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Abstract

Inspired by the theoretical work suggesting a simple method to predict the charge transfer be-
tween any chosen transition metal oxide (TMO) at their interface, this study provided experimental
evidence on the charge transfer between TMO pairs of StVO3/SrNbOj3 and LaTiO3/LaMnQOs. XPS
core level spectra of the transition metal sites are utilized to monitor the valence changes of the
transition metal sites. Valence state information gathered from the bulk and the interface sites, are
compared to draw conclusions on the charge transfer at the interfaces. Due to compounds SrVOg
and SrNbOj containing highly degenerate energy levels, XPS spectrum interpretation became chal-
lenging. By using final-state effects to explain the multi-peak structure appearance in XPS core
level spectra of Nb and V, meaningful results on the charge transfer are gathered. Nb ion sites
demonstrated a shift from Nb*™* towards Nb1® at the interface states, suggesting charge transfer
from SrNbOj layer to SrVOj layer. For LaTiO3/LaMnOj pair, even though observation of a slight
shift in the Mn™*3 valence state towards the Mn™?2 was made, it could not be quantified due to the
characteristic of the peak fitting method.



1 Introduction

An interface, as defined in Oxford dictionary ”a surface forming a common boundary between two
portions of matter or space”, is a fruitful area to study the physical mechanisms that govern materials
[2]. Tt didn’t take long for scientists to start exploiting the novel electronic, magnetic and optical
properties at the interfaces.

For the particular case of oxides, in which characteristic strong correlation effects influence the electron-
electron (e-e), electron-lattice (e-1) interactions; rich variety of physical phenomena are accommodated
at the interface that are not possible to observe in conventional semiconductor interfaces.

Key insights suggesting the presence of a surface can lead to electronic reconstruction and correspond-
ingly novel electronic behavior, initiated theoretical studies about charge re-construction at oxide
interfaces, which is still in its infancy today [27] [43]. Some of the novel physical phenomena demon-
strated up to date are metal-insulator transitions [32], 2-dimensional electron gas at oxide interfaces
[57], superconductors with very high transition temperatures [41] and colossal magnetoresistance [66].
The current research in oxide interfaces, focuses on the topic of controlling spin, orbital, charge and
lattice degrees of freedom of strongly correlated electron systems at oxide interfaces. These degrees of
freedom can be manipulated by combining specific oxides. Further tuning is proven possible by meth-
ods such as strain engineering at interfaces by arrangements in superlattice parameters [72], defect
engineering at interfaces by manipulation of growth conditions [29] and by modulation doping at the
interfaces by addition of a high band gap spacer layer [48].

Furthermore, the development of unit-cell precision oxide growth techniques such as Pulsed Laser De-
position (PLD) and Molecular Beam Epitaxy (MBE) enabled realization of controlled oxide interfaces
in a reproducible manner.

The advancements in oxide production techniques and the ability of oxides to deliver spin, orbital,
charge and lattice degrees of freedom in a single material system, caused emergence of the idea that
mass-produced, multi-functional oxide materials will be the building blocks of the next generation
electronic devices [30)].

Coming back to the present, the challenges scientists face which slow down the further developments
in the field of oxide interfaces are being addressed. Amongst them, the need for a theoretical model
to explain the band alignment at oxide interfaces can be counted. Because well-established methods
to study the band alignments at semiconductor interfaces such as Anderson’s and the Schottky-Mott
rule are failing to explain and reproduce the observed behavior at oxide interfaces.

This failure can be attributed to two assumptions. Firstly, the assumption that each oxide material
has a single work function was not representative for complex oxides and was causing ill-defined band
alignment in oxide interfaces: In semiconductor interfaces, when two different materials are put into
contact, the work functions from both sides of the interface would align their energy levels with respect
to vacuum level zero. Transition metal oxides (ABOj3) on the other hand, are composed of alternating
layers of AO and BOg2 that have highly different work functions (up to 2 eV) which makes it impos-
sibble to assign a single value for each compound [74]. Secondly, the approximations implemented
in the model for semiconductor interfaces were not valid for oxide interfaces due to the increased
importance of microscopic interactions of strongly correlated electron systems at the oxide interfaces.
As a consequence, the need for a theoretical model which includes parameters for strongly correlated
electron systems in addition to better-defined alignment conditions to study the band alignment and
charge reconstructions at oxide interfaces arose. The scientists were seeking after the establishment
of a model to be able to simulate any hypothetical complex oxide compound combination and predict
their properties, without investing on the costly, laborious experimental work that caused by trial and
error.

Currently, there are few theoretical models to explain the band alignment and charge reconstructions
at transition metal oxide (TMO) interfaces. The first model, developed as a hybrid form of Ander-
son’s model for semiconductor interfaces, utilizes the electron affinity differences between the elements
forming an ionic bond at each layer of the oxide (A-B, B-O-B) to model an electrostatic potential map
throughout the interface [74]. The second model utilizes a parameter defined as the energy required
to alter the covalence of the metal-oxygen bond in perovskite oxides, to predict the charge transfer
[22]. A third model, utilizes oxygen p level alignment condition at the TMO interface to predict the



charge transfer [75]. Note that all mentioned models concern non-polar or uni-polar oxide interfaces,
where the polar catastrophe effect is irrelevant.

While all models use functional theory simulations to predict the charge transfer and present the
simulation results in their reports, the model presented by Zhong et al. introduces a simple prediction
tool in addition to presenting simulation results. This prediction tool is a simple graph that contains
information from bulk oxygen 2p levels of various TMOs , which Zhong et al. claim is capable of
predicting charge transfer for any combination of TMOs, without the requirement of a simulation [75].
Since the promise of providing a simulation-free, fast and accessible assessment method for charge
transfer is very valuable for experimentalists, the theoretical model of Zhong et al. is explained in
further detail in the following section.

1.1 Theory of Band Alignment at Oxide Interfaces

This section is dedicated to the theoretical model built-up by Zhong and co-workers which explains
the band alignment and charge transfer at TMO interfaces; all calculations are taken from their work
[75].

The cornerstone mechanism of oxide electronics which was used in the mentioned study was the charge
transfer across the TMO interfaces due to the resulting potential gradient [55] [59]. The starting point
of their model was that, due to the continuous oxygen backbone structure in perovskite oxide stacks,
sharing of the oxygen octahedra (marked with a black circle in Figure|[l)) at the interface would cause
alignment of the O 2p levels.

ABO3/AB'O3

AO BO2 AO BO2 AO B'O2 AO B'O2 AO

Figure 1: A perovskite (001) interface schematic emphasizing the continuity of oxygen backbone
structure and the shared octahedra at the interface (marked with the black circle). ABO3z and AB’O3
refer to two different perovskite structures. Atom representations: A (green) , B (blue) and O (red)
[75].

Continuing with O 2p level alignment hypothesis they formed the following theoretical model.
The O 2p energy level alignment would cause a difference between the Fermi levels of ABO3 and
AB’'O3 TMOs as seen in Figure @ The difference is equal to:

Aﬁp _ €pABO3 o 8pAB/Og, (1)
Since it is not physically possible to have Fermi level discontinuity at the interface, a re-arrangement
was suggested which may or may not result in a charge transfer between the TMOs. In the case of
Figure [I] a charge transfer happens due to electrons driven away from the partially filled d orbital
states of ABOj3 towards the empty d orbital states of AB’O3. The charge transfer would cause:

e An electrostatic potential drop A¢ across the interface,
e Rigid band shifts we indicate by Aepos,
o A local electrostatic potential drop Ae,dp yielding relative shifts between TM d and oxygen p.

Note that what experimentalists can measure as the band structure is the final state depicted in
Figure
It was stressed that, unlike semiconductor pn-junctions in which the only relevant term is A¢, a charge
transfer at oxide interfaces needs to consider microscopic details for the energy balance equation, which
finally determines the Ane. As described in Equation 2, in addition to A¢ term (which is the only factor
for semiconductor interfaces), the charge transfer in TMOs would induce shifts in the local potentials
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Figure 2: a) Oxygen 2p levels align in energy when two TMOs form an interface. b) Due to potential
energy difference, occupied d states at the higher potential side transfer electrons to the unoccupied d
states at lower potential side. In case of charge transfer, potential energy of the charge receiving side
increases causing the oxygen 2p levels to misalign again. [75]

of the different transition metal (TM) sites, which can be disentangled into two contributions from
(7) mutual change of the valence of B and B’ sites (Aegy) yielding relative shifts between TM d and
oxygen 2p states with a sign equal to that of An.. And (i) from from specific structure of density of
states Aepos [79].

— Agp, = A + Aepos + Aegp (2)

The terms on the right hand side were linearised with respect to the amount of transferred charge,
A¢p = Ane.(d/e) where d is the effective distance of charge transfer across the interface and € is the
dielectric permittivity. The second term was simplified to An..D with the assumption of constant
density of states around Er. D term consisted of D = ﬁ + ﬁ in which B and B’ denotes
different TM elements on the B site. Contribution from the D was calculated to be up to 1 eV. The
linearization of the last term was done considering a Hartree type of self energy Aeg, ~ An..Uy where
Up reflects the change of the energy due to the static single particle mean-field energy that comes
from electronic Coulomb interaction. By using virtual crystal approximation, it was calculated to be
on the order of 1eV for SrVOgs. After these re-arrangements, the simplified equation was boiled down
to:

1
s D+ Un) AV (3)

This revealed remarkable insights about the amount of predicted charge transfer. Firstly, the strength
of the charge transfer was considerably larger compared to the transfer at semiconductor interfaces
due to microscopic interactions and significantly smaller characteristic length scale (d/€). Secondly,
the strength and the sign of the charge transfer can be determined by the difference of the respective
bulk oxygen 2p energies. By using this formula, a set of data was presented in Figure [3| which is an
easy and simulation-free recipe for experimentalists to engineer heterojunctions of TMO. Since the
graph presented in Figure [3| will be frequently recalled in this report, hereafter it is referred to as ’the
simplified energy levels graph’.

Ane ~ —
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ABO3

Figure 3: This so-called simplified energy levels graph is a summary of bulk ¢, (filled data points) and
eq (empty data points) values with respect to the Fermi level Er = 0 for different StBO3 (continuous
line) perovskite oxides in (001) orientation. B site elements are transition metals from 3d (black), 4d
(red), and 5d (blue) orbitals. Dashed line (black) indicates B = 3d for LaBO3 perovskite oxides [75].

1.2 Purpose of the Study

To our knowledge, up until now, only two works have presented experimental evidence to the band
alignment and charge transfer at non-polar complex oxide interfaces [39] [22]. Both of these papers
were published before the simplified guide was proposed by Zhong et al.

Considering the impact such a simple tool can have in the field of oxide design and noting that there
is lack of experimental evidence to prove the validity of this tool, the work from Zhong et al. intrigued
the author of this study to test the validity of the simplified method and provide experimental evidence
to it.

Hence, TMO pairs utilized in this study are chosen solely by considering the information available

at the simplified energy levels graph, Figure The real-life versions of the modelled (or in this
case "assumed”) material systems are fabricated and investigated to document the expected charge
transfer. By sharing the results of the observed phenomenon at the interfaces, this work aims to
provide a valuable feedback to the authors on the validity of their assumptions in real, physical
material systems. Providing experimental evidence that the charge transfer is indeed observed in a
material design whose TMO pair is chosen from the simplified energy levels graph in Figure [3] would
present the first experimental proof to their model, and mark a ’green light’ to the usage of this simple
method by other experimentalists.
In order for this work to provide quantitative feedback to charge transfer simulations, the author invites
model developers to simulate the material systems (TMO stacks) utilized in this work and compare
the findings between the two works. This quantitative feedback, is expected to provide a fine-tune to
the parameters utilized in the model simulations. Note that without experimental evidence feedback,
models can yield over-estimation or under-estimation results.

1.3 Design of the Study

In order to design a study that successfully examines the predicted charge transfer at TMO interfaces,
an analysis of the previous work in the literature is utilized. Initially, a characterization technique
that can detect the charge transfer at the TMO interfaces is searched. As previously reported, XPS
[40], X-ray absorption spectroscopy (XAS) [22] and hard X-ray photo-emission spectroscopy technique
utilizing synchrotron source [§] are known to yield adequate proof to the charge transfer by observ-
ing the valence state change in the transition metal sites of TMO pairs. Due to availability at the
laboratory facilities, XPS technique is chosen as an investigation method for the charge transfer and
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combined with PLD [63] growth technique with the desire of creating precisely grown, smooth, high
quality interfaces.

Taking advantage of the presence of an in-situ reflection high-energy electron diffraction (RHEED)
device implemented inside the growth chamber, thin films of desired thickness are fabricated. Since
PLD and XPS chambers are connected, XPS measurements of the fabricated samples are taken with-
out exposing the samples to the atmospheric conditions, which highly increases the reliability of the
obtained results. Due to XPS being a surface sensitive technique, the interface region that needs to
be monitored for a charge transfer is placed inside of a 10 nm deep data collection window thanks to
growth control provided by real-time analysis of RHEED information and the precision of the PLD
growth. In addition to these, growth quality is monitored by RHEED in-situ and atomic force mi-
croscopy (AFM) ex-situ. To investigate the crystal structure of the samples X-ray diffraction (XRD)
technique is utilized. The realization of smooth, (001) oriented interfaces between the chosen oxide
pairs is given greater care, since the expected charge transfer calculations are specifically done for
(001) oriented interfaces of undistorted perovskite oxides.

1.3.0.1 Choice of Transition Metal Oxide Pairs

As presented in Section [I.T} charge transfer is expected to occur at interfaces of specific TMO pairs. In
order to decide on the specific oxide pairs in which the charge transfer will be investigated, the following
steps are performed. Firstly, by analyzing the simplified energy levels graph in Figure [3| together with
Equations 3 and 2, pairs that are expected to yield a charge transfer are spotted. Amongst these, the
pairs that acquire higher differences in their ¢, levels are chosen to ensure a relatively high amount
of charge transfer as noted in Equation 2. Secondly, since being able to observe and prove the charge
transfer via an XPS study is as important as acquiring the charge transfer itself; the oxides containing
transition metals whose XPS spectra differ significantly from one oxidation state (before the transfer)
to the other (after the transfer) are chosen. Finally, the A site elements in ABO3 and AB’O3 pairs
are chosen to be the same element in order to prevent polar discontinuity throughout the interface.
This restriction is made to be able to conclude that a charge transfer at the interface is solely caused
by band alignment and not due to the polar catastrophe effect [57]. The same care is taken for the A
site element choice of the substrates, since it can also cause polar catastrophe at the substrate/sample
interface and affect the results badly.

As a result, complex oxide pairs of STRuO3/SrFeO3 and SrVO3/SrNbOg3 are chosen to be deposited on
SrTiOs substrates and LaTiO3/LaMnOg are chosen to be deposited on LaAlOs substrates. At later
stages of the study, SrRuOgz/SrFeOgs pair is abandoned due to the difficulty in fabricating smooth
surfaces of SrRuO3, in addition to the difficulty of preserving the Fe™ oxidation state of the iron in
the SrFeOj3 lattice.

1.3.0.2 Design of Thin Film Stacks

TMO stacks are designed to deliver clear evidence to support the aim of this study, which is investi-
gation of a charge transfer at complex oxide interfaces.

For SrVO3/SrNbOs3 containing stacks, the variation of the Nbiyterface/ Nbpulk ratio is taken as the main
design variable. Increasing this ratio automatically increased the ratio of the information gathered
from the interface Nb sites, since XPS is a surface sensitive technique with shallow sampling depth.
The Nbiptertace/Nbpulk ratio is varied by varying the thin film thickness of SrNbOjs layer, which is
sandwiched between its pair oxide SrVOs. The stacks are named as y/x/y in which x and y denote
the unit cell thickness’s of STNbO3 and SrVOg layers.

Note that the Nbipterface T€presentation of the stack in an XPS measurement is 100%, while for
stacks and this value drops down to 50% and further to 0%, respectively.

It is worth mentioning that the reason for constant thickness of SrVOs layer in each stack (except
the 35 unit cell SrVOg film) is the tendency of SrVOs to grow 3-dimensional after growth of 3-4 unit
cells. By avoiding thicker SrVOs layers, precise control of layer thickness by RHEED spot oscillations
is guaranteed.

11



SrVOs y=2 uc

SrVOs y=2 uc
SrNbO3z x=2 uc SrNbO3 x=4 uc

— SIVO3y=2 uc

SrNbO3 X=70 uc

(a) 2/2/2 (b) 2/4/2 () 0/70/0 (d) 35/0/0

Figure 4: Graphic representations of StNbOs and/or SrVOj; containing samples grown at SrTiOj
substrates. The samples are named as y/x/y where y and x refer to unit cell thickness of SrVO3 and
SrNbOg, respectively

LaTiOs y=2 uc

[ [aMnOsx=2 uc |
o
LaTiOs y=2 uc Lailee

LaTiOs y=2 uc

LaTiOs3 y=2 uc

Substrate
LaAlO3

Substrate

LaAIO3 (€) (x+y)o+1

(a) (x+yh+1
(b) (z+y)s+0

Figure 5: Graphic representations of LaMnOg and/or LaTiO3 containing samples grown at LaAlOg
substrates. The samples are named as (z + y)» + a where x and y refers to unit cell thickness of
LaTiO3 and LaMnQOg layers, n is the repetition number of the stack x + y and a is the single top layer

In parallel to this, Vipterface/Vbulk ratios of 50%, 50% and 0% are observed in stacks 4(b)| and
respectively.

Secondly, for LaTiO3/LaMnO3 containing stacks, the Mnjpterface/Mnpyi ratio is taken as the de-
sign variable. However, an additional design restriction of constant stacking periodicity is introduced.
This constraint is applied because of the reported result in literature [24] that, changing the period-
icity in superlattices leads to a change in the lattice parameter of the deposited oxides. It is desired
to avoid this change since the magnetism is strongly coupled to the lattice in LaMnOs materials [62]
thus slight change in SrMnO3 lattice parameter would lead to change in magnetism. As explained
in Section [1.1] a change in magnetism is expected to have an impact on the kinetics of the charge
transfer mechanism.

Since the periodicity of LaTiOs/LaMnOs stacks are kept constant at 2 unit cells,

a change in the Mnjpterface/Mnpyix ratio is achieved by switching the termination (top) layer.

Stacks depicted in Figure and show that the Mnjpterface/ Mnpuik ratio is decreased from 100%
to 83% without changing the periodicity. Note that the Mniyterface/Mnpyk ratio of the sample in
Figure is zero, as the definition of Mnjpterface does not include the Mn at the LaAlO3/LaMnOsg
interface since no charge transfer is predicted.

In parallel to this, Tiiptertace/ Tibulk ratios of 50% and 100% are observed in stacks from

Figure and respectively.

2 Methods

In this section, detailed information on substrate preparation, pulsed laser deposition (PLD), growth
conditions and in-situ/ex-situ characterization techniques such as: AFM, RHEED, XPS and XRD are
presented.

2.1 Substrate Preparation

The SrTiOg3 substrates used in this study are provided by Crystek company in (001) oriented single
crystal and mixed termination (TiO2 and SrO) state with the angle of miscut between 0.1-0.2. In

12



order to achieve single termination of TiO2, the following steps are taken. Firstly, the substrates are
cleaned in low-grade ethanol and put into the sonication bath in bekers containing distilled water, for
30 minutes. This step helped oxygenation of the surface which has a vital role during the removal of
the SrO termination. Later on, substrates are etched for 30 seconds in buffered HF (BHF') solution
and cleaned in ethanol. The annealing is done at 950°C for 90 minutes [44].

LaAlOgz (001) oriented substrates are utilized in mixed termination state. Substrates cleaned in ethanol
bath are annealed at 950°C for 60 minutes.

Both SrTiO3 and LaAlOs samples are measured with AFM after the preparations are completed in
order to determine the terrace widths and heights and investigate the termination state for SrTiOj
substrates.

2.2 Growth of Thin Films via Pulsed Laser Deposition

In this section, the chosen growth technique, PLD, is introduced and the characteristics of the utilized
PLD system "COMAT”’ are presented. In addition to this, the specific growth conditions chosen for
each material are justified by providing a brief overview of the literature. It is implied that obtaining
the correct phase, orientation and stoichiometry in the material stacks is vital to observe the predicted
charge transfer. Recall that specific assumptions are made during modelling of the expected charge
transfer such as (001) orientation at the TMO interfaces and undistorted cubic lattice. Therefore, all
these assumptions should be implemented in the material fabrication in order to observe the expected
result of charge transfer.

Even though the risk of obtaining mixed phase structures caused by distortion of the unit cell, addition
of extra oxygen layers or lack of oxygen elements is reduced due to the epitaxial growth of thin films
that are only a few unit cells thick; the crystal re-arrangements that can cause the above-mentioned
mixed phase structures are elaborated under each section.

Pulsed Laser Deposition is a technique which uses laser ablated species from a target as particle

source to grow thin film oxides in a highly controllable manner. A step-by-step description of the
events taking place when the laser pulse arrives on a target surface can be presented as following,
note that the time span of the described events is very short. When the laser pulse meets the target
surface, it creates a dense vapour phase in front of it. As the laser pulse continues, it causes tempera-
ture and pressure of the vapour to increase, which results in partial ionization of the ablated species.
The expansion of these species out of the target is described as plasma plume and it is a catastrophic
event in which internal thermal and ionization energies of the species convert into kinetic energy of
several hundreds of eV. Expanding plasma plume goes through various collusions with background
gas particles, which causes attenuation of the kinetic energy. For this reason, ambient gas parameters
such as the mass of the gas compound and the pressure determine the kinetic energies of the species
arriving to the substrate. Note that by fine-tuning the properties such as the energy density at the
target, pulse energy, the distance between target and substrate and the ambient gas properties; it is
possible to control the growth rate and growth mode of the deposited oxides [64].
A schematic drawing of the PLD chamber of the '"COMAT"’ cluster can be seen from Figure [l High
pressure RHEED is added to the system for in-situ growth monitoring. An additional pump placed
closer to the RHEED source allowed for monitoring even at relatively high deposition pressures (up
to ~ 300 mbar). A KrF excimer laser (Lambda Physic Compex 105, wavelength A = 248 nm) with
maximum pulse repetition rate of 50 Hz is used. The maximum pulse energy is 650 mJ with pulse
duration 25 nsec. A mask is used to select the homogeneous part of the laser beam, resulting in a
spatial energy variation of ~5 % [35]. The mask is projected at an inclination of 45°C on the target
by means of a focusing lens (focal length 450 mm). The energy density on the target is controlled by
adjustment of the attenuator.

A multi-target holder allowed mounting of up to 5 targets at a time. The mounting of target and
sample holders is done through two different load locks whose pressure is kept below 10~% mbar. The
target holder is controlled via software for manoeuvre in XYZ directions and rotation in XY plane.
Infra-red laser heating is used to increase the substrate temperature controllably with defined intervals.
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Gasses that can be added to the chamber included Os and Ar, Ny, He. The pressure in the deposition
chamber is controlled via valve position of the main turbo valve and the gas flow parameters.
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Figure 6: Top-view representation of the PLD chamber section of the COMAT cluster including in-situ
RHEED equipment [65].

2.2.1 Growth of SrNbOj

In the frame of this study, fabrication of stoichiometric, (001) oriented, pseudo-cubic perovskite phase
SrNbOg with pseudo-cubic unit cell parameter of a = 4.023 A aims to be done for direct correspon-
dance of the fabricated structure to the simulated structure described in paper by Zhong et al. [75].
Previous studies showed that Nb, Sr and O can form various compounds that all adopt perovskite-like
structural features, while the most stable phase at atmospheric conditions is SroNboO7 [34]. Although
very few papers in the literature studied the growth of strontium niobate structures, they collectively
mentioned that in order to prevent the formation of oxygen-rich phases such as SraNbsO7, thin films
should be grown under low oxygen pressures down to 10~° mbar [4][60]. In addition to this, the study
by Oka et al. shown that Sr/Nb ratio of the fabricated thin films is dependent on the deposition
temperature. The same study concluded that the desired stoichiometry of Sr/Nb=1 in SrNbO3 com-
pounds can be achieved by conducting PLD at 600°C [60]. Finally, amongst the studies that grow
SrNbO3 via PLD method, most utilized SrTiO3 as a substrate [4] which has -2.93% lattice mismatch
with StNbOgz while one study utilized KTaOgz -0.85% lattice mismatch with StNbO3 [60].

Considering the above mentioned literature studies, the following deposition parameters are chosen
for PLD of SrNbOg thin films. Firstly, despite the higher lattice mismatch, SrTiOg substrate is chosen
in order to prevent additional charge transfer effects that KTaO3 substrate can cause at the interface
which is discussed in more detail in Section Secondly, since low background pressures (as 107°
mbar) can negatively affect the plasma plume and growth kinetics in PLD, addition of an inert gas
to the chamber is decided in order to optimize the kinetic energy of the arriving particles [64]. For
this reason, the deposition chamber is pumped down until the overall background gas pressure is 10~°
mbar and an oxygen pressure of 10~° mbar is added through a needle valve. Argon gas is added to the
chamber until overall pressure is 2.7 1072 mbar. Substrate is heated up to 600°C with a ramp rate of
50 C/min by using the infra-red heating laser. After the substrate temperature of 600°C is reached,
laser pulses are shot onto the commercial sintered STNbO3 oxide target with a repetition of 1 Hz and
laser fluency of 2 J/ cm? to be deposited onto (001) oriented, TiOy terminated SrTiOs substrates. The
target to substrate distance is fixed at 50 mm.
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2.2.2 Growth of SrVOg

In order to fabricate the exact physical structure that is simulated in the paper from Zhong et al.
[75]; growth parameters for stoichiometric, (001) oriented, cubic perovskite phase of SrVOgs with cubic
unit cell parameter of a=3.840 A [45] are investigated. A literature search on the growth of SrvVOs
revealed that the single phase and stoichiometric SrVOs is difficult to grow, attributed to the high
sensitivity to the oxygen background pressure [8] and tendency to acquire off-stoichiometric Sr/V
ratio [33]. Previously utilized deposition parameters are summarized in Table (1| in addition to the
detected phases at the end of their growth. Note that not every study which only reported SrVOg;
phase investigated the presence of secondary phase in a detailed manner.

Table 1: Deposition Parameters for SrVO3 summarized from literature

Reference || Growth Oy Pressure | Temperature|| Substrate Present Phases
Number || Method (mbar) (cC)

[38] MBE 6.7 107° 700 SrTiO3 SrVOs3

18] PLD >5107° 700 SrTiO3 SryV07 and SrVO3
8] PLD 1.2 1076 700 SrTiOs3 Sr3V,0g and SrVO3
[68] PLD 1.3107° 700 LaVOs; SrVOs;

[42] MBE 2.6 1078 650 SrTiO3 SrVO;

Considering the findings in the literature, and the fact that SrVOs thin films will be deposited in an
alternating manner with the SrNbOs thin films; it is agreed to use the exact parameters that are used
for SrNbOj3 deposition in this study. Recalling that both oxides required very low oxygen pressures,
keeping the temperature and background pressure constant between the depositions of alternating
layers, the risk of inducing defects on the previously deposited thin films is reduced.

2.2.3 Growth of LaMnOj

At room temperature, LaMnOs3 exhibits orthorhombic structure with GdFeO3 type distortion (space
group Pbna). The experimentally calculated lattice parameters at 4.2 K are a=5.742 A, b=7.668 A,
and ¢=5.532 A according to a neutron diffraction study [I8]. This distorted perovskite structure has
quadrupled of a perovskite unit cell with parameters of av/2, 2a, av/2 where a is the unit cell parameter
of a cubic perovskite [I§]).

Figure 7: The GdFeOjs-type crystal structure of LaMnQOs, visualizing an orthorhombically distorted
perovskite-type structure [62].

In LaMnOs3, magnetism is strongly coupled to the lattice, which causes magnetic state changes
from anti-ferromagnetic to ferromagnetic to affect the arrangement of the crystal structure [62].
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Stoichiometric LaMnOg is an insulating antiferromagnet, however it tends to demonstrate ferromag-
netism when grown as thin films [5I]. The reason for the ferromagnetism in thin films was found to
be the cation off-stoichiometry.

A growth study showed, by using XPS measurements, that the La to Mn ratio can be improved from
0.81 to 0.92 and later on up to 0.97 when respective oxygen background pressures of 2 107!, 10~ and 5
10~ mbar were used [51]. The same group studied the effect of laser fluency on the lattice parameters
and found that higher laser fluencies (= 2.J/cm?) were more successful at achieving stoichiometric,
insulating and antiferromagnetic LaMnOs3 thin films [51].

The following deposition parameters are used in this study: First, by using a needle valve, background
gas pressure of the PLD chamber is arranged in such a way that it is stabilized at 106 mbar. Follow-
ing this, argon gas is added until the overall gas pressure of 2.3 1072 is reached. LaAlO3 substrate is
heated up to 750C with a ramp rate of 50C/min. Laser fluency is set to be 2J /cm? and 1 Hz deposition
rate is utilized. After each deposition, samples are brought back to room temperature with a ramp
rate of -20C/min. Note that the same deposition parameters are utilized for the chosen transition
metal oxide pairs (LaTiO3/LaMnOs in this case) in order to prevent defects that can occur in already
deposited layers while changing the temperature or pressure parameters from one deposition to the
other.

2.2.4 Growth of LaTiO3

At room temperature, LaTiO3 exhibits GdFeOs type distortion (space group Pbnm). This structure
is formed via tilting of TiOg octahedron around the [110]. axis of cubic perovskite lattice followed by
a rotation around the ¢ axis of cubic unit cell as depicted in Figure |8 [15].

Figure 8: The GdFeOs-type crystal structure of LaTiO3, an orthorhombic perovskite-type structure
[15]

The growth of LaTiO3z was studied on substrates varying from (001)[58] to (110) [26] oriented
SrTiO3 and (001) oriented LaAlO3 [26]. A phase transition line was observed at oxygen pressure of
10~* mbar. Below this line, LaTiO3 perovskite phase; and above, LasTioO7 monoclinic phase was
shown to be stabilized [59]. The formation of monoclinic LasTisO7 phase occurs as explained in the
perovskite derived structures section. It was shown that at low oxygen pressures where LaTiO3 phase
is stabilized, there is still LagTisO7 impurities occurring at (110) orientations. A transmission electron
microscopy image taken along [100] axis of substrate SrTiO3 that nicely demonstrates the dominant
LaTiO3 phase and LagTioO7 impurities along [110] orientation is presented in Figure@ [58]. Important
to note that the first 4 unit cells were free from phase impurities. This can be interpreted as for film
thicknesses less than 4 unit cells, LaTiOs phase can be stabilized even at higher oxygen pressures than
10~* mbar due to epitaxial constraint to the perovskite substrate [58].
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Figure 9: Annular dark-field scanning transmission electron microscopy image of LaTiO3 grown at
SrTiO3. LagTiaO7 impurities are visible after 4 unit cells of thickness at (110) orientations [58]

Using the exact same deposition parameters with the LaMnQOg layer deposition is agreed, consid-

ering the similar requirements, such as low oxygen pressure. Thanks to the decision of keeping the
temperature and the background pressure constant during depositions of alternating layers, the risk
of inducing defects on the previously deposited thin films is reduced.
The following deposition parameters are used in this study. First, by using a needle valve, background
gas pressure of the PLD chamber is arranged in such a way that it is stabilized at 106 mbar. Follow-
ing this, argon gas is added until the overall gas pressure of 2.3 1072 is reached. LaAlO3 substrate is
heated up to 750C with a ramp rate of 50C/min. Laser fluency is set to be 2J /cm? and 1 Hz deposition
rate is utilized. After each deposition, samples are brought back to room temperature with a ramp
rate of -20C/min. Note that the same deposition parameters are utilized for the chosen transition
metal oxide pairs (LaTiO3/LaMnOg in this case) in order to prevent defects that can occur in already
deposited layers while changing the temperature or pressure parameters from one deposition to the
other.

2.3 Characterization of Thin Films
2.3.1 Reflection High-Energy Electron Diffraction (RHEED)

Reflection High-Energy Electron Diffraction technique utilizes diffraction of electrons through surface
atoms thanks to grazing angle of incidence of an electron beam onto the sample surface, and provides
information about the periodic arrangement of atoms at the surface. Like in neutron diffraction and
X-ray diffraction, RHEED diffraction spots appear when the momentum of the incident beam and
that of the diffracted beam differ by a reciprocal lattice vector G.

ks — ko = G

Since in elastic scattering kg equals to kg, this condition results in Ewald sphere construction
with radius of 27r/A. RHEED spots are usually gathered at z=0 horizontal plane where z denotes the
direction normal to the sample surface. Figure [10| (a) depicts an Ewald sphere around the irradiated
sample together with vertical lines which demonstrates z=0 horizontal plane where RHEED spots are
mostly gathered from. Figure (b) depicts a section of the z=0 plane, which is the closest to the
Ewald sphere surface.
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Figure 11: A typical RHEED pattern obtained from a perfect SrTiO3 crystal.
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Figure 10: (a) Ewald sphere construction in 3-dimensions, (b) A section of the horizontal z=0 plane
[64]

As depicted in Figure one specular and two satellite spots are visible at grazing angle of
incidence. Large energy of incoming electron beam leads to a large Ewald sphere radius, which only
intersects with few reciprocal lattice rods of the grown oxides (only one rod is intersected in Figure
shown with the dotted line) at grazing angles. As a result the information one can gather from
Figure is a one-dimensional map of the reciprocal space [64].

Intensity oscillations of RHEED spots can be observed thanks to interference of the periodic initi-
ation and coalescence of 2D islands during layer-by-layer deposition|[I1]. Briefly, when reactive species
from plasma plume arrive to sample surface, 2D nuclei are initiated which create a disruption in the
crystal potential and cause part of the diffraction beam to be out-of-phase with respect to the rest.
As the process continues, coalescence of multiple 2D islands into one smooth surface returns the layer
into uniform potential and restores the intensity of the spot [13]. By utilizing this feature of RHEED
spots, the amount of laser pulses necessary to complete one unit cell can be calculated by measuring
the amount of pulses between two peak maxima.

Observation of RHEED spot intensity change can be used to determine the growth mode as the growth
continues in real-time. In theory, a perfect layer-by-layer growth would yield non-dampening intensity
of oscillations. In reality, however, it is possible to observe dampening of intensity up to a degree
for layer-by-layer growth on vicinal surfaces due to adsorbates starting to nucleate on top before the
previous layer is completed [I2]. In case a dampened specular spot intensity recovers up to some
degree, a step-flow driven growth can be understood where the diffusivity of the adsorbate species
increases and growth initiates only from step edges [31].

In this study, RHEED spot intensity oscillations are recorded for all samples in real-time while depo-
sitions were taking place. RHEED spots for the z=0 horizontal plane (a specular and two satellite)
are captured before and after the growth of thin films.
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2.3.2 Atomic Force Microscopy (AFM)

Commercial Atomic Force Microscopy Dimension Icon from Bruker is used to gather quantitative
information about sample surfaces. Tapping mode in air is preferred and Si cantilevers are used in
varying frequencies from 310 to 400 kHz in all presented AFM data.

In addition to height sensors, phase sensors collected data thanks to a four-quadrant detector. How-
ever, phase information is not used in the frame of this study. AFM imaging is done right after
substrates are treated or deposited in order to minimize the contamination.

2.3.3 X-Ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS), also known as electron spectroscopy for chemical analysis
(ESCA) is widely utilized for analysis of surfaces.

X-ray source of XPS device radiates X-rays with energy hv, which causes photoelectric effect when
absorbed by sample atoms. Electrons ejected from various electronic states travel towards the hemi-
spherical detector with kinetic energy of E’;. Relating the energy of absorbed X-rays (hv) to the
energy of photoelectrons (E'y), binding energy (E;) can be calculated according to Equation 4 where
¢s is the work function of the sample.

Ey = hv — Ej — ¢, (4)

Ep carries important information that can be used to determine the element, specific orbital and the
oxidation state of the element together with the chemical environment. Binding energy information
that reaches the detector is used to plot the amount of counts with respect to received binding en-
ergies. By using this graph, one can gather quantitative information about compound stoichiometry,
and oxidation state ratios of elements present in a sample. Qualitatively, the chemical environment
(neighbors) of elements in a sample can be deduced.

It is important to note that the information gathered in XPS measurements is extremely surface
sensitive. Even though X-rays are able to excite photoelectrons from the bulk of the sample, photo-
electrons generated at the bulk of the sample experience inelastic scattering on their way to escape
towards the surface (vacuum) and as a result only cascade of secondary electrons that does not contain
spectroscopic information reaches the detector from the bulk. In order to define a sampling depth to
XPS technique, the following parameter definitions are used. Firstly, the inelastic mean free path of
electrons in a solid ();) is defined as the depth in which electron beam has decayed to 1/e its total
intensity. Secondly, the sampling depth is defined as the depth from which 95% of the total amount of
electrons are scattered by the time they reached the surface. Using basic algebra, the sampling depth
of XPS is calculated to be 3)\;. AIK « source generates photoelectrons with inelastic mean free path
of ~ 3.5 nm which corresponds to sampling depth of ~ 10 nm [70)].

A list of electron energy transitions captured by detectors during XPS measurements is given
in Figure It is worth highlighting that, sharp peaks at specific binding energies stem from the
accumulation of detected photoelectrons from the surface of the sample that did not lose energy due
to inelastic scattering, while broad background recorded by detectors stem from secondary electrons
that lost energy as they undergo inelastic collusions. Auger electrons depicted in Figure (12| (d) is due
to emission followed by electron filling of a core hole.

2.3.3.1 Final-state Effects

In this study, more sophisticated aspects of XPS characterization are used as described in this para-
graph. As first pointed out by Siegbahn et al., core-level binding energies are sensitive to changes in
outer level (valence) charge distributions [36]. If an atom loses an electron from the valence state, its
core electrons will experience an increase in the net Coulombic attraction (a product of nucleus-electron
attraction and electron-electron repulsion) and their binding energies will increase. The opposite is
true for an atom gaining an electron. As a result, it is possible to comment about the oxidation
state of an element by analyzing the core level binding energies. Another complex event taking place
during XPS measurements is the electron screening due to the created core hole [16]. When a pho-
toelectron is generated and the sample is left with a core hole, valence electrons re-arrange and form
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Figure 12: Schematic of typical electron energy transitions observed in XPS: (a) initial state; (b)
ejection of an electron from K shell; (¢) X-ray emission when 2s electron fills vacancy; (d) Auger
electron emission, KLL transition [56]

a new potential equilibrium in order to screen the positively charged core hole. Since the core hole
screening process is done by valence electrons, electron correlation property of the electrons in the
system shapes the final arrangement. This is called final state effect because the re-arrangement of
the valence electrons is triggered by the created core hole and was not intrinsic to the electron system
before the emission of the core electron. The final state effect is held responsible for the appearance of
three different oxidation states in XPS spectra of highly degenerate orbital system compounds, even
though the sample is composed of pure phase and single oxidation state initially [47]. According to
the mechanism proposed by Lin and co-workers, a created core hole triggered the re-arrangement of
valence electrons that yield the observation of multi-valence peaks. Previously, compounds containing
elements with highly degenerate orbitals were shown to acquire multiple oxidation states, even though
the compounds were composed of a single phase and their surface was cleaned to prevent the appear-
ance of other oxidation states [20] [49]. Lin’s cluster-bath model proposal argued that the existence of
multiple oxidation states for elements with highly degenerate orbitals is the result of final-state effects
rather than existence of secondary phases or surface states [47].

2.3.3.2 Data Collection Procedure and Device Characteristics

Continuing with device characteristics, the XPS system used in this study is produced by Omicron
Nanotechnology GmbH and equipped with an EA 125 electron energy analyzer, CN 10 charge neu-
tralizer and a monochromized Al K « source (1486.6 eV). The calibration of the analyzer is done by
using an in-situ sputter cleaned Au sample. In order to prevent charging of insulating samples, CN
10 charge neutralizer is used for insulating samples.

Samples that are fabricated at the PLD chamber COMAT are transferred to the XPS chamber while
maintaining the vacuum conditions (max 10~® mbar). The pressure at the XPS chamber is kept below
10710 mbar.

For insulating samples, charge neutralizer is utilized with filament current of 1000 mA, emission cur-
rent of 5.0 pA and beam energy of 1.0 eV. For each sample, emission current and beam energy is

20



iteratively tuned to yield the best charge neutralization. This tuning remained in the range of 3-4
1A of emission current and 1-2 eV of emission current. The quality of the charge neutralization is
decided according to O 1s peak measurements. The parameters yielding the minimum peak width
and maximum intensity of the O 1s peak are used. The proximity of the O 1s peak to the original
binding energy position of 530 eV is used as a non-priority method to further increase neutralization
quality.

Pass energies varying between 20, 50, 100 eV are utilized, decided according to the desired resolution.

2.3.3.3 Information Analysis and Error Calculation

Analysis and peak fitting of the collected data is done by using CasaXPS commercial software (version
2.3.18PR1.0). Regions where the peak calculations are performed are chosen by hand and a standard
Shirley background is added to this region. Shirley background is chosen because of its ability to
simulate the noise created by the secondary electrons [73]. Synthetic peaks are fitted to the data.
Hybrid peak profiles defined as Gausssian (Y%-Lorentzian (X%) are shown with the notation GL(X)
in CasaXPS software. The best mixture of Gaussian—Lorentzian components is dependent on the
instrument and resolution (pass energy) settings used, as well as the natural line width of the specific
core hole. In this study, pass energies of 20, 50 and 100 eV are utilized and the peak profile type
that is used to fit the data is specified for each element under the compound sub-sections of this sec-
tion. Relative Sensitivity Factors (RSF), which are band, orbital and element specific; are retrieved
automatically by naming the synthetic peaks as #+element+orbital+(optionally) spin-orbit pair. RSF
values are empirical values which are used to normalize the differences in the kinetics of events such
as ejection from specific levels and binding to a detector such that detected peak integrals for each
state will be directly proportional to the amount of states present that are giving rise to that peak
in the spectra. In order to gather quantitative information such as calculation of stoichiometry and
oxidation state ratios, peak areas are divided by the corresponding RSF values to correct the effects
stem from above mentioned kinetics, and compared with each other.

In this study, oxidation (valence) state percentage calculations of elements Nb, V, Mn and Ti are done
according to procedures explained under each compound sub-section .

Stoichiometry measurements of the compounds StNbO3s, StVO3 and LaMnQO3 are done by using sam-
ples that are thicker than the XPS sampling window and that do not contain other compound stacks
in this window. These restrictions are applied considering two reasons. Firstly, in order to prevent
element information from the substrates, Sr in SrTiOs and La in LaAlOgs, from entering the stoi-
chiometry analysis window. Secondly, due to the fact that even though the material thicknesses of
two different compounds are the same, their relative distance to the surface will have a big impact
on the representation ratios of these compounds. As a result, only the samples 0/70/0 SrNbOs and
35/0/0 SrVOg3 are measured, and the obtained stoichiometric ratio is assumed to be valid for their
representative compound species due to unchanged deposition conditions.

Errors in calculation occur mostly due to poorly defined borders of peaks and partly due to a misfit
of the fitted background with the original background, inhomogeneity of the sample compared to the
spot size, spectrometer calibration errors and uncertainties in RSF values. If high precision is desired
in calculations, a large number of counts can be taken in order to decrease the errors.

CasaXPS software offers a Monte Carlo simulation package for error estimates. This simulation utilizes
a random number generator to create statistical noise from single measurements. It can be considered
as an analogue to repeating measurements to cancel-out noise. Monte Carlo, calculates how much
the noise can alter the initial fitting parameters and delivers a percentage standard deviation for each
synthetic peak fitted to the data. In this study, the error calculations are done for stoichiometry
measurements in addition to oxidation state ratio calculations. Since more than one peak is utilized
in mentioned calculations, error division rule is applied. Assuming two peaks A and B are the only
peak components of element A and B, the stoichiometry error can be calculated by using Equation 5.

Mua_\J(A2Y (5 g
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Table 2: Nb3ds,, binding energies and peak parameters for all oxidation states, summarized from
literature.

Material ‘ Nb3d5/ 2 ‘
Nb*> FWHM o Nb** FWHM o Nb*? FWHM % | Ref
(eV) V) | (V) (eV) "1 ev)  (ev) 0| reterence
NbQyoptimal oxidation 7] | 9075 1.8 55 | 206.5 0.9 45 - - - | Ag foil
NbQ, under-oxidation [g7) | 207.3 - 52 | 206.0 - 40 | 204.5 - 8 | Ag foil
NbOQ, over-oxidation 771 | 9076 1.5 62| 205.9 .1 38| - - - | Ag foil

In case an element or an oxidation state is composed of multiple peaks, the weighted average error is
taken to be applied into the equation.

2.3.3.4 Peak Fitting Methods

SI‘Nb03

Nb3d core level is chosen to be analyzed due to existing literature about peak positions, spin-orbit
splitting distances and full width at half maximum (FWHM) values of this peak. After a literature
review about Nb3d peak positions for different oxidation states [47] [53] [50]; Nb 3d5,5 peaks are placed
at 207.5, 206.00 and 204.75 eV for d® (NbT?), d'(NbT?), d? (Nb*3) oxidation states, respectively. Full
width at half maximum values of each spin-orbit component is set to be the same. The area ratios
between Nb 3ds/5 and Nb 3d3/5 components are set to 1.66. The splitting between Nb 3d5 /5 and Nb
3dg /9 is set to 2.7 eV [28].

SrvOs;

In order to determine the valence state of V in SrVO) samples, V 2p core level is chosen to be
analyzed due to existing literature about peak positions, spin-orbit splitting distances and FWHM
values of this peak. V15 peak is reported to be at 517.9 eV while V™4 and VT3 follow at 516.2 eV and
514.5 eV, respectively [47]. The restrictions applied during peak fitting procedure are as follows: V
2p1/2 and V 2p3/5 spin-orbit couples are separated with 7.4eV energy between them, independent of
the valence state of V [47]. FWHM values of all 2ps3/5 peaks are constrained to be the same as 2p; /
peaks [47]. Area ratio between 2ps /2 and 2p; /5 components is set to 2, corresponding to 4 electrons
in the 2p3/5 level and 2 electrons in the 2p; 5 level. Respecting these constraints, three different V
valence states are fitted into the data. All V 2p measurement windows included the O 1s peak due to
its proximity to V 2p peak.

LaMnOg

In order to study the oxidation state of Mn present in LaMnQOs lattice, Mn 2p core level peaks
(spin-orbit couple at binding energy range of 636-656 e¢V) and Mn 3s level peaks (peak couple at
binding energy range of 95-105 eV) are chosen.
To start with the Mn 2p peak fitting, the multiplet splitting of Mn 2p3 /5 core level peaks caused the
fitting procedure to become a research requiring sub-project in itself. After an analysis of papers
dedicated to fitting of Mn 2p3,5 peak, the method of utilizing sets of smaller peaks with pre-defined
energy range, separation and width [54] [10] is chosen over the method of introducing a single peak
with pre-defined asymmetry conditions [9] because the former design’s modular structure would allow
for later modifications of variables (such as FWHM parameter change that might be necessary due to
a difference in instruments or simply a difference in the utilized pass energy).
Before proceeding to the details of the Mn 2p peak fit procedure, it is key to remark the importance
of the fit parameters. The electron transfer from LaTiOs to LaMnOs layer is expected to cause
appearance of Mn*? oxidation states in LaMnOs thin films. As Mn*? and Mn™3 states co-exist in the
film, it is vital for this project to differentiate between them. Literature points out at the appearance
of an additional peak at higher binding energy side of Mn 2ps/, peaks, named as satellite [37][54]
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Table 3: V2p3/5 binding energies and peak parameters, summarized from literature.

Material V2p3/9 Ols A (eV) BE Reference
BE (eV)  FWHM (eV) | BE (V) FWHM (eV)
516.9 [67] 1.6 529.8 1.7 12.9 EFermi
V,05  517.0 [52] 1.4 529.8 1.6 12.8  Ols at 529.8 eV
517.7 [69] 0.9 530.5 1.1 12.8  Cls at 284.6 eV
515.65 [52] 4.0 530.0 2.8 143 Ols at 530.0 eV
VO,  516.0 [17] 1.95 - - - Cls at 285.0 eV
516.2 [67] 3.2 529.9 1.8 13.7 EFermi
515.2 [52] 4.8 530.0 2.0 14.8  Ols at 530.0 eV
V,03  515.7 [67] 4.9 530.1 1.6 14.4 E Fermi
515.9 [17] - - - - Cls at 285.0 eV
Si}i??’ 517.9 [47] - 530.0 - 121 Ols at 530.0 eV
SrvO
V+43 516.2 [47] - 530.0 - 13.8  Ols at 530.0 eV
SrvO
V+33 514.5 [47] - 530.0 - 155  Ols at 530.0 eV

Table 4: Peak fitting model for Mn*2 and Mn™3 for manganese oxides

Valency ‘ A2,1 A3,2 A4,3 A5,4 FWHM ‘ A6,5 FWHM

Mnt2 | 097 093 095 1.14 1.23 1.75 3.5
Mn™3 1.10 127 150 1.62 1.75 - -

[61] or shake-up peak [I0] [21]. Formation of a satellite or shake-up peak occurs for both spin-orbit
components of Mn 2p, however, due to the lack of intensity, the one near Mn 2p , side is not resolved
[9]. Even the shake-up peak of Mn 2p;3 /2 is hard to spot in case of mixed valency, some studies report
Mn*? states without an apparent shake-up or satellite structure and do not include an extra peak in
their peak fittings 7] [6] [5]. For this reason, it is important not to rely solely on the shake-up peak
feature in order to monitor the oxidation state. Luckily, Mn 2p spectra acquires multiplet splitting
proposed by Gupta et al. [23] which yields different main peak structure for Mn™ and Mn*? states
and can be used for identification. Figure taken from the paper of Biesinger et al. [10] presents
the Mn 2p spectra from MnO and MnsO3 compounds. Mn 12 has slightly lower binding energy for
Mn 2p;3/5 peak and its slope is steeper on the lower energy side. Biesinger and co-workers utilized the
theoretical work on multiplet splitting [23] to create sets of peaks with defined separations and width
that yield correct reconstruction of the Mn 2p spectra.

Due to its success in defining the characteristic peak shape of Mn 2p3 /5 peak in Mn*3 and Mn™t2
states as seen in Figure [13] the peak fitting method is taken from the work of Biesinger et al. [10].

Table [4] shows the restrictions followed during Mn 2p peak fitting in this study. Firstly, the details
for Mn™2 state are described as following: The set of six peaks in which five of them shared the same
FWHM value of 1.23 eV (for 20 eV pass energy) are placed according to the separations noted in
Table |4 The shake-up feature is defined as the sixth peak and assigned FWHM value of 3.5 eV. Its
location is assigned to 6.67 eV higher than the first component of the peak set.

Secondly, the details for Mn™3 state peak fitting are described as following: The set is composed
of five peaks which all shared the FWHM value of 1.75 eV (for 20 eV pass energy) and their spatial
separations are restricted to the values shown in Table

As an additional method for Mn oxidation state determination, Mn 3s peak splitting is analyzed.
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Figure 13: Mn2p spectra gathered from compounds MnyO3 (top) and MnO (bottom) [10]

24



3

Figure 14: A schematic representation of the angle resolved XPS measurement. Demonstrating the
sampling depth (dark gray) vs. angle of incidence [14].

Unlike spin-orbit coupling, Mn 3s splitting is caused by coupling of a hole in atom’s subshell to an
empty valence subshell [19]. For this reason, the distance between two Mn 3s peaks carries information
about the valence state of the Mn atom. Beyreuther et al., utilized data gathered from literature to
create an empirical relation between Mn 3s splitting and corresponding Mn valence states as presented
in Equation 6 [9].

UMN = 9.67 — 1.27AE35/6V[9] (6)

Finally, Mn 3s peak splitting is calculated by fitting two peaks below the spectra and determining the
distance between these two peaks.

LaTiOj

Ti 2p core level is chosen to be analyzed to monitor Ti oxidation state in LaTiO3 material. Charging
effect due to insulating LaTiO3 material is overcomed by using a neutralizer during XPS measure-
ments. Unfortunately this led to inhomogeneous shifts in binding energies which could not be fixed
by calibrating the O 1s peaks to 530 eV. As a result, the exact binding energies for Ti peaks are not
taken as reference; instead, the energy separation between the oxidation state peaks is utilized. In
the work by Lin et al., the Ti 2p3/, peak was fitted by Tit* and Tit3 compounds positioned at 456.9
and 455.4 eV with 1.5 eV energy separation between them. The condition of 1.5 eV separation is
taken from this study [47]. FWHM values of all peak components were reported to be 1.7 eV for 20
eV pass energy, so this condition is also added to the peak fitting model. Spin-orbit splittings of all
three oxidation states were reported to be 5.6 eV. and the area ratios between Ti 2p3/, and Ti 2p; /o
components were set to 2 [47]. However, the exact peak positions reported by Lin et al. were found
to be in conflict with what was reported by Kleibeuker et al. (458.4 and 458.9 eV for 2p; /2T1+4 and
Tit3, respectively) [39].

2.3.3.5 Angle Resolved Measurements

The detector and X-ray source are at fixed positions inside the XPS chamber and the sample holder
can rotate around its axis as seen from Figure [I4 This design is utilized to gather information from
different depths of the material by changing the substrate angle. Recalling the escape depth of the
photoelectrons generated inside the material, only the ones whose trajectories are less than inelastic
mean free path can escape from the material and reach the detector. Referring to the XPS data
collection window depth of &~ 10 nm at vertical angle between detector and the sample, one can
calculate the sampling depth for any angle setting. However it is worth noting that since the detector
is at a fixed position, angle variation between the X-ray and sample surface is restricted. In the frame
of this study, X-ray-sample surface angles of 30 and 15 degrees are utilized. The 30 degrees angle,
also named standard angle, is utilized unless otherwise is mentioned. 15 degrees angle is referred to
as shallow angle or smaller angle.
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3 Results and Discussions

3.1 Charge Transfer at SrVO;/SrNbO; Interfaces

The design of thin film stacks that contain SrVOs3/SrNbOs interfaces considered design parameters
such as Nbipterface/Nbpulk ratio as explained further in detail in Section Growth parameters
are kept constant for SrVOg and SrNbOj parts of the stack in order to prevent the defects that can
form during layer alternation and the details of growth parameters are explained in Sections and |,
respectively.

First, in order to investigate the Nb oxidation state in fabricated samples, detailed XPS spectra near
binding energies of Nb 3d core levels (212-214 eV) are collected. Synthetic peaks which correspond
to Nb™, Nb™* and Nb*3 are fitted into the collected spectra by respecting restrictions described in
Section Results are presented in Figure @@ Color-coding of this peak fitting proce-
dure is chosen as follows: green-blue peak set is assigned to Nb™® oxidation state while orange-yellow
and pink-purple peak sets are assigned to Nb*t* and Nb*2 oxidation states, respectively.

As the element loses electrons from its valence shell, appearance of peaks at higher binding energies
is observed that is attributed to an increase in the net Coulombic attraction (which is the product of
nucleus-electron attraction and electron-electron repulsion).

Oxidation state distributions of Nb sites present in STNbOg lattice are calculated by taking the area
under each oxidation peak set in Figure[15|and dividing by their corresponding RSF values. The calcu-
lated percentage distributions are presented in Table |5l Error calculations presented in this table are
done according to the method explained in Section by using the input gathered from Monte
Carlo simulation package in CasaXPS software. While the table only contains the relevant errors,
standard deviation percentages calculated for each peak type and the oxidation state percentage are
given in the Appendices section, Tables [ and respectively.

The Nb oxidation state distribution of the sample 0/70/0 exhibited 31.04£0.5% Nb*5 | 55.540.9%
Nb*4 and 13.6+£0.6% Nb*3 as seen in Table This result is expected to be caused by final-state
effects in XPS measurements which is due to the highly degenerate orbital system of STNbOgs behaving
in such a way that after creation of a core hole by incoming X-rays, the valence electrons re-arrange
themselves to screen the core hole, causing the appearance of multiple valence state peaks in the XPS
spectra. Final-state effect is explained in further detail in Section In order to investigate if
there are other phases or defects present in the sample 0/70/0 which might also lead to appearance
of multiple Nb oxidation states, following characterization methods are utilized.

First, stoichiometry calculations of the sample 0/70/0 are done by using O 1s, Nb 3d and Sr 3p
peaks. The results revealed O/Nb and O/Sr ratios of 3.02 + 0.05 and 2.54 4+0.04. These results
indicated two scenarios. Firsltly, oxygen and Nb vacancies and secondly, excess Sr in the lattice. Both
scenarios account for the Nb*3 presence amongst the other oxidation states present in the spectra.
The paper that provided experimental evidence to final-state effects in NbOy compounds, supported
this finding by documenting that, a fully stoichiometric NbOy only contains 55% Nb*® and 45% Nbt*
while slightly oxygen deficient compound would yield 52% Nb*3, 40% Nb*™* and 8% Nb*3 [47].
Second, XRD measurement of the sample 0/70/0 is taken. Full spectra is presented in Figure
while close-up plots around (002) and (001) orientations of StNbOgs phase are presented in Figure
and respectively. No sign of secondary phase compound that contains Nb*® (such as
SroNboO7) has been found. Note that considering 28 nm thickness of the sample 0/70/0, presence of
a 31.0 £ 0.5% Nb*> would be visible in XRD measurements.

Third, RHEED images presented in Figure showed that, growth of SrNbOj3 in Figure is
fully epitaxial, conforming with the SrTiOs substrate shown in Figure No changes in the
unit cell parameters that would be expected for oxygen-rich phases such as SroNboO7 is observed.
Distance between RHEED spots remained constant and no additional spots appeared which is enough
to conclude the structure remained the same as discussed in Section Streaky pattern (horizontal
elongation of RHEED spots) is caused by surface roughening. As seen in Figure towards the end
of the deposition, as the amount of added unit cells increase, growth mode become 3-dimensional. We
note that it is not possible to investigate a possible crystal parameter change from the 3-dimensional
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Figure 15: Nb3d core level spectra of samples (a) (b) (c), fitted with oxidation states of Nb™3 Nb+4
and Nb1°. Measurements are taken with standard angle XPS method and 50 eV pass energy is used.

Nb+5 % Nb™ %  NbT? %
31.0+0.5 55.5+09 13.6+0.6
53.31+4.1 447+ 35 -

789+£13.8 21.1+35 -

Table 5: Percentage distributions of Nb oxidation states calculated from XPS Nb3d core level spectra

of each sample
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(a) (b) ()

Figure 16: (a) SrTiOg substrate @600C. (b) StNbOg3 thin film on SrTiO3 substrate @600C (deposition
continues). (¢) StNbOj thin film on SrTiO3 substrate @600C (grown 3-dimensional)

RHEED pattern.

In the light of these findings, we conclude that Nb oxidation state distributions for the sample
0/70/0 are partly due to final-state effects and partly due to oxygen deficiency (presence of Nb*3).
As mentioned in Section the stoichiometry analysis is only possible for the 0/70/0 sam-
ple amongst SrNbOs containing stacks. An assumption is made stating that the sample 0/70/0 is
stoichiometry-wise representative for thinner films (2/6/2 and 2/2/2), unless the growth conditions
are altered.

Proceeding with the analysis of Nb oxidation state distributions in Table [5| considering the final-state
effects play role in all the samples, one would expect to find a consistent Nb valence distribution.
To explain further, the electronic transitions taking part in the core hole screening phenomenon,
which causes re-arrangement of the valence electrons and correspondingly the appearance of multiple
oxidation peaks, are occurring in large amount of repetitions per second. Therefore, the statistical
distribution of events taking place during the core hole screening event would be expected to yield
the same oxidation state distribution for all the samples, assuming that their stoichiometry is similar
since the growth conditions are unchanged. However, the results summarized in Table [5f showed that
this is not the case. Going from stack 0/70/0 towards 2/2/2, the percentage of Nb™® oxidation state
in the material increases, while Nb** percentage decreases.

The reason behind the inconsistency of the oxidation state distributions in samples 0/70/0, 2/2/2 and
2/6/2 is claimed to be the electron transfer at the interface as the Nb™® oxidation state percentage
increases with increasing Nbipterface/ NDpuik ratio in samples.

Let’s elaborate more on this by recalling the Section Band alignment theory at transition metal
oxide interfaces discusses that the formation of an interface between StNbOj3 and SrVOj results in
sharing of an oxygen octahedra at the interface and forces oxygen p bands of two different oxides to
align at the point of contact[75]. Due to this alignment, an abrupt potential difference between d bands
of the two oxides occurs at the interface, which drives electrons from partially filled d orbital states
of SrNbOj3 towards the empty d orbital states of SrVOs. For this reason, the oxidation state of Nb*4
in SrNbOj lattice is expected to increase and show higher Nb 2 character as the Nbiyterface/Nbpulk
ratio increases. The expected recipient of the charge, V on the other hand, is expected to reduce from
V*4 towards V T3 at the interface.

As seen in Table |5}, increasing the Nbiyterface/ Nbpulk ratio from 50% in sample 2/6/2 to 100% in sample
2/2/2, causes an increase from 53.3 + 4.1% to 78.9 & 13.8% Nb*5 oxidation state, respectively.

In order to investigate a possible charge transfer on the other side of the interface, oxidation state
distributions of V in above mentioned samples are analyzed. XPS spectra is collected at binding
energy range of 534-512 eV. In this range, V 2p core levels (527-512 eV) are captured at the same
measurement window as O 1s level (528-530 eV).

Peak fitting is done according to the rules and restrictions described in Section considering
both V2p; /5 and V 2p3/, peaks. In order to calculate the oxidation state distributions however, only
V 2p3,5 peaks are utilized for the sake of simplicity.
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Figure 17: (a) Broad angle scan of the sample 0/70/0. The SrTiOs substrate (marked with blue
stars) and SrNbO3 (marked with red stars) peaks are visible. (b) Detailed scan of the sample 0/70/0
SrNbO3 (red) compared with the SrTiOs substrate (orange) around 260=45.0 which corresponds to
(002) SrNbO3 (c) Detailed scan of the sample 0/70/0 peak near 20=22.1 which corresponds to (001)
SI‘NbO3
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Figure 18: V2p3 5 core level spectra gathered from samples (a) (b) (c), fitted with V*®, V4 and V*3
oxidation state peaks. Standard angle XPS measurement is used with pass energy of 50 eV.
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SrVOs (y unit cell) y/X/y V% VH % v %
SrNbO3 (x unit cell)

SrVO3 (y unit cell)

82.4+0.1 10.9 8.16

Substrate
SrTio3

76.0+0.3 159 8.16

74.0£0.1 14.1 11.9

Table 6: Percentage distributions of V oxidation states calculated from XPS V2p core level spectra of
each sample.

Ve A Vs

Angl :
welesl |
30 | 74.0£0.1 14.1 11.9
15 | 89.4+£02 5.97+£0.01 4.67

Table 7: V oxidation state distributions calculated from XPS V2p core level spectra of the sample
35/0/0 by using angle resolved XPS.

As seen from Figures @, @ and all samples containing V, demonstrated coexistence of three
different oxidation states: V™ (blue), V** (yellow) and V*3 (green). By using the area of the fitted
peaks, percentage contributions from each V oxidation state is calculated as shown in Table [6] Error
calculations are done according to the method explained in Section [2.3.3.3| by using the input gathered
from Monte Carlo simulation package in CasaXPS software. While the table only contains relevant
errors, standard deviations calculated for each peak type and the oxidation state percentage are given
in the Appendices Section 5] Tables [9] and respectively.

In order to investigate the causes of V oxidation state distributions in the sample 35/0/0, the same
procedure as Nb oxidation state determination is followed.

First, stoichiometry calculations of the sample 35/0/0 are done by using O 1s, V 2p peaks. The results
revealed O/V ratio of 4.0. Excess oxygen is found in the sample which results in V> oxidation state.
Considering 10~° mbar of oxygen background pressure, finding of the oxygen-rich phase was unex-
pected. However, further literature search revealed that, formation of an oxygen-rich face at the
surface of the SrVOg films grown under low oxygen pressures were reported in XPS measurements,
even though the samples were not taken out of the vacuum throughout all the measurements [§].
In order to investigate a surface phase as suggested by the paper angle resolved XPS spectra of the
sample 35/0/0 are taken.

Angle resolved XPS spectra of the sample 35/0/0 that contains 35 unit cells (14 nm) of SrVOg, are
presented in Figure [19(a)| and |19%b!l The angle between the incident X-ray beam and the sample
surface is varied from 30 degreeq’| to 15 degreesﬂ Stoichiometry analysis of this sample calculated
with the smaller angle XPS measurement revealed O/V ratio of 4.2, while as mentioned earlier this
ratio was 4.0 for standard angle measurement. Stoichiometry analysis are done by using the fitted
peaks shown in Appendices, Figures @ and @, respectively. In addition to these, V oxidation
state distribution calculations are done by using standard and smaller angle XPS measurements of the
same sample. Distributions of V oxidation states are presented in Table [7] for standard and smaller
angle measurements.

A sharp increase in Nb15 percentage from 74.0 +0.1% to 89.4 + 0.2% is observed as the measure-

'Referred to as the standard angle
2Referred to as the smaller angle
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Figure 19: XPS V2p core level spectra of the sample 35/0/0 gathered by (a) standard angle mea-
surement, (b) smaller angle measurement, fitted with V*°, V4 and VT3 oxidation state peaks. Two
images

ment becomes more surface sensitive. These findings confirm the existence of a secondary, oxygen-rich
phase which is located mostly at the interface.

Continuing investigation of an oxygen-rich secondary phase in SrVOj3 layers, an XRD measurement
of the sample 35/0/0 is taken as presented in Figure Note that the crystal structure information
from the samples 2/6/2 and 2/2/2 could not be measured by XRD due to their small thickness not
yielding a signal strong enough to be spotted by the detectors. XRD measurement shown in Figure
revealed the substrate peaks from SrTiO3 marked with blue stars at positions of 26 22.8 (001)
and 46.5 (002); in addition to relatively low intensity, broader peaks at positions 26 23.1 and 47.3
marked with red stars, which are assigned to (001) and (002) orientations of the cubic perovskite
phase of SrVO3. No trace of oxygen-rich, secondary phase is found in this XRD measurement. In case
there was no final-state effects present in the film, 74% Nb*5 in the 14 nm SrVOs thin film would
yield observable phase structure in XRD measurements. For this reason, it can be concluded that in
addition to secondary phases present at the surface, there is final-state effects present in SrVOgs thin
film causing the appearance of multiple valence states in addition to secondary phases at the surface.
The fact that secondary surface phases are not thick enough to yield additional peaks in XRD mea-
surements is not unprecendented. Earlier, it was proven that, even though no sign of secondary phase
was present in XRD measurements of SrVOg thin films grown by PLD under low oxygen pressure
(1.2 1076 mbar), would demonstrate electron diffraction patterns which prove oxygen-rich SrzV,Og
phase formed at the surface of SrVOgs. The authors noted that the lattice parameters of the hexag-
onal phase Sr3Vy0g (a=5.62 A , b=5.62 A) fit nicely to the (001) of SrVO3 in a (v/2 xv/2) surface
reconstruction manner as shown in Figure 21| [§]. The same type of surface reconstruction (v/2 xv/2)
at the SrVO3 surfaces was reported to take place after deposition of thin films at 10~® mbar oxygen
background pressure. However, the reconstruction only claimed to cause a V12 oxidation state at the
surface and formation of a new phase was not reported [71]. In addition to these, work of Berini et
al. provided AFM measurements (ex-situ) of the SrVO3 thin films which demonstrate oblong nanos-
tructures positioned along 011 directions of the surface. Authors assigned this precipitated phase to
Sr3VoOg without providing further evidence such as elemental composition map. They also observed
this secondary phase does not form if the deposition oxygen pressure of 1.2 1075 mbar was directly
pumped down to 10~8 mbar after the deposition, without permitting the sample to cool down. This
finding proposes that the formation of Sr3V,Og phase occurs after deposition is finished, while the
sample is cooling down [§].

In order to investigate presence of secondary, oxygen-rich phases in samples via electron diffraction
method, RHEED images of the sample 2/2/2 that are taken during and right after the growth are
analyzed for clues of surface reconstruction. The reason RHEED images from the sample 35/0/0 is not
presented is that, due to 3-dimensional growth, the RHEED images became unusable for the purpose
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Figure 20: (a) Broad angle scan of the sample 35/0/0. The SrTiO3 substrate (marked with blue star)
and SrVOs (marked with red star) peaks are visible. (b) Detailed scan of the sample 35/0/0 SrVOs3;
(black) compared with the SrTiO3 substrate (red) around 20=47.3 which corresponds to (002) SrVOs.
(c) Detailed scan of the sample 35/0/0 near 26=23.1 which corresponds to (001) SrVO3 Two images
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Figure 21: Demonstration of a /2 xv/2 surface reconstruction by orange atoms. The resulting re-
ciprocal space map showing regular (green arrow) and additional spots (red arrow) due to surface
reconstruction [I].

of crystal parameter determination. As depicted in Figure a (\/§ X\@) surface reconstruction is
expected to cause appearance of additional RHEED spots that are placed 1/ V2 closer to each other in
the reciprocal space due to its inverse relationship with the real space [46]. SrVOs thin film at 600 C
shown in Figure proves that, apart from the pattern becoming more streaky after the deposition
which is due to increased surface roughness, no significant change such as appearance of additional
spots or a change in the distance between spots are found.

Note that the presented RHEED image captures the situation right after the deposition as the sample
is still at 600 C. Considering the findings from Berini et al. about the surface reconstruction taking
place as the sample cools down at the same pressure it is deposited, it is highly probable that the
surface reconstruction has not fully taken place at the moment the RHEED image in Figure 22(d)| is
captured. The fact that SrVOg thin film structures fabricated via the same method and conditions
had shown surface reconstruction after being stored in the distribution chamber for a few weeks is
supporting the hypothesis that oxygen-rich phase formation occurs at the surface after the deposition,
either during the cool-down or after [3]

As supportive evidence to RHEED investigation, ex-situ AFM measurement is taken. No trace from
the oblong secondary phase precipitates mentioned in the work from Berini et al. is found [§]. How-
ever, Figure presented in Appendices section revealed lighter color precipitates near the edges of
3-dimensional growth islands, which may indicate a secondary, oxygen-rich phase. Due to time re-
strictions no further elemental mapping study is done at this surface.

A decisive evidence to prove the excessﬁ] V13 signal is due to V surface states would be the cleaning of
the SrVOs film surface by Ar sputtering. As explained by Lin et al. [47] in supplementary information
sheet, cleaning of the SrVOg thin film surface reduced the amount of surface oxygen state by a factor
of 3/4 and the V° percentage down to half of its value (the other half is proven to be due to the
final-state effects). Note that even though the samples were kept under high vacuum, oxygen-rich V+5
containing phases were present [47].

Referring back to the paper by Lin et al. in which the final state effect in compounds with degenerate
localized orbitals were analyzed, an optimally oxidized SrVOj single phase compound was reported
to exhibit multiple peaks that correspond to 60% V*°, 27% VT and 13% V*3 [47]. Comparing their
findings to the oxidation state distributions obtained from V 2p levels in this study, V™ oxidation
state percentage in all samples are found to be significantly high.

In the light of these findings, it is inferred that distribution of V oxidation states for the sample 35/0/0
as seen in Table [6] is partially due to final-state effects and partially due to presence of a secondary,
oxygen-rich phase at the surface.

Going back to the charge transfer discussion, V valence state distributions summarized in Table
@, do not exhibit a trend in relation with Vipterface/Vbulk ratios. Since V receives electrons from Nb
sites at the interface, it would be expected that samples 2/6/2 and 2/2/2 contains higher percentage
of V*3 with respect to the sample 35/0/0. This apparent lack of correlation can be attributed to
smearing out the meaningful trend due to the contamination of the oxidation state distributions by

3Excess amount refers to the amount which exceeds what is reported to be due to final state effects by Lin et al.
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the secondary phases present at the SrVOs thin film surfaces.
The fact that charge transfer is still observable from Nb 3d core level spectra supports the hypothesis

) SrTiOs substrate b) SrVO3 2 unit cells (¢) SrNbO3; 2 unit d) SrVOg3 2 unit cells
@GOOC @6OOC cells @600C @6OOC

Figure 22: RHEED images taken during the deposition of the sample 2/2/2. From left to right,
images follow the order of the deposition. Each image is named according to the final deposited
layer, thickness and temperature. Images demonstrate conformal, epitaxial growth with constant spot
separation.

that SrVO3/SrNbOg interfaces are single phase, smooth and well-defined to permit the charge transfer
between V and Nb sites, as supported by the RHEED images in Figure and the secondary phase
formation only occurs at the surface of SrVOgs thin films.

If the time could allow further investigations in this study, capping of the SrVOj3 layer with an oxide
that does not contribute to charge transfer and has comparable lattice parameters would be applied
in order to observe charge transfer from V side, without interference of the secondary phases.

3.2 Charge Transfer at LaTiO;/LaMnOj; Interfaces

Model described in Section predicts that, formation of an interface between (001) oriented LaTiO3
and LaMnOQgs perovskite oxides results in sharing of oxygen octahedra at the interface and this forces
oxygen 2p bands of LaTiO3 and LaMnOg to align at the point of contact [47]. Due to this alignment,
empty d bands of the charge transfer insulator LaMnQOg, energetically locate below the partially filled
lower d bands of the Mott-Hubbard insulator LaTiO3. Consequently, an electron transfer from LaTiOs
to LaMnOQOsg layer is expected to occur at the interface. According to this model, the oxidation state
of Ti transition metal ion in LaTiO3 lattice (Ti*3) is expected to show increasing Tit* character at
the interface due to the charge transfer. Oxidation state of the Mn ion on the electron recipient side,
LaMnOs on the other hand, is expected to reduce from Mn*3 towards Mn*?2.

In order to investigate this prediction, Mn oxidation states in two stacks which contain different
Mninterface/ Mnpulk ratios are compared with the Mn oxidation state in LaMnOg thin film that does
not contain an interface which contributes to the charge transfer. In order to monitor a change in the
oxidation state of Mn, photoelectrons gathered from Mn 2p and Mn 3s levels are utilized.

Mn 3s splitting values are calculated by taking the distance between the centers of the two fitted
peaks. Peak fitting procedure is explained in further detail in Section For Mn 3s peak split-
ting calculations, a regular error calculation procedure is not followed because it would contain error
contributions that do not affect the peak maximum positions of Mn 3s and would yield meaningless
results. Mn 3s splitting values are presented in Table [8| together with the empirically predicted Mn
valence states which are calculated via Equation 6.

Results showed that the sample (z + y)3 + 0, which contains ~ 80% Mnjpterface/ Mnpulk, demon-
strated the lowest oxidation state of Mn which is Mn?4!. The sample (x+y); +1 which contains 100%
Mnjpterface/ Mnpuic on the other hand, demonstrated the second lowest oxidation state of Mn which is
Mn*317 even though the charge transfer model predicted it to be the lowest. Mn oxidation state of
the sample (z + y)o + 2 which does not contain an interfaceﬁ is shown to be the highest (Mn*323)
since there is no transferred electron to Mn states in this sample.

4an interface which contributes to the charge transfer
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Figure 23: Mn3s core level spectra collected via standard angle XPS measurement, by using 50 eV.

Considering the Mnipterface/ Mnpyix ratios of 80 % and 100% are relatively close to each other, observed
oxidation state trend between samples (z +y)3 + 0 and (z +y)1 + 1 can be attributed to the inhomo-
geneous distribution of oxygen vacancies between the samples. Even though the general trend in the
oxidation states is as predicted, charge transfer amount may be so low that it cannot be resolved by
the minor changes of the ratio Mnjuterface/ Mnpulk-

One limitation of this study is the lack of information about the sample stoichiometry. As explained
in Section stoichiometry calculations are only taken from samples whose thicknesses are higher
than 10 nm. Due to XPS equipment break down before an XPS spectra of a 10 nm LaMnOj3 film
is taken, the stoichiometry of the samples are speculated by analyzing the results of the empirical
Equation 6.

According to these results, presence of Mn state in sample (z + y)p + 1 can be attributed to two
causes. First cause is the presence of an oxygen-rich secondary phase which contains Mn*3 state or
La/Mn cation offstoichiometry. Second cause is, because the empirical data source [9] that was used to
create the empirical Equation 6 was containing information from solid-state synthesized, bulk oxides;
the predicted numbers may not be accurate for the comparison with thin films.

+3.23

Mn 2p core level spectra of the samples are presented in Figure and @ Note that the
characteristic shape features of the Mn 2p core level spectra reveal valuable information about the
Mn valency. As stated in Section in detail, Mn 2p spectra acquire multiplet splitting proposed
by Gupta et al. [23]. Since these splittings are different for Mn*3 and Mn*? states, tailor-made peak
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(x+Y)n+a | Ay ss(eV)  Mn valence
(z +y)o +2

\ | 5.07 3.23
(x4+y)1+1

= 5.12 3.17
(r+y)3+0

= .. ..

Table 8: Mn3s peak splitting values calculated from the spectra on the left presented with correspond-
ing Mn valence states calculated according to the Equation 6.

fitting models that are developed for Mnt? and Mn™3 can be used to differentiate between the two
oxidation states.
Even though differentiation between Mn*3 and Mn*? states can be done, quantitative analysis of the
two oxidation phases cannot be deduced by using this method.
Apart from differences in the main peak structure of the Mn 2p level, appearance of a shake-up peak
is expected when oxidation of the Mn becomes MnT2. Details about the shake-up peak structure is
given in Section [2.3.3.4] For the sample in Figure the model for Mn*3 state is used while for the
sample in Figure |24(b jthe model for the Mn*?2 state is preferred. The choice of peak fitting model is
done according to the expected Mn oxidation state from the samples. As seen from both figures, the
peak fitting successfully filled under the real spectra except for the shake-up peak structure in Figure
24(b)| which is credited with a bigger importance in the peak fitting model than what is observed at
this work. The intensity of the shake-up peak in this work is found to be significantly smaller than
what is observed in the work from Biesinger et al. [10]. However, there are other works in the literature
in which the shake-up peak has less or no intensity contribution which is discussed in Section [2.3.3.4]
in greater detail.
In order to demonstrate the difference in two peak fitting models (for Mn*? and Mn™3), the spectra
of the sample (z + y)3 + 0 tried to be fit with the model for Mn™3 that does not correspond to its
oxidation state, the resulting fit has failed to fill under the characteristic Mn 2p spectra as shown in
Appendix section Figure

For a better comparison of the shake-up peak structures in the samples, Figure [25| presented the Mn
2p spectra that are normalized with respect to the total area. It clearly demonstrates that the two
samples which contain LaTiOs/LaMnOs interface: (x+y); +1 (blue) and (z+y)3+0 (red) exhibited
shake-up peaks positioned at binding energies of ~ 654 eV (=~ 6eV higher than the Mn 2p3/, peaks),
the sample (z+y)o +2 (green) which contains solely 2 unit cells of LaMnOg, did not exhibit a peak for-
mation at the expected position. It is worth noting that the sample (z 4 y)o+2 demonstrated broader
peak features that have higher asymmetry towards the high binding energy side. The broadening can
be attributed to the fact that this measurement is taken with 50 eV pass energy, causing a decrease in
the resolving quality, while the rest is taken with 20 eV. Under normal circumstances, a comparison
between different pass energies is not recommended. However, since obtaining new measurements was
no longer an option due to an out-of-service XPS device, the spectra is presented in current manner.

37



Fitting Method for Oxidized Samples (Mn*3)
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(a) The sample (x 4+ y)o + 1. Mn2p spectra is fitted by
using the peak fitting method for Mn™3.

Fitting Method for Reduced Samples (Mn*?)
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(b) The sample (z + )3 4+ 0. Mn2p spectra is fitted by
using the peak fitting method for Mn™*2.

Figure 24: Mn2p core level spectra of the samples taken at 20 eV pass energy with a standard angle.
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Figure 25: Mn2p core level spectra of the samples (z+y)1 +1 (blue), (x+y)o+1 (green), (x+y)3+0
(red). XPS Spectra of blue and red spectra are taken at 20eV pass energy while green is taken at
50eV. Normalization of the peaks are with respect to total area under each peak.

In order to monitor the valence state of the transition metal on the other side of the interface, T1i
2p core level spectra of LaTiOg containing stacks are analyzed. As mentioned earlier, due to charging
effects, significant, non-homogeneous shifts are observed at the spectra. Even though the calibration
of the O 1s peak to binding energy of 530 eV is done, the presented spectra differs from what is
reported in the literature. For this reason, during the peak fitting procedure of the collected spectra,
relative distances between the corresponding valence states are taken as reference which is explained

in detail in Section 2.3.3.4

Figure demonstrates the results of the peak fitting procedure for Ti 2p core levels. Red peak
which is assigned to Tit* state has shown to dominate the spectra. Orange peak which is assigned to
Ti ™3 state on the other hand, shown to exist in both spectra but not fully resolved.

Claiming that the assigned peaks are corresponding to the correct oxidation states would be a mistake
due to the following reasons. Firstly, significant charging effects made interpretation with respect to
the exact peak positions impossible and the current peak fitting method explained in Section [2.3.3.4]
was open to misleads by peak asymmetry or peak broadening. Secondly, since the peak assigned
to represent the Tit3 state is not fully resolved, there was a chance that this feature represented a
secondary phase present in the material: LagTisO7 [39]. As described in Section formation of a
secondary phase LasTisO7 was frequently reported during the growth of LaTiOs.

Difficulty of resolving Ti*? state was reported before [40] and the suggestion of using Scanning Trans-
mission Electron Microscopy-Electron Energy Loss Spectroscopy (STEM-EELS) method to be able to
collect information from Ti*3 state was proposed [25]. However, due to time limitations, additional
methods to gather valence state information from Ti sites were not given a chance.

In conclusion to the presented discussions, assigning oxidation states to the fitted peaks in Figure [26]is
avoided. And the possibility of providing charge transfer evidence by interpretation of the Ti 2p state
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Figure 26: Ti2p core level spectra taken with XPS standard angle measurement with a pass energy of
50eV. Two peaks supposedly assigned to Tit? (orange) and Ti™ (red) are fitted under the spectra.

spectrum is discarded for this study. However, it should be noted that the decision of not utilizing
the Ti 2p XPS data is done considering the conditions valid for this study and should not discourage
the use of this technique in future studies. For instance, previously Kleibeuker et al., successfully
demonstrated the charge transfer between LaTiO3 and LaFeOgs oxides by using XPS spectra of Fe and
Ti element [39].

Conclusively, even though evidence signalling the expected shift on the Mn oxidation state from Mn*3
to Mn*? is found at the interfaces, due to the characteristics of the utilized peak fitting methods,
quantitative analysis on the amount of charge transfer could not be done.

4 Conclusions

4.1 Conclusions on SrVO;/SrNbO; Interface

The findings of this study suggested that the presence of a SrVO3/SrNbOg interface has significant
effect on the oxidation states of the Nb transition metal sites, which are near the interface. The
results in Table [5| showed that increasing the Nbipterface/ Nbpuik ratio of the fabricated samples caused
a significant increase in the percentage of Nb*> oxidation state. This result was predicted from the
theoretical model that, upon formation of an interface between SrNbO3 and SrVOs perovskite com-
pounds, electrons from partially filled d orbital states of Nb in SrNbQOj lattice would transfer towards
the empty d orbital states of V in SrVOg latice [75].

On the other hand, as presented in Table [ the results from the other side of the interface, which
is the SrVO3; layer, did not demonstrate any meaningful trend in the V oxidation state with respect
to the change in Vipterface/Vbulk ratio between samples 2/2/2 and 35/0/0, and samples 2/6/2 and
35/0/0. Presence of an oxygen rich secondary phase is concluded to account for the large fluctuations
in the VT2 states in the samples. It is believed that the noise from secondary phase smeared out the
meaningful contribution from the interface V states and prevented a possible interpretation.

Angle resolved XPS measurements presented in Figure|7|as supported by literature examples [8] proved
the existence of a secondary phase at the surface of the SrVOj3 thin films. Referring to the work by
Berini et al., the formation of this secondary phase is assumed to take place while the sample was
being cooled down after the deposition, because no clear evidence of the surface reconstruction was
found in the RHEED image taken at 600 C (as seen in Figure [22(d)|) right after the deposition, while
later RHEED measurements revealed the appearance of a surface reconstruction [3].

The conclusion that the secondary phase is formed while cooling down and it is only formed at the
surface of the SrVOg thin films, is supported by the fact that the observation of a charge transfer
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at SrVO3/SrNbOs interface still being possible due to the well preserved SrVO3/SrNbOgs interfaces
below the surface. RHEED images gathered during the deposition of SrVO3/SrNbO3/SrVOs3 stack
presented in Figure [22| demonstrated a well-matched interface between SrVOs and SrNbOj3 supporting
this argument. Note that the charge transfer is assumed to be only possible through corner sharing
perovskite structures that are undistorted and interfaced through their (001) plane orientations, as
pointed out by Zhong et al. [74].

As a suggestion for the future work, a low energy electron diffraction (LEED) map can provide clearer
evidence about the surface reconstruction since the observable reciprocal space map is 2-dimensional
and the specular spot quality is more robust against streaky image formation due to the low energy
of the electrons.

In the light of the conclusion that secondary phases are forming at the surface after the deposition, an
insight for the future work can be the use of a capping layer to prevent the formation of the secondary
phases. Even designing SrNbO3/SrVOg stacks that have StNbOj3 termination can be a solution to
this problem if additional charge transfer effects between the capping layer and the stack wants to be
eliminated.

4.2 Conclusions on LaTiO3;/LaMnQO; Interface

By using XPS, two different energy spectra of the Mn element were analyzed by three different tech-
niques and the results indicated a trend between the ratio Mnjpterface/Mnpux and the Mn valence
state. Interpreting this trend by using charge transfer model at oxide interfaces, it was concluded that
the presence of a LaTiO3/LaMnOj3 interface has a reducing effect on the Mn ions nearby since the
alignment of oxygen p levels at the interface causes electron transfer from partially filled d orbitals of
the Ti ion in LaTiOj to the partially filled d orbitals of the Mn ion in LaMnOsg lattice.

Even though Mn oxidation states in high Mnipterface/Mnpyk ratio stacks were not significantly lower
than the control group (Mn*3 in bulk LaMnO3), combination of different methods to measure this
minor decrease consistently, lead to success in providing solid evidence.

Mn 3s splitting caused by coupling of a hole in atom’s subshell to an empty valence subshell is analyzed
by use of an empirically derived formula [9] which revealed that Mn sites in LaMnOsg lattice, closer to
LaTiOj3 interface, can acquire valence states down to Mn*24!. This finding is interpreted as a proof
for charge transfer at interfaces.

Mn 2p multiplet splitting and the change of this splitting caused by Mn oxidation state are utilized to
characterize Mn 2p peaks and qualitatively assign them to an oxidation state [23]. These qualitative
indications on the valence state of the Mn element in different material stacks later on combined with
the charge transfer model to interpret the effect of the interface on charge transfer. It was found that
material stacks containing Mn atoms closer to the interface demonstrated Mn™? character which is
highlighted to be due to the electron transfer from d orbitals of the Ti ion in LaTiOgs to the d orbitals
of the Mn ion in LaMnOQOj3 lattice.

In addition to these, Mn 2p shake-up peak appearance upon transition to Mn*? state is utilized to
confirm the charge transfer. However appearance of a shake-up peak structure also remained as a
qualitative method to demonstrate the charge transfer and the transferred charge per unit cell could
not be calculated.

Unfortunately, XPS core level spectra of Ti 2p, gathered from the LaTiOgs side of the interface could
not be utilized. The main reasons behind this were: Significant non-homogeneous charging effects
that could not be fully fixed via charge neutralizer making the peak fitting with respect to the specific
peak positions impossible. In addition to this, the current peak fitting method explained in Section
was open to misleads by peak asymmetry or peak broadening. Lastly, since the peak assigned
to represent the Tit? state is not fully resolved in the spectra, there was a chance that this feature
represented a secondary phase present in the material such as LasTioO7 [39]. As a result, possibility
of providing charge transfer evidence by interpretation of the Ti 2p level spectrum is discarded for
this study.
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4.3 Suggestions for Future work

In addition to small, distributed comments about the suggestions for future work, the following topic
should be considered: Since defects in crystal structure are inevitable, even though minor there will
be oxygen vacancies and cation off-stoichiometry present in the fabricated samples. Because these
defects have direct impact on the oxidation states of transition metal sites in TMO, low amount of
charge transfers observed at the interfaces can go unnoticed due to noise from structural defects. My
suggestion is to prefer a TMO pair that is more robust to defects because of the high amount of charge
transfer.

In this study only physical phenomenon that was driving the charge transfer was the band alignment
of d levels at the interface. So the observed change in the transition metals valence state was very
small. The work of Kleibeuker et al. on the other hand, in addition to the band alignment, the
transition between high-spin, low-spin state in LaFeOs upon charge transfer which stems from crystal
field splitting and Hund’s exchange, caused a significant charge flow between oxides [39]. In conclusion,
for the future designs, smarter TMO pair choice should be made which includes additional effects to
drive the charge transfer further.

As an inclusive remark for all the interfaces studied in this work, given the small sample size, caution
taken while interpreting the results.
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Sample | Nb™ SD % Nb™ SD % Nb™ SD % Weighted average SD %
2/2/2/ 11.8 12.3 - 11.4
2/6/2/ 5.40 5.40 - 5.40
0/70/0 1.10 1.20 0.30 1.02
Sample | VF°SD % V™ SD% V™ SD% Weighted average SD %
2/2/2 0.09 0.06 0.04 0.08
2/6/2 0.25 0.11 0.07 0.21
35/0/0 0.14 0.06 0.05 0.12

Table 9: Standard Deviation % for Each Oxidation State Peak

Sample | Nb*®/ all Nb  Nb™/ all Nb  Nb*?/ all Nb

2/2/2 16.7 16.7 -
2/6/2 7.73 7.73 -
0/70/0 1.51 1.54 1.06
Sample | V*5/all V VH/al v VF3/al vV
2/2/2 0.12 0.10 0.09
2/6/2 0.33 0.24 0.22
35/0/0 0.18 0.13 0.13

Table 10: Standard Deviation % for Each Oxidation State Percentage

5 Appendix
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Figure 27: V2p level XPS spectra taken with two different angles (a) and (b). Fitted peaks are utilized
for stoichiometry measurement.
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Figure 28: AFM image of the sample 70/0/0 SrVOs; taken in non-contact mode.
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Figure 29: XPS Mn2p core level spectrum of the sample. The image is presented to prove fitting
model developed for Mn™*? state is not conforming with the peak character of this sample, which is
therefore predicted to contain larger Mn™? character
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