. Magnetism and band topology in SrlrO;

cussed considering the topological band properties of the ferromagnetic, tetragonal SIO. As
shown above, the two Weyl points (20 meV below and 10 meV above Ef), act as large
source of Berry curvature, i.e., 0/F [165]. Considering the low density of states near the
Fermi level, a 0.35 % doping expected from the electrostatic gating, shifts Ex close to the
second Weyl point situated 10 meV above Er. Once Er reaches the second Weyl point, large
increase in o7’F is expected following the large Berry curvature associated with the second
Weyl point. The rather low magnetization m, ~ 0.02 u,/Ir and insensitivity of ordering tem-
perature 7. and magnetic anisotropy on ¥V, also advocate such scenario, i.e., gating induced
changes of topological properties of SIO (i.e. the “effective magnetism” related to the Berry

connection).
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CHAPTER 5

Charge Transfer and Magnetic Exchange in SrIrO; based
3d-5d Transition Metal Oxide Heterostrctures

All life is an experiment. The more experiments you make the better.

Ralph Waldo Emerson
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Chapter 5. Charge Transfer and Magnetic Exchange in SrlrO; based 3d-5d Transition
Metal Oxide Heterostrctures

In this chapter, a detailed study on the SIO-based 3d/5d interfaces is presented. We
systematically replaced the central 3d transition metal ion (X) in LaXOj; layer and studied
the interfacial properties in LaXO3/SrIrO; (X = Mn, Fe, Co and Ni) HSs and SLs. LaMnO;
(3d*), LaFeO; (3d°), LaCoO; (3d®) and LaNiOj; (3d”) have different d-orbital occupancy and
allow for different 3d"/5d electron configurations. With increasing 3d electron number 7, the
energy difference between the X 3d and O 2p states decreases, see Fig. [5.1a] [167, 168].
In LaXO3/SrlrO;, this results in a Fermi energy mismatch (Ac,) at the interface and con-
sequently electronic reconfiguration by, e.g., charge transfer as a function of X, see Fig.
[5.1b,c] [68]. In the following, we start with the brief introduction of LaXO; (X = Mn, Fe,

Co and Ni) TMOs and associated electronic and magnetic properties.

-8 1 | | 1
Ti/Zr/Hf V/Nb/Ta Cr/Mo/W  Mn/Tc¢/Re Fe/Ru/Os  Co/Rh/Ir

AXO,

Figure 5.1: Interfacial charge transfer at AXO3/AX’Oj3 interfaces: (a) Shift of X-3d level with respect
to O-2p in TMOs LaXOs3, (X = Ti-Cu) [167], (b) O-2p states alignment at the interface result in
the Fermi energy mismatch (Ae,) which drives a charge transfer across the interface to achieve the
equilibrium (right figure in (b)), (c) prediction of charge transfer between dissimilar AXO3/AX’O3
TMOs HS having X0O,-A0-X’0O; interfaces. The data for 3d (black), 4d (red) and 5d (blue) X-site
in SrXO3 TMOs are shown with solid lines, whereas the LaX O3 (X = 3d) are shown with the black
dashed line [68].

(1) LaMnOj; (3d*): LaMnOj3 in bulk form has orthorhombic (space group: Pbnm) crystal
structure, and is an A-type antiferromagnetic, Mott insulator. However a ferromagnetic,
insulating ground state can be achieved in strained thin films [169—171]. Oxygen vacancies
and/or electronic reconstruction and/or self doping result in the formation of Mn?* (or Mn**)
which together with Mn3* establishes ferromagnetic double exchange. A hole or electron
doping (~ 18 % or larger) in LaMnOj; results in the metallic ground state with increased

magnetization (m*) and 7, owing to the double exchange provided by the different valence
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state of Mn ions (e.g. Mn?*, Mn** and Mn**) [63,64,111,112].
(2) LaFeOs (34°): LaFeOs belongs to the family of orthoferrites and displays orthorhom-

bically distorted perovskite structure (space group: Pbnm). The superexchange between the
Fe’* (high spin state, S = 5/2) nearest neighbors results in the G-type antiferromagnetic,
wide-gap insulating ground state with the highest Néel temperature in the orthoferrite fam-
ily, Ty ~ 740 K [172,173]. However, a weak ferromagnetism has been observed due to spin
canting [172, 174]. With respect to the doping, hole doping (e.g. by Sr substitution up to
40 %) and electron doping (e.g. by Mo substitution up to 20 %) does not lead to the change
of the insulating AFM ground state [175—177] and suggests a robust AFM insulating state
in LaFeO;. Thus, in case of light electron or hole doping, a conducting state is ruled out in
LaFeOs. As thin film, it shows AFM or weak-FM insulating behavior [174,178-181].

(3) LaCoO; (3d%): Bulk LaCoO; with thombohedral crystal structure (space group:
R3C) shows a non-magnetic, insulating ground state at low temperatures (7 < 100 K) as
all the Co®" are in LS state and goes to a HS state transition at ~ 500 K. In contrast, ten-
sile strained grown LaCoO; films show a ferromagnetic transition 7. ~ 85 K [58, 62]. A
superexchange between the Co** HS and LS state was argued as the responsible mechanism
for the observed insulating FM state [59].

With respect to the manganite (e.g. LaMnO3) physics, the striking difference in LaCoO;
is the asymmetry of the phase diagram towards the electron and hole doping. In manganites,
an equivalent amount of electron or hole doping (Mn t%gei,ix
increase of m*, T, and conductivity [63, 64]. Similar to manganite, a 30 % hole doping of

LaCoOj; (Lag7Sry3C003) leads to the increased m*, T, (~ 200 K) and a metallic ground

) leads to the qualitatively similar

state. Such transition is induced by double exchange mediated between the Co** HS and
Co** HS [59, 65,66]. On the other hand, in stark contrast, 30 % electron doping of LaCoOj
(Lag.7Ce(.3C003) suppresses the T, strongly (~ 23 K) and the sample remains insulating.
The reduction in 7, and insulating state in electron doped LaCoOj is possibly explained by
a spin blockade phenomenon, where the hopping of electrons from Co?>* HS to Co®* HS is

energetically forbidden [59].
(4) LaNiO; (3d"): LaNiOs, the first member of the rare earth nickelates (RNiOsz;, R

= rare earth, La, Pr,...Lu), possesses rhombohedrally distorted perovskite structure [182].
Unlike commonly observed AFM ordering and metal to insulator transition (MIT) in other
RNiOj (e.g. R=Pr, Nd, Sm), LaNiO; shows a paramagnetic and metallic ground state [182].
Resistivity shows linear-T dependence for 7> 50 K followed by 7?-dependence for 7 < 50

K, typical of a Fermi liquid. As thin films, LaNiO; shows a paramagnetic metallic behavior,
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however, an insulating state evolves with decreasing film thickness in ultrathin limits [183—
185]. In some studies, the insulating state is accompanied by magnetic fluctuations [185].
Electron doping in LaNiO; (by Ce substitution [186] or ICT [187—-190]) generally leads to
an increased resistivity and also MIT may appear. Similarly, hole doping (Sr substitution at
La-site, up to 40 %) increases the resistivity, however, it retains the metallic character with
an upturn at lower temperatures [191]. Thus, both electron as well as hole doping increases
resistivity in LNO.

Among all the above-mentioned 3d-TMOs, LaNiOs is the only metallic system. There-
fore, the heterostructures consisting LNO and SIO will not allow the unambiguous selective
characterization of the interfacial SIO properties by electronic transport, as the total trans-
port will also comprise contributions from the metallic LNO. Thus, for transport measure-
ments, we decided to use NdNi1O3; (NNO) with SIO instead of metallic LNO, i.e., NNO/SIO
interfaces. NNO displays an orthorhombic crystal structure and a paramagnetic metallic
ground state at room temperature but undergoes a MIT and AFM ordering at low temper-
atures (Tyyr = Ty ~ 200 K). Below 100 K, the resistivity is about 4 orders of magnitude
higher than SIO. Hole and electron doping suppress 7,7 depending on the doping concen-
tration and a metallic state may emerge [192—-196].

The LXO, NNO, SIO single layers, LXO(NNO)/SIO (X = Mn, Fe and Co) HSs and
SLs were synthesized on TiO,-terminated STO (001) substrates using pulsed laser deposi-
tion technique. The deposition always started with SIO on STO followed by a LXO (or
NNO) layer. The details on the film preparation and optimized growth parameters are dis-
cussed in Chapter 3. The electronic transport and magnetization was studied on a set of
LXO(NNO)(10)/SIO(10) bilayer HS in four point contact Van der Pauw geometry whereas
spectroscopy (XAS and XMCD) was done on [LXO,,/SIO,, | xZ (mxZ = 20) SLs.

5.1 Structural Characterization of LXO(NNO)/SIO bilayer
HSs

In this section, structural properties of the LXO(10)/SIO(10) and NNO(15)/SIO(10) bilayer
HSs are discussed. For the comparison, data for SIO(10), LXO(10) and NNO(15) single
layers are also given. Single layer SIO films are capped with a thin STO (3-4ML) layers to
protect from possible degradation. The film growth was monitored in-situ by RHEED which
allowed us to control the film thicknesses precisely and stop the deposition at a particular

thickness. The individual layer thicknesses were again verified by measuring XRR (not
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Figure 5.2: X-ray diffraction in the vicinity of symmetric (001) and (003) peak of STO (001) substrate
for LNO(NNO)/SIO HSs with (X =Mn, Fe and Co). For the comparison, SIO and LXO (NNO) single
layer are also shown. The STO substrate and SIO single layer film peaks are indicated by star (*) and
red dashed line respectively. Note, SIO single layer film is capped with a STO protecting layer.
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Figure 5.3: Reciprocal space maps around the asymmetric (204)+ peak of STO (001) substrate for
LNO(NNO)/SIO HSs with (X = Mn, Fe and Co). The film and substrate peaks are indicated. The
intensity is plotted on logarithmic scale and the profile is shown by the color scale at the top where
blue and red correspond to the intensity count < 6 (22) and > 500 (2000) for LXO/SIO (NNO/SIO),
respectively.

shown).

Symmetric XRD measurements were performed in the vicinity of pseudocubic (001) peak
family of STO. In Fig. [5.2], we show the XRD close to the STO (001) and (003) peak,
respectively. Clear observation of Laue (thickness) oscillations on both sides of the film
peaks indicate the finite film thickness and homogeneity of the epitaxially grown films. First,
we focus on the structural properties of LXO (NNO) single layers. The bulk pseudo-cubic
lattice constant for SIO, LMO, LFO, LCO and NNO are 3.96, 3.93, 3.93, 3.80 and 3.81 A,
respectively which result in an in-plane lattice mismatch ((agupsirare — @puik) /@pu) of -1.51,
-0.76, -0.76, 2.63, 2.36 % between the LXO (NNO) and STO substrate (3.90 A). Here, +
and - correspond to the compressive and tensile strain, respectively. For LMO and LFO, the
film peaks appear very close (slightly left) to the STO (001)-reflections indicating a larger
out-of-plane lattice parameter c. On the other hand, the LCO and NNO peaks appear at
higher angle documenting smaller ¢. The out-of-plane c-lattice parameter are calculated
using Bragg’s law and are: 3.94 & 0.01, 3.98 & 0.01, 3.77 & 0.01 and 3.74 + 0.01 A for
LMO, LFO, LCO and NNO, respectively.
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Sample ape = by (A) Cpe (R)
From RSM From RSM From XRD
SIO(10) 3.90 3.99 + 0.01 4.00 = 0.01
LMO(10)/S10(10) 3.90 3.99 + 0.01
LFO(10)/SI1O(10) 3.90 3.99 + 0.01 4.000 £ 0.005
LCO(10)/SIO(10) 3.90 3.99 + 0.01 3.994 £ 0.005
NNO(15)/SIO(10) 3.90 3.99 £ 0.01 4.00 £+ 0.01

Table 5.1:  SIO pseudo-tetragonal lattice constants for LXO(NNO)/SIO HSs: in-plane (@, = bp)
and out-of-plane (c,.) lattice constants estimated from the symmetric (00/) and asymmetric (204)
reflection. Rather low thickness of films and line broadening results in the large error bars.

Next, we focus on the structural properties of SIO in the bilayer HSs. The rather low
intensity and broadening of the film peaks make quantitative analysis challenging. At low
angles (e.g. around (001) STO), there is strong overlap of film peaks from LMO and SIO or
LFO and SIO, where both LMO or LFO and SIO peaks appear at the same side of STO.
Therefore, we calculated the out-of-plane c-lattice parameters using the (003) and (004)
diffraction peak position, where the constituent film peaks in the HSs are well separated
and the thickness oscillations are strongly suppressed. The extracted lattice parameters for
SIO are shown in Table [5.1].

In Fig. [5.3], we show the RSM in q,-q. space measured in the vicinity of the (204)+
peak of the STO substrate for LXO(10)/SIO(10) and NNO(15)/SIO(10ML) HSs. The color
profile represents the intensity distribution of the peaks, where blue and red correspond to
the intensity count < 6 (22) and > 500 (2000) for LXO/SIO (NNO/SIO), respectively. The
rather low thicknesses of the films result in the line broadening of the film peaks along the
q. direction. The q, value for all constituent films are the same as for the STO peak, i.e.,
films share the same in-plane lattice parameters of STO (i.e. a = 3.9 A) and are coherently
strained to STO.

Similar to symmetric XRD, the LMO and LFO peaks are very close to the STO peak,
therefore a quantitative estimation of g, are not possible for LMO and LFO. For LCO and
NNO, the q, value of (204)+ appears at larger value than that of STO, in agreement with
symmetric XRD on (00/) reflections. For SIO, the q, appears at lower value compared to
STO owing to a larger out-of-plane lattice parameter compared to STO. Despite the line
broadening due to confinement, a distinct variation of the g, values are not visible and can

be assumed at the same value in all four HSs, which within the experimental resolution, rule
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out the presence of structural difference in the SIO films in the HSs. The in-plane (a,. =
b,.) and out of plane (c,.) lattice parameters extracted from the (003), (004) symmetric XRD
and (204) RSM are shown in the Table 5.1. Considering the line broadening induced large
errors, a distinct difference in the SIO lattice parameters are not visible. However, slight
differences in the micro-structural properties resulting from the top LXO (NNO) layer are
possible, specifically in case of compressively strained LMO and LFO, where the Mn-O-Mn
(~ 159.6°) and Fe-O-Fe (~ 155°) bond angles are distinct different to that of Ir-O-Ir (156.5°)
in SIO.

5.2 Electronic transport in LXO(NNQ)/SIO bilayer HSs

5.2.1 Longitudinal resistivity

In Fig. [5.4], we show the longitudinal resistance as a function of temperature R, (7) (see
Equ. [3.5] for definition) for LXO(NNO)/SIO bilayers in comparison to LXO(NNO) single
layers. LMO, LCO and LFO show a highly insulating behavior which exceeds the measure-
ment limit below 7 < 270 K. In comparison, NNO single layer shows a metallic behavior at
high temperatures and undergoes a MIT at 7,7 ~ 150 K. At low temperatures (7' < 50 K),
R..(T) > 10°Q which is about 4 order of magnitude larger compared to SIO. Generally, NNO
films show a MIT with cooling and warming hysteresis, however, with increasing tensile
strain and/or decreasing film thickness, the films become more insulating with suppressed
hysteresis effect [197-200]. For example, NNO(15) films grown under identical conditions
on NGO (110) substrate show strongly decreased resistivity above 7,7 compared to the films
on STO, see Fig. [6.3]. NNO films on STO are often reported to show oxygen vacancies ow-
ing to the large tensile strain imposed by STO and consequently increased resistivity [200].

In Fig. [5.4¢], we compare the R, (T) of different bilayer HSs. All the bilayers (except
NNO/SIO) show increased resistance behavior in comparison to SIO (or LCO/STO/SIO).
This, to some extent, can be attributed to the ICT from SIO to LXO layer. Specially, in case of
LFO/SIO and LCO/SIO bilayers where transport channel is limited to SIO only. In contrast,
NNOY/SIO bilayer shows very different 7-dependence and lower resistance compared to both
NNO and SIO single layers. The lower resistance is expected when both layers contribute
parallelly to the conductivity as in NNO/SIO [201]. However, the total R,.(7T) behavior
is reminiscent of MIT in NNO films and thus can be assumed to be dominated by NNO,

consistent with the earlier investigation on electron doped NNO films where a suppressed
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Figure 5.4: Resistance vs temperature Ry, (7) in LXO, NNO and LNO(NNO)/SIO HSs with (X =Mn,
Fe and Co): (a)-(d) R..(7) for different bilayers. For the comparison, the data for LXO (NNO) layers
is also shown. Note, LFO(10) layer was highly insulating that we couldn’t measure at all. (e) Ry (7)
for different bilayers and SIO single layer.
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Figure 5.5: Anomalous Hall effect in LXO(NNO)/SIO (X = Mn, Fe and Co) HSs: (a) ordinary Hall

resistivity (pryHE) vs u,H at 250 K, (b) & (c) anomalous Hall resistivity (p;‘yHE) vs magnetic field

(u,H) at T =20 K, (d) anomalous Hall conductivity (o-fyH E’S) as a function of 7, (e) the transverse

aﬁyH £ versus longitudinal o,,. The shaded regions represent the data point for 10 K < 7 < 50 K.

Tyt has been observed as a function of electron doping [195, 196].

5.2.2 Transversal (Hall) resistivity

H.

i E) part of the Hall resistivity

In Fig. [5.5], we show the ordinary (pg ) and anomalous (pfy
(p,,) for different bilayers at 20 K as a function of magnetic field and temperature. Note that
for the resistivity (p,,, p,,) and conductivity (., 0yy) calculations, only SIO thickness was
considered. This is well justified for LCO/SIO and LFO/SIO bilayers, since light electron
doping in LCO and LFO from ICT do not contribute to conductivity. However, a conductiv-
ity contribution from LMO in LMO/SIO and in particular from NNO in NNO/SIO bilayers is
obvious as discussed previously. p,,, shows linear field dependence for 7> 150 K with neg-
ative slope documenting dominant electron like transport in all the bilayers. From pXOyHE , the
slope was extracted to calculate electron density (n,). The rather low n, = 1.0 x 10*' cm™3
of semi-metallic SIO makes pryHE very sensitive with respect to even small changes in 7,.
To this end, we estimated the », in different bilayers at 7= 250 K, well above the magnetic
transition temperature where the total Hall is given by: p,, = pS. In Fig. [5.5a], po*

is shown for different bilayers in comparison to LCO/STO/SIO trilayer. A distinct change
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in the linear Hall slope is visible which document the different 7, in the bilayers. Here, a
reliable estimation for charge transfer can be made only for LFO/SIO and LCO/SIO, as the
transport is exclusively related to SIO only. The calculated 7, at 250 K shows the following
sequence: n, (LCO/STO/SIO) > n, (LFO/SIO) > n, (LCO/SIO). The lower n, in LFO/SIO
and LCO/SIO is likely attributed to the ICT from SIO to 3d TMO being stronger in LCO/SIO,
consistent with the expectation from the electronic band-mismatch (Ac,), see Fig. [5.1c]. In
case of LMO/SIO and NNO/SIO, a similar charge transfer estimation is not possible as both
layers are conducting and Hall slope does not belong to SIO only.

With decreasing temperature, an additional contribution from the anomalous Hall resis-
tivity (p£"") appears. In Fig. [5.5b], we show piI"* (= p,, — pSF) for different bilayers at
T'=20 K. pi/’" has been extracted from the p,, in the same way as described in Chapter 4.
pffE show hysteric field dependence with large coercive field (H.) which is nearly similar
for all the bilayers. However, a strong difference is observed in the strength of pfyHE . In Fig.
[5.5¢], we show the pi"* on log scale. Clearly for LMO/SIO and LCO/SIO bilayers (i.e.
FM/SIO), the pI"® (14T) (i.e. pl’**) is more than one order of magnitude larger compared
to LFO/SIO and NNO/SIO bilayers (i.e. AFM/SIO).

The temperature dependence of o’** is shown in Fig. [5.5d]. The ¢7/"** are positive
(T <100 K) and decrease rapidly with increasing temperatures. A distinct difference in the
onset temperature for positive AHE (7) is not visible here.

For LMO/SIO and LCO/SIO, ¢+ amounts to ~ 8-10 Q~'cm ™" whereas for LFO/SIO
(NNO/SIO), it is ~ 0.5 (4) Q 'em~! at 20 K. As NNO conduction dominates in NNO/SIO
bilayer, ¢/"** calculation for NNO/SIO bilayer is not accurate, as different contributions in
Py, and p, related to SIO and NNO needs to be separated. The scaling between ¢7/** and
oy, for different bilayers is shown in Fig. [5.5¢]. For all LXO/SIO bilayers, O'f;IE’S is nearly
independent on o, (i.e. 0755 o ¢°) for T < 50 K, documenting the intrinsic AHE as the

Xy xx

dominant contribution [125].

5.2.3 Magnetoresistance

In Fig. [5.6], we show the MR at 7= 20 K for different bilayers. The field sweep directions
are indicated by arrows. At higher temperatures, MR shows quadratic field dependence and
is related to the classical Lorentz scattering, see Fig. [4.10]. With decreasing 7, an additional
negative contribution starts to appear. Qualitatively, MR in LFO/SIO and LCO/SIO bilayer
can be explained by the sum of the two terms: classical Lorentz contribution (LS) and neg-

ative contributions (NMR) by spin-flip scattering (SFS) as discussed in Chapter 4. Similar
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Figure 5.6: Magnetoresistance (MR) in LXO(NNO)/SIO, (X = Mn, Fe and Co) HSs: (a)
LMO(10)/SIO(10), (b) LFO(10)/SIO(10), (c) LCO(10)/SIO(10) and (d) NNO(15)/SIO(10) bilayers
respectively at 7= 20 K. Field sweep directions are shown with the arrows. In inset of (b), the MR
of LFO(10)/SIO(10) at 10 K is shown.

to the magnitude of AHE, a larger NMR is observed in LCO/SIO compared to LFO/SIO. In

AHE : :
documenting the consistency

of magnetotransport. The coupled hysteretic behavior of p"*
with the recently proposed magnetotransport scenario induced by Berry curvature related

AHE [202].

addition, the large H. of NMR is very similar to that of p

and MR is also consistence

In NNO/SIO bilayer, MR can still be explained considering the LS and SFS contribu-
tions. In addition, NNO films also show small negative MR which may contribute alike
[199]. However, for LMO/SIO bilayer, the MR is more complicated. In addition to above
mentioned contributions, several other contributions related to electron doped LMO may
contribute to the total MR. For example, electron doped LMO films show negative magne-
toresistance below magnetic transiti<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>