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Introduction

Relevance. Spintronics or spin-transport electronics is a field of science and
technology dealing with the study of the electron’s intrinsic spin and its use along
with the electron charge in solid-state electronic devices for information storage,
processing and transmission. The first successes in spintronics are connected with
the discovery of oscillating long-range magnetic interaction in metallic multilayer
structures and its application in devices based on the effect of giant magnetoresistance,
in magnetoresistive reading heads of hard disks and in magnetoresistive random-
access memory cells. The main element of these devices is a quantum electron
well, i.e. a quasi-two-dimensional system representing an ultrathin layer of material
in which electrons are restricted in movement perpendicular to the layer due to
quantization of the electronic structure. It is well known that the magnetic properties
of layered systems with alternating layers of magnetic and noble metals strongly
depend on the thickness of the noble metal layers and quantum-dimensional effects
observed in these layers [24—28]. In the described devices, the boundary layers of
the quantum well are ferromagnetic, which induce spin polarization of the electronic
states inside the well due to the exchange interaction and the Pauli exclusion principle.
In [29], Co/Cu/Co multilayer structures were investigated and it was found that
the magnetic interaction between Co layers has a periodic and oscillating character
between antiferromagnetic and ferromagnetic depending on the thickness of the Cu
layer (dc,). The antiferromagnetic coupling strength has the dependence ~ 1/d%,
which coincides with that predicted in the case of the Ruderman-Kittel-Kasuya-
Yoshida interaction via conduction electrons (RKKY interaction). On the other hand,
in the work [25], the spin polarization at the Fermi level of quantum well states (QWS)
of sp character in the Cu layer had the same periodicity with film thickness as the
magnetic interaction oscillations. Thus, the effect of giant magnetoresistance is related
to the formation of QWS in quasi-two-dimensional layers of nonmagnetic materials
that mediate the magnetic interaction between bordering layers of magnetic metals.

Further development of spintronics has followed the path of using spin-
polarized currents for data storage and processing, because in addition to increasing
energy efficiency there is an increase in the speed of such devices [30; 31]. To generate
spin currents, spin injection from ferromagnetics into semiconductors [32] has been

intensively studied, but the interfaces between these materials have a significant



drawback due to the conductivity mismatch problem, which is solved by using
ultrathin dielectric layers between them [33]. Another direction is the generation of
spin currents without the use of ferromagnetic materials and external magnetic fields,
but using spin-orbit interaction. The spin-orbit interaction induced by an electric
field at a two-dimensional interface, the so-called Rashba effect, was originally
studied in semiconductor heterostructures [34—36]. Active development of new
methods of synthesis and diagnostics of epitaxial quasi-two-dimensional materials
under ultrahigh vacuum conditions in the late 1990s allowed to continue studies of
spin-orbit interaction in ultrathin layers of light and noble metals on the surfaces of
single crystals [37—40]. The study of mechanisms and peculiarities of the process of
formation of hybridized electronic states in quasi-two-dimensional materials is still
relevant today, as it opens new opportunities for spin control in low-dimensional
systems. Especially important is the enhancement of spin-orbit interaction [41;
42] for the observation of such effects as spin Hall effect [43], Rashba-Edelstein
effect [44], spin-orbit torque effect [45], quantum spin [46] and anomalous [47] Hall
effects (QSHE and QAHE), for observations of Majorana [48] fermions and other
fundamental effects. All these effects will certainly find their application in electronics
both in the creation of memory elements and logic elements in the existing architecture
of computing devices, and in the creation of a completely new architecture of quantum
computers and post-silicon electronics. Topological insulators (TI) and graphene-
based systems are promising materials for the realization of such effects. Nobel Prizes
in Physics in 2010" and 20162 noted the high significance of the study of quasi-two-
dimensional electronic states in both graphene and topological insulators and their
promising potential for use in new energy-efficient and fast electronic devices of
post-silicon electronics.

Topological insulators — a class of crystalline materials characterized by
insulating properties in the bulk but having conductive topological surface states
(TSS) with helical Dirac cone spin texture. In these materials, effective generation of
spin-polarized currents is possible [49—56]. At the same time, TIs are characterized
by a significant ratio between the generated surface spin-polarized currents and
the accompanying bulk charge currents [57; 58]. The doping of TIs with magnetic

elements can open the energy band gap at the Dirac point, allowing the observation
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of the quantum anomalous Hall effect [47; 50; 59—61]. Undoubtedly, TIs have high
potential for application in spintronics devices and quantum computing [62—64],
especially when the Fermi level and Dirac point of TIs are located inside the
fundamental band gap.

The discovery of the unique electrical characteristics of graphene (a two-
dimensional crystal consisting of a single layer of carbon atoms arranged in the
nodes of a hexagonal lattice) has led to an even more active development of a
new field of electronics - nanoelectronics, which uses quantum-dimensional effects
to operate devices. The use of different characteristics of electronic states for
information transfer in quasi-two-dimensional materials has formed a number of
directions: spintronics [31] and spin-orbitronics [65], focused on controlling the spin
and angular momentum of the electron; valleytronics [66], using local minima of the
band structure (valleys) as an effective degree of freedom; 2D topological electronics
or topotronics [67], based on the use of topological properties of the band structure
of materials, topological superconductors and insulators.

To date, materials and products based on single-layer and multilayer graphene
in various forms (e.g., powder, solution, paste, nanoplatelets, functionalized graphene)
have already been sold worldwide [68; 69]: graphene-based inks and flexible
electronics [70; 71], brake pads with graphene inclusions that improve heat dissipation
and increase durability [72], bicycle tires [73], graphene Hall sensors [74], lubricants
based on graphene nanocomposites to reduce friction and wear [75], graphene-coated
safety helmets, detectors in the visible and infrared spectral range [76], batteries
for portable electronic devices and unmanned devices [77], rubber-based materials,
packaging with electrostatic protection, cooling systems for electronic chips, audio
headphones with graphene membranes [78], lighting devices and many others. The
success of utilizing graphene in performance-enhanced consumer products depends
primarily on production capacity. Industrial graphene production setups are already
being sold worldwide, which is a good basis for launching large-scale production of
graphene-based materials and goods.

In recent biological research, graphene is already being used as electrodes
in transparent neural implants designed to record and modulate neural activity in
order to treat damaged nervous systems [79]. A dense set of small graphene implant
electrodes as small as 20 pum 1s known to simultaneously record electrical and calcium
activity in deep layers of the brain [80]. In this study, nitric acid-doped bilayer

graphene showed lower ohmic resistance and better mechanical stability than single-



layer graphene. At the same time, the graphene channels were made without using
gold, which eliminated artifacts in two-photon calcium imaging measurements. The
use of graphene in biomedical research as an electrically conductive channel material
1s actively expanding due to its optical transparency, flexibility and high electrical
conductivity.

Despite the fact that graphene is used in many fields of science and technology,
the potential of graphene in micro- and nanoelectronics has not been fully realized.
In this regard, the study of graphene and other two-dimensional materials for the
purpose of their application in electronic devices is relevant [62; 81—85], as it will
not only improve the characteristics of existing devices, but also create a whole
direction of post-silicon electronics based on new physical phenomena and laws.
In order to use graphene as an active element of electronics, it is necessary to learn
how to control its electronic properties. Synthesis of epitaxial structures based on
graphene and other two-dimensional materials will allow to obtain new, previously
unknown, topological states of matter. Control of spin structure in graphene, i.e. spin
splitting of its electronic states and topologically nontrivial band gap in the Dirac
point, is one of the most important problems of materials science today, which must
be solved for the use of graphene in spintronics and topotronics, especially for the
realization of dissipative-free transport. It is known that strong spin-orbit interaction
is necessary condition for the observation of effects such as quantum spin Hall
effect [86], quantum anomalous Hall effect [87], etc. The second factor affecting the
spin structure is the exchange interaction in graphene. In this regard, theoretical and
experimental studies of possible magnetic order in two-dimensional carbon systems,
such as superatomic graphene [88], triangulene [89], nanographene [90], etc., have
attracted special attention. The experimentally unrealized Haldane model based on
a graphene lattice with inhomogeneous magnetic field distribution at the atomic
scale [91] remains relevant and attractive because it predicts QAHE in a hexagonal
two-dimensional lattice. On the other hand, topological edge states have already been
demonstrated in germanene [92], which shows that it i1s fundamentally possible to
obtain the QSHE phase in graphene as well as in other 2D structures with hexagonal
lattice.

Of great importance is the magnetic proximity effect, which is a promising way
to realize the exchange splitting of electronic states [87] without the application of
an external magnetic field, which can also be used to realize QAHE, provided that

the topological nontriviality of electronic states is preserved. Previously, it was shown



that the contact of graphene with antiferromagnetic oxide can lead to the occurrence
of QAHE or quantum valley Hall effect (QVHE) depending on the direction of
magnetization [93].

Recent publications on the synthesis of epitaxial graphene by the “face-to-face”
method on SiC single crystal show the importance of semiconducting, well-ordered,
defect-free graphene in the transition from silicon to graphene electronics [94; 95].
The presence of a 0.6 eV band gap without any localized states inside it, which were
previously observed for samples synthesized by the conventional method of thermal
decomposition of Si-terminated surface, is shown. Moreover, the zero carbon layer
can be grown on both SiC single crystal and 3C-SiC(111) thin layers on Si(111) [96]
single crystal. The use of SiC nanofine layers can become the basis of integrated
circuits, complementing or replacing silicon elements.

Epitaxial synthesis of nanosystems based on graphene and SiC substrate is
still an urgent topic for the scientific community. A large number of works are
devoted to fundamental studies of graphene on metal substrates, on which it is
difficult to realize quantum effects in spintronics devices and quantum computers
due to the electrical shunting of the device metal substrate. Recent publications show
the possibility of intercalating and obtaining semiconducting gold under graphene on
SiC [97], and measurements of the spin Hall effect in the intercalated Gr/Pb/Au [98]
system. Other works report induced superconductivity in graphene in contact with
superconductor [99; 100]. Thus, the possibility of intercalation of the zero-layer
graphene on SiC, on the one hand, and the observed quantum effects in graphene-
based systems using its transfer to a dielectric substrate, on the other hand, indicate
the necessity of solving problems on synthesis and investigation of epitaxial layered
nanosystems based on graphene and SiC substrate.

Other interesting direction is the use of graphene as an auxiliary material for
the synthesis of nanoscale systems by intercalation of atoms under graphene. It is
known that chains of magnetic atoms with either strong spin-orbit coupling or spiral
magnetic order that interact with superconducting substrates can contain topologically
nontrivial Majorana bound states [ 101]. On the other hand, ultrathin layers of magnetic
and heavy metals are still the object of active research. A recent study of a system
with two iron monolayers on a tungsten single crystal has shown that the system
i1s a 2D topological magnet [102]. Due to the fact that the atoms on the surface of
the above systems are susceptible to oxidation upon exposure to the atmosphere,

it is significant to synthesize topological systems with heavy and magnetic metals
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directly under the graphene. In this case, graphene can play the role of a protective
layer during atmospheric exposure and prevent oxidation of underlying layers, which
was previously demonstrated for individual intercalated layers of noble and magnetic
metals in the publications [103; 104].

The great potential of the investigated low-dimensional systems lies in the
possibility of electrical switching of magnetization via spin-orbit torque, which
can be successfully used in the design of fast, energy-efficient, non-volatile
high-density magnetic memory. Recently, tremendous efforts have been made to
investigate magnetization switching in van der Waals systems with large spin-orbit
interaction [45].

The goal of this thesis was to develop the fundamentals and practical
approaches for the formation of high-quality systems based on new quasi-two-
dimensional materials that maximize the unique properties providing a joint
enhancement of spin-orbit and magnetic exchange interactions and, as a consequence,
exhibit effects suitable for practical use in modern spintronics.

To achieve this goal, the following main tasks were formulated and resolved:

1. Study of spin-dependent quantum-dimensional effects on the example of
ultrathin metal layers, study of the influence of a substrate with strong spin-
orbit interaction on the electronic structure of thin metal layers.

2. Investigation of semiconductor materials and topological insulators with
strong spin-orbit interaction. Determination of the influence of magnetic
impurities on the electronic structure. Investigation of the effects of laser
radiation interaction with topological insulators.

3. Development of synthesis methods and study of epitaxial graphene
on ultrathin single-crystal layers of metals with strong spin-orbit and
exchange interactions. Investigation of the influence of strong spin-orbit and
exchange interactions on the electronic structure of graphene. Determination
of parameters of spin-orbit and exchange interactions in graphene to
characterise its topological properties.

4. Development of synthesis methods and study of epitaxial graphene on
silicon carbide semiconductor substrate. Study of the possibility of spin-orbit
interaction enhancement in graphene/metal/SiC systems.

5. Development of device models based on new low-dimensional materials for

spintronics and nanoelectronics applications.
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Scientific novelty. The work contains a large number of new experimental and
theoretical results and formulated scientific conclusions based on them. The most
important of them are summarised below:

1. Spin-resolved photoelectron spectroscopy studies of the pure W(110) surface
and ultrathin Al and Au layers on W(110) have been carried out. Spin-
polarized surface resonances with linear dispersion and spin structure
characteristic of topological surface states were detected on the W(110)
surface [3; 105]. For thin layers of Al and Au on W(110), the effects
of hybridization between quantum well states localized in the metal layer
and interface states at the boundary with the substrate, bulk states of the
substrate, surface states of the layer are investigated. The possibility of
transferring the strong spin-orbit interaction of the substrate to quantum well
states in an ultrathin Al layer up to 15 monolayer is shown [1; 2].

2. Systematic studies of spin splitting of electronic states of graphene on
ferromagnetics and nonmagnetic sp and d metals have been carried
out [12—15]. The effect of giant Rashba splitting in graphene on Au
monolayer, incomplete Pt monolayer and on Pt(111) substrate is found,
absolutely not achievable earlier in isolated graphene. At contact of graphene
with metals with high atomic numbers (Au, Pt) in contrast to metals with
significantly lower atomic numbers (Co, Ni, Cu) the effect of induced spin
polarization of graphene states is observed. It is shown that this effect is due
to the formation of hybrid bonds between 7t states of graphene and d states
of heavy metal and can be successfully used in the design of spin devices,
in particular, with the participation of the candidate proposed and patented
design of graphene spin filter [20].

3. Magnetically doped ternary topological insulators were investigated by
pump-probe method [17] and a 2D photoelectric effect, the magnitude of
which depends on the location of the Dirac point relative to the Fermi level
and the edge of the valence band, was revealed.

4. A systematic study of magnetically doped BiTel semiconductors with
different concentrations of magnetic impurities [19] made it possible to
identify the influence of magnetic impurities on the magnetic and electronic
properties of the materials under study. It was shown that the variation of

the band gap with increasing concentration is non-monotonic.
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5. A new approach to the synthesis of epitaxial nanothin Pt;Gd alloy via
intercalation under graphene has been developed [5]. Nanothin epitaxial
Pt,Gd alloys on the surface of Pt(111) single crystal coated with well-
oriented graphene were synthesized, and the electronic and atomic structures
at different synthesis stages were investigated. It is shown that the alloy
has a thickness of about 3 nm and is terminated by a Pt layer under the
graphene. According to scanning tunnelling microscopy data, the top layer
of the alloy has a “kagome” structure, and moreover, a moir¢ pattern between
the nanothin alloy and the Pt(111) single crystal is observed. Controlling the
doping of graphene through changing the stoichiometry of the alloy opens
new possibilities in the development of modern electronics. Due to the well-
known catalytic activity of the Pt;Gd alloy, the synthesized thin film system
is promising for the production of catalysts.

6. A model of graphene information recording device for magnetoresistive
random-access memory SOT-MRAM (magnetoresistive RAM that uses
spin-orbit interaction to switch magnetic states for data storage) has been
developed [5; 21]. The principle of recording information in SOT-MRAM is
based on passing an electric current through a material with a strong spin-
orbit interaction to generate a spin current and realize the spin-orbit torque
effect.

7. Well-oriented single-domain graphene on Co(0001) was synthesized by
chemical vapor deposition method [16]. Previously, it was only possible
to synthesize graphene with multidomain crystal structure, in which the
unique electronic structure in the form of Dirac mini-cone is not observed.
This result is not only of fundamental importance, but also of applied
significance for spintronics, since a record high spin polarization of the states
of the graphene/ferromagnet interface was demonstrated for a single-domain
system.

8. Magneto-spin-orbit graphene on a metal substrate has been synthesized and
investigated [4; 6]. The technique for synthesizing single-domain graphene
on Co(0001) made it possible to create a new material — magneto-spin-
orbit graphene, and to impart to it the properties of cobalt and gold —
magnetism and spin-orbit interaction. It is shown that magnetization of the
cobalt substrate leads to asymmetric spin splitting of graphene states in
opposite K points of the graphene Brillouin zone. The study of the surface by
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scanning tunnelling microscopy revealed the formation of loop dislocations
at the boundary between the intercalated gold monolayer and the cobalt layer
with the formation of single cobalt atoms and clusters under the graphene,
which leads to its magnetization.

The ferrimagnetic ordering on two sublattices of magneto-spin-orbit
graphene was found and the electro-optical effect of the Hall voltage
appearance of different polarity depending on the direction of circular
polarization of the incident radiation was predicted; a device for direct
detection of circularly polarized radiation in the mid-IR range was
developed [6; 22]. Spin-polarized Dirac-like states at the I point near
the Fermi level have been detected both for a system with a monolayer
of Au on the surface of a Co(0001) thin film and for a similar system
with ferrimagnetic graphene on the surface. It is found that these states are
characteristic of ferrimagnetic ordering in the Au monolayer and possess
strong linear magnetic dichroism.

To implement magneto-spin-orbit graphene on a non-metallic substrate, the
candidate worked out a technique for synthesizing a zero (buffer) layer of
graphene on a 6H-SiC(0001) substrate and studied its electronic structure
in a wide energy range using theoretical and experimental methods [8—10].
A comprehensive study of the intercalation of noble metal Pt and magnetic
metal Co atoms under the zero layer of graphene on SiC(0001) has been
carried out. It is shown that the intercalation of Pt or Co atoms leads
to the transformation of the zero layer into a graphene monolayer. The
intercalation of Co results in the formation of quasi-freestanding monolayer
graphene on a magnetic ultrathin layer of cobalt silicides with CoSi/CoSiy
stoichiometry. The ferromagnetic ordering of magnetic moments in the
surface plane of the synthesized system was found to be due to the CoSi layer
under the graphene. Thus, quasi-freestanding graphene was synthesized,
which is in contact with the magnetic substrate and retains the electronic
structure in the form of a Dirac cone in the region of the Kpoint. As a
result of Pt intercalation, a Rashba-type spin-orbit splitting of 7t electronic
states, anomalously high for isolated graphene and previously experimentally
unattainable in graphene systems, was found. The obtained results are

the basis for further implementation of magneto-spin-orbit graphene on
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a semiconductor substrate and are important for the future application of
graphene in spintronics.

Practical significance. The obtained results and developed methods of
synthesis of graphene-based systems in contact with magnetic and noble metals,
leading to its functionalization and modification of its properties, can be successfully
used for effective application in nanoelectronics and spintronics. Based on the
scientific research conducted with the participation of the author, 3 patents of the
Russian Federation for inventions were received [20—22].

Models of electronic devices based on graphene and its contact with heavy
metals (Au and Pt) have been developed: an improved graphene spin filter and an
information recording device for spin-orbit torque magnetoresistive random-access
memory (SOT-MRAM) operating without the use of an external magnetic field. The
developed model of the graphene spin filter device [20] is designed to form groups of
polarized electrons with a given spin orientation in solid-state electronics devices,
as well as the selection and separation of such electrons. Such devices allowing
manipulation of spin-polarized electrons can be used as information processing and
transmission tools. Another promising application of graphene has been reflected in
an information recording device for SOT-MRAM [21], where graphene and metal
monolayers are proposed to be used, which enhance the spin-orbit interaction in
graphene and significantly improve the performance of the RAM storage cell. The
thermal stability of the system under real conditions is demonstrated [18], which is
a standard requirement for CMOS storage systems. On the basis of ferrimagnetic
graphene in its contact with heavy and magnetic metals, a device for direct detection
of circularly polarized radiation in the mid-infrared range [22] has been developed.
The invention can be used in the field of optoelectronics and valleytronics and is
intended for use in optoelectronic integrated circuits on the micrometer scale.

The 2D photovoltaic effect in magnetically doped topological insulators studied
in this work can be applied in optoelectronic logic devices or in devices for converting
visible and infrared energy into electric current.

Synthesized graphene on SiC semiconductor substrate can be actively used as
building blocks of post-silicon electronics microchips with improved energy efficiency
and fast performance. Synthesis of graphene by intercalation on SiC thin layers on
Si(111) [96] 1s one of the possible smooth transitions from silicon technologies to

spintronics and 2D topological electronics.
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Methodology and research methods. The thesis contains mainly experimental
results. To investigate the atomic, crystalline and electronic energy structure of the
studied systems, a whole set of modern methods and approaches was used, including
those realized at megascience facilities, third generation synchrotron radiation sources,
a unique scientific setup ‘“Nanolab” of the SPbSU Science Park and a number of
others. Theoretical density functional theory (DFT) calculations were used to interpret
the experimental results and characterize the electronic and magnetic structure of the
samples. Ultrahigh vacuum conditions both during the synthesis of the systems and
further measurements ensured high atomic surface purity. All synthesized systems
possessed a well-ordered crystal structure, which allowed characterizing their band
structure using photoelectron spectroscopy with angular resolution (ARPES). X-ray
photoelectron spectroscopy (XPS) was used to analyze the elemental and chemical
structure of the surface and the depth of the layers. Low-energy electron diffraction
(LEED) was used to analyze the crystal structure and preliminary orientation of the
samples before the ARPES measurements. Scanning tunnelling microscopy (STM)
was used to investigate the surface of the samples, including with atomic resolution.
The local electron energy structure was measured by scanning tunnelling spectroscopy
(STS). The methods used in this work have high surface sensitivity required for
studying the surface of single-crystal solids and two-dimensional quantum materials
synthesized on their surface.

Validity and approbation of the results. The high degree of reliability of the
results is ensured by their reproducibility in various experiments, the use of the most
modern world-class equipment and the application of a wide range of complementary
methods, as well as agreement with the results of theoretical calculations and with
the results obtained by other authors on the basis of published articles on the
subject of the thesis. The main results of the work were presented and discussed
at the following Russian and international schools, seminars and conferences: First
Interdisciplinary Workshop of the German-Russian Interdisciplinary Science Center
“Structure and Dynamics of Matter” (Berlin, 2010), WE-Heraeus-Seminar “Rashba
and related spin-orbit effects in metals” (Bad Honnef, 2010), Second Surface
Science School “Technologies and measurements on Atomic Scale” (Khosta, 2012),
German-Russian Conference on Fundamentals and Applications of Nanoscience
(Berlin, 2012), 2014 Tenth International Vacuum Electron Sources Conference (Saint
Petersburg, 2014), 22nd All-Russian Scientific and Technical Conference “Vacuum
Equipment and Technologies — 2015 (Saint Petersburg, 2015), 14th International
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Conference “Advanced Carbon NanoStructures” (Saint Petersburg, 2019), EMN
Amsterdam Meeting 2019 on Energy Materials Nanotechnology (Amsterdam, 2019),
the Fourth STEPS Symposium on Photon Science (Tokyo, 2019), the XV, XXV
and XXVI International Symposium “Nanophysics and Nanoelectronics” (Nizhny
Novgorod, 2011; online format, 2021 and 2022), the XXIII, XXXIV and XXXV
Symposium “Modern Chemical Physics” (Shepsi, 2011, 2022, 2023), the Third
Russian-Chinese Scientific and Technical Forum “High-Tech Technologies: From
Science to Implementation” (Harbin, 2023), as well as at scientific seminars at MIPT
and SPbU.

Personal contribution. All presented results were obtained by the author
personally or in co-authorship with his direct participation. The author made a
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Main scientific results.

l.

Magneto-spin-orbit graphene possessing strong induced spin-orbit and
exchange interactions, with n- and p-type doping of its electronic structure
depending on the amount of intercalated gold under highly oriented
graphene on Co(0001)/W(110) substrate. Formation of loop dislocations
under graphene at the Au and Co layers boundary. The effect of asymmetric
spin splitting of 7t electron states of magneto-spin-orbit graphene in opposite
K points of the Brillouin zone [4; 6; 23]. The personal contribution is at least
80%.

Ferrimagnetic ordering on sublattices of n-doped quasi-freestanding
graphene and in the underlying gold monolayer on Co(0001)/W(110)
substrate. The experimentally measured value of the band gap
(80 & 25 meV) of magnetic character in the graphene electronic structure [6;
22]. Preservation of ferrimagnetic ordering in graphene on Au/Co loop
dislocations of different sizes [7]. The personal contribution is at least 80%.
Giant Rashba effect in graphene on Au monolayer [12—14; 20] and on
Pt(111) substrate [15], not achievable earlier in freestanding graphene. The
personal contribution is at least 55%.

Giant Rashba-type spin-orbit splitting (up to 200 meV) of 7t electron states
of graphene obtained by intercalation of an incomplete platinum monolayer
under zero layer graphene on SiC(0001) [10]. The personal contribution is
at least 80%.

. Methods of formation of highly oriented graphene at elevated temperatures

by chemical vapor deposition on Co(0001)/W(110) [16] and on Pt(111) [5;
15]. The personal contribution is at least 80%.

Thermal stability of graphene on intercalated Au monolayer when heated to
temperatures of 600 — 650 °C [18; 21]. The personal contribution is at least
80%.

Giant two-dimensional near-IR photovoltaic effect in a topological insulator
with a high filling of the upper Dirac cone states and a Dirac point located
inside the fundamental band gap [17]. The personal contribution is at least
60%.

Synthesis of zero layer graphene with reconstruction of (6v/3 x
6v/3)R30°+(5 x 5) on Si-terminated 6H-SiC(0001) surface by stepwise
high-temperature annealing under ultrahigh vacuum conditions to
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temperatures 1150 — 1170 °C [8; 9]. The personal contribution is at least
80%.

Synthesis of graphene on ultrathin layers of CoSi and CoSiy cobalt silicides
on SiC(0001) by intercalation of cobalt atoms under zero layer graphene on
SiC(0001). More efficient intercalation by adsorption of Co atoms onto the
surface of the heated sample than in the case of adsorption onto the surface of
the room temperature sample followed by annealing. Ferromagnetic ordering
in the synthesized system [8; 9]. The personal contribution is at least 80%.
Synthesis of ordered nanothin epitaxial layer of Pt5Gd alloy under graphene.
Surface termination of the alloy by an atomic Pt layer with a “kagome”
structure [5]. The personal contribution is at least 80%.

Spin polarization of surface d resonances in the W(110) pseudo-gap opened
by spin-orbit interaction, their linear dispersion, and spin structure in the I'S
direction of the surface Brillouin zone characteristic of topological surface
states [2; 3]. The personal contribution is at least 80%.

Spin-dependent hybridization effects between quantum well states and
interface states at the boundary of thin Al layers with W(110) substrate
leading to anomalously high spin splitting of quantum well states not typical
for freestanding Al layers [1; 2]. The personal contribution is at least 80%.
Magnetic character of the observed band gap in the electronic structure of
magnetically doped BiTel semiconductors (see the article [19] and pp. 111,
120 — 124 of the work [11]). The personal contribution is at least 60%.

Thesis statements to be defended:

1.

The anomalously high value of spin splitting (~ 0.4 eV) of quantum well
states in Al films (up to 15 monolayers) on W(110) is due to the spin-
dependent avoided-crossing effect of dispersion dependences of interface
states and quantum well states [1; 2]. The presence on the W(110) surface of
spin-polarized surface resonances with a linear dispersion dependence in the
I'S direction of the surface Brillouin zone and a spin structure characteristic
of topological surface states [3].

Giant two-dimensional photovoltaic effect in the near-IR range in
magnetically doped topological insulators, the magnitude of which depends
on the stoichiometric composition of topological insulators and on the
position of the Dirac point relative to the Fermi level and the valence band
edge [17].
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. Non-monotonic variation of the Kramers point band gap and the saturation
magnetization in magnetically doped BiTel semiconductors with an increase
in the concentration of magnetic atoms indicates the magnetic nature of the
band gap [11; 19].

. Synthesis methods of highly oriented graphene on Co(0001)/W(110) and
Pt(111) substrates by chemical vapor deposition from propylene molecules
at elevated temperatures (640 — 660 °C for Co(0001)/W(110) and 900 —
1050 °C for Pt(111)) [5; 15; 16].

. Methodology of intercalation of gadolinium atoms under highly oriented
graphene on a Pt(111) single crystal, allowing the synthesis of a nanothin
epitaxial layer of Pt;Gd alloy under graphene with control over the position
of the Dirac point of graphene relative to the Fermi level [5].

. Synthesis methods of quasi-freestanding graphene on metal and
semiconductor substrates:

— synthesis method of magneto-spin-orbit graphene with induced spin-orbit
and exchange interactions by intercalation of gold atoms under graphene
on Co(0001)/W(110) with asymmetric in magnitude spin splitting of 7
electronic states of graphene in the vicinity of the K point of the Brillouin
zone [4; 12—14; 18];

— synthesis method of graphene on ultrathin layers of cobalt silicides CoSi
and CoSiy on SiC(0001) by intercalation of cobalt atoms under zero-layer
graphene on SiC(0001), allowing to obtain ferromagnetic ordering in the
synthesized system with the maximum value of coercivity 180 Oe in the
temperature range 2 — 300 K [8; 9].

. The giant Rashba-type spin-orbit splitting (up to 200 meV) of 7t electron
states of graphene, obtained by intercalating an incomplete platinum
monolayer under a zero-layer graphene on SiC(0001), in the vicinity of
the K point of graphene Brillouin zone is associated with a reduction in the
distance between graphene and platinum atoms for corrugated graphene [10].
. Sublattice ferrimagnetic ordering of quasi-freestanding graphene with n-type
doping and in the underlying gold monolayer on the Co(0001)/W(110)
substrate leads to the opening of a band gap of magnetic character in the
electronic structure of graphene and the formation of a spin-polarized state
at the Au — Co boundary with conical dispersion near the Fermi level and

with the effect of strong linear magnetic dichroism [6; 7; 22].
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The conducted studies and the obtained results in the form of the formulated
defended thesis statements contributed to the development of the direction on the
synthesis of quasi-two-dimensional systems with a combination of spin-orbit and
magnetic exchange interactions using two methods:

— the proximity effect between the ordered layer of light element atoms (e.g.,
C and Al) and the ordered layers of heavy (e.g., W, Au, and Pt) and magnetic (e.g.,
Ni, Co, and Gd) element atoms,

— doping of single-crystal systems with strong spin-orbit interaction (e.g., BiTel
and topological insulators) with atoms of magnetic elements (Mn, V).

This scientific and technical direction is represented by the first experimental
works [106—108] to obtain graphene with a combination of induced spin-orbit and
magnetic exchange interactions and is relevant for the synthesis of new spintronics

materials - sources of spin-polarized currents.
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1. Current state of research in the field of synthesis and
control of electronic spin structure of

quasi-two-dimensional systems

1.1 Spin-orbit interaction in solid state physics

The spin-orbit interaction (coupling) is a relativistic effect related to the
interaction of the intrinsic mechanical momentum of a particle (spin) with its orbital
momentum in the potential field. In atomic physics, the spin-orbit interaction of the
electron is taken into account as a Pauli term in the non-relativistic approximation
of the Dirac equation [109]:

h
HSO:—WG'pXV‘/, (11)

where 7 is Planck’s constant, m, is the mass of a free electron, c is the speed of
light, p — the momentum operator, V' is the Coulomb potential of the atomic nucleus,
and o = (0,, 0y, 0;) 1s the vector of Pauli spin matrices. In an atom, the spin-orbit
coupling leads to an additional energy splitting of electron levels, to the appearance
of the so-called fine structure of spectroscopic lines of the atom.

In a crystalline solid, the electronic structure is characterized by energy bands
E,(k) with a band index n and a quasi-wave vector k. Spin-orbit coupling has a
strong influence on the structure of the energy band F, (k). In the first publications,
Roger J. Elliott [110] and Gene Dresselhaus [111] noted the effect of spin-orbit
interaction on the band structure of Bloch electrons. R. D. Elliott showed that if the
crystal structure has inversion symmetry, there is a two-fold degeneracy in the spin
of the energy bands F, (k) for each quasi-wave vector k throughout the Brillouin
zone. D. Dresselhaus investigated the spin-orbit interaction in semiconductors with
inversion-asymmetric structure of zinc blende ZnS, which is the crystal structure of
many [II-V and I[I-VI semiconductors such as GaAs, InSb, and CdTe. He predicted
anisotropic spin splitting of the dispersion dependence (dispersion) FE(k), whose
magnitude has a cubic dependence on the quasi-wave vector k for bands with I’y

symmetry and known as “spin-orbit splitting of Dresselhaus”.
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Rashba Dresselhaus

Figure 1.1 — Spin textures of electron bands for a two-dimensional free electron

gas in the case of Dresselhaus-type and Rashba-type spin-orbit interactions. Rashba

Hamiltonian Hr = o«p(0,p, — 0yp,), Dresselhaus Hamiltonian Hp = Bp(0,p, —
o,py)- The figure is taken from the article [112].

The study of spin-orbit interaction in semiconductors with inversion-
asymmetric wurtzite structure (e.g. GaN, CdS and ZnO) carried out by E. I. Rashba
and V. 1. Sheka [34] showed that the spin splitting of the s electron dispersion F/(k)
near the I' point is linear in k and isotropic for k perpendicular to the wurtzite axis
c. It is precisely this dependence of the spin splitting on k that is associated with
the “Rashba spin-orbit interaction”.

On the example of semiconductors of two different structural types it has been
shown that there is a removal of spin degeneracy of electronic states as a result of
spin-orbit interaction and violation of the inversion symmetry in the crystal. If we
consider the model of a two-dimensional electron gas, the patterns of spin orientation
in k space will be significantly different for the Dresselhaus-type splitting and the
Rashba-type splitting. In the case of Rashba splitting, we have a helical spin texture
with the spin direction s always perpendicular to the wave vector k (see Fig. 1.1).

The table 1 summarizes the conditions under which spin degeneracy is observed
in solids. However, it is possible to remove the spin degeneracy by breaking not only
the inversion symmetry in space, but also in time. Kramers’ theorem states [113]
that if the Hamiltonian operator of a system with half-integer total spin commutes
with the time reversal operator [H,T]=0, then for any eigenstate |n) the state 7'|n)
will also be an eigenstate of the Hamiltonian with the same energy, i.e., Ey(k) =
E|(—k). Thus, it is possible to break the Kramers degeneracy by applying an external
magnetic field or by doping the solid with magnetic metal atoms to produce intrinsic

magnetization in the solid.
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Inversion symmetry in space:

Ei(k) = Ev(—k) Spin degeneracy
Inversion symmetry in time  p = (magnetic field B = 0):
(time reversal symmetry): Ei(k)=E| (k)
Ey(k) = E(—k) /
Table 1 — Spin degeneracy in a solid in the absence of an external magnetic field

due to the joint effect of inversion symmetry in space and time.

1.1.1 Spin-orbit interaction in quasi-two-dimensional structures

Quasi-two-dimensional structures are crystal structures with dimensional
restriction along one of three spatial axes, which leads to restriction of charge carriers
motion along the restriction axis and free motion in other directions. Examples of
quasi-two-dimensional structures are heterostructures, quantum wells, superlattices,
and single crystal surfaces. Due to the fact that in such structures there is a two-
dimensional interface between layers of different elemental composition and structure
and/or surface, the spatial inversion symmetry is violated. Violation of the spatial
inversion symmetry (at the two-dimensional boundary or surface) leads to the removal
of spin degeneracy and splitting of electronic states. Thus, the spin-orbit coupling
opens new possibilities in manipulating the spin of charge carriers in quasi-two-
dimensional structures for spintronics applications.

The widespread use of ARPES method with spin resolution in the 2000s
ensured active research for years to come into quasi-two-dimensional systems and
solid surfaces, in which a strong intra-atomic potential gradient led to spin splitting of
electron states. The first study of spin-orbit splitting on a metal surface was made for
an Au(111) single crystal using the ARPES method in 1996 [114]. The authors pointed
out the importance of both the surface potential gradient and the strong Coulomb
potential of the nucleus. The influence of the Coulomb potential of the nucleus on the
spin-orbit splitting of surface states was further confirmed in the works [115—117],
including the study of the surfaces of W(110) and Mo(110) single crystals coated with
monolayers of Li, Ag, and Au atoms. Let us consider the reasons that underlie the
effect of substrate-induced spin-orbit interaction in ultra-thin metal layers.

The simplest Rashba-Bychkov [118] model for a two-dimensional electron gas

has shown that in the presence of a potential gradient perpendicular to the localization
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plane, the dispersion dependence splits into two spin components as a result of the
spin-orbit interaction (see Fig. 1.7 (a)). The dispersion law has the following form:

Wk |

Ex(ky) = — .

+ O(R‘kin‘, (1.2)

where k| is the two-dimensional quasi-wave vector for the electronic state in the
(x,y) plane, m* is the effective mass and the constant oz ~ VV = dV/dz.

If we compare the value of the experimental spin-orbit splitting (~ 110 meV)
of the Au(111) surface states with the value predicted on the basis of the Rashba-
Bychkov model with a limiting surface potential equal to the work function, it appears
that the value of the experimental splitting is much larger than the value predicted by
the model (~ 1072 meV) [116]. This implies that the intra-atomic potential of atoms
on the surface has a significant effect on the spin-orbit splitting of surface states.
In Ref. [106], it was shown that the asymmetry of the wave function of interface
state with respect to the surface Gd atoms leads to an effective electric field causing
the Rashba effect.

Indeed, in a quasi-two-dimensional system, the Rashba constant can be
calculated using the equation [119; 120]:

1 dV
OCR:/g dir) [y (r)]*dr, (1.3)

where V (7) is the one-electron potential, \{(7) is the wave function, the z-axis is
perpendicular to the surface of the quasi-two-dimensional system, and the integral is
taken over the whole unit cell. The equation shows that the spin splitting is caused
by the asymmetry of the potential V' () and/or the probability density of the wave
function (charge density) |y (r)|?. Thus, the strength of the Rashba effect can be
controlled by such physical parameters as the gradient of the intra-atomic potential
(atomic number Z) and the asymmetry of the wave function of the electronic state
relative to the atomic nucleus. Figure 1.2 shows the different contributions to the
Rashba constant «p of spin splitting of quantum well states (QWS) in ultrathin Ag
films on Au(111) single crystal. Inset (a) shows the case of a free film for which
the total «xp will be zero due to the compensation of the contributions from the left
and right parts of the film. For the case of Ag film on Au(111) single crystal, the
penetration of the QWS wave function deep into the Au(111) single crystal occurs.
Figure 1.2(b) shows the main contributions to the Rashba constant, which can be



Figure 1.2 — (a) Schematic representation of the relation between the charge density
distribution of QWS and the layer-resolved Rashba effect. The blue curves show
the charge density distribution, and their envelope is shown by the black curve. The
red curves denote the potential gradient dV//dz, which increases near the cores. (b)
Schematic representation of the decomposition of «p into contributions from the Au

substrate and the Ag film. The figure is taken from the paper [120].

calculated by the following formula [120]:

dV 9 dV 9
ot <\d— >Au|1pm<o>| - <‘d— >Ag|¢em<1>\ - (1.4)

It turned out that the Rashba effect in ultrathin films is determined by the QWS charge
density at the interface between the film and the substrate and the ratio of the gradients
of the intra-atomic potentials of the substrate and film atoms. For a stronger Rashba
effect, it is required to choose film and substrate materials with the largest difference
in atomic number, but it should be taken into account that the electronic structure of
the substrate should have a band gap in which QWS of the film will be formed. That
is why, in this work, ultrathin layers of light elements were synthesized in contact
with substrates of heavy elements to study the effect of induced spin-orbit splitting of
surface electronic states. In particular, ultrathin Al (Z = 13) layers on W(110) single
crystal (Z = 74) and graphene (Z = 6) on Au (Z = 79) and Pt (£ = 78) monolayers
on different substrates, including Pt(111) single crystal, were synthesized.
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1.1.2 Intrinsic spin-orbit interaction in graphene and the

quantum spin Hall effect

It is known that due to the small charge of the carbon atoms nucleus (atomic
number 7), the spin-orbit interaction has an insignificant effect on its electronic
structure, the splitting does not exceed 24-50 ueV at the K point of graphene [121].
On the one hand, this provides a large spin relaxation length in graphene [122—124].
Spin-polarized current control has been successfully implemented in Datta-and-Das
spin transistor based on graphene [35; 125]. On the other hand, free graphene cannot
be a source of spin-polarized electrons; it is necessary to use a source and drain made
of magnetic materials and with a given magnetization, which significantly complicates
the design of the device. Another possible solution to the problem of generating spin-
polarized currents in graphene is to enhance its intrinsic spin-orbit interaction.

The intrinsic spin-orbit interaction and the Rashba-type spin-orbit interaction
arise in graphene due to “mixing” between 71 and o bands due to the atomic
spin-orbit interaction in the former case and due to a combination of the atomic
spin-orbit interaction and the Stark interaction in the latter case [126]. Charles Kane
and Eugene Mele in their work [46; 86] showed that if the Rashba-type spin-orbit
interaction is smaller than the intrinsic spin-orbit interaction, then the quantum spin
Hall effect (QSHE) can be observed in graphene [127]. In the open band gap at the
Dirac point, edge states insensitive to scattering are formed, since their directionality
1s uniquely related to the spin direction. The authors, using the tight-binding method,
wrote down the graphene Hamiltonian, which generalizes the Haldane model by
including spin with spin-orbit interactions invariant to time reversal (the Haldane

model and Chern numbers will be discussed in more detail in Section 1.14):

H=—tY éle;+idso Y vyels'cj+idg Y cl(sxdi).ci+A Yy Eicle;, (1.9)
(i,5) ((3,5)) (i,5) ¢

where i, j denote the nearest neighbor sites in the sublattice A(B), the fermion operator

éj (¢;) creates (annihilates) an electron at the i site, and the same for the ; site, ¢

is the hopping parameter, Ago 1s the intrinsic spin-orbit interaction constant, v;; =

(2/v/3)(dy x dy). = +1, where d; and d; are unit vectors along the two bonds

when an electron jumps from site j to site ¢, the next-nearest neighboring site, s* is

the Pauli matrix describing the electron spin, Ap is the Rashba spin-orbit coupling
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Figure 1.3 — Energy bands for a one-dimensional zigzag ribbon of graphene for the
QSHE phase at A, = 0.1t (a) and the insulator phase at A, = 0.4t (b). In both cases,
Aso = 0.06t and Ap = 0.05t. The edge states at different boundaries are shown
in different colors. The inset shows the phase diagram as a function of A, and Apr
for 0 < Ago < t. (c¢) Schematic diagrams showing the two-terminal geometry for
measuring the current I = (2¢?/h)V flowing into the right junction. The diagrams on
the right show the populations of the edge states. Parts of the figure are taken from
the articles [46; 86].

constant, d;; 1s the unit lattice vector pointing from site j to site i, and s is the
vector of Pauli matrices.

The first term is the usual nearest neighbor hopping term, which describes
the formation of a linear dispersion of 7 states at the K point. The second term,
representing the intrinsic spin-orbit interaction, couples the second neighbor sites with
a spin-dependent amplitude, with v;; = £1 if the electron makes a left (right) rotation
to reach the second neighbor. The third term is a Rashba-type spin-orbit interaction,
which breaks the 2 — —z mirror symmetry, and is due to the perpendicular electric
field or the interaction with the substrate. The fourth term is a sublattice staggered
potential (¢; = +1), breaking the in-plane two-rotation symmetry. It was included
in the model to describe the transition between the QSHE phase and a simple
insulator. Figures 1.3 (a,b) show the energy bands of a graphene strip with zigzag
edges calculated by the tight-binding method for the QSHE phase and the insulator
phase. Both phases have a bulk energy gap and edge states, but in the QSHE phase
the edge states cross the energy gap in pairs. The population of these states changes
when a voltage i1s applied, which ensures the flow of spin-polarized currents along
the edges of the graphene strip with opposite spin directions for the opposite edges
(see Figure 1.3 (c)).

It should be noted that C. Kane and E. Mele used two conjugate copies of the

Haldane model for spin-up electrons (valence band Chern numbers 4+1) and spin-
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down electrons (valence band Chern numbers F1). Since the total valence band
Chern number was zero, the quantum anomalous Hall effect was absent. However,
the authors found by numerical calculation that if time-reversal invariance is not
violated, the edge states are in fact protected by a previously unexpected topological
invariant Zo related to the Kramers degeneracy. Their pioneering work initiated
the development of a new direction in spintronics — dissipationless transport using
nontrivial topological edge states.

One of the ways to enhance the intrinsic spin-orbit interaction predicted
theoretically 1s the arrangement of adatoms In and Tl [128], Os and Ir [129] in hollow
positions on graphene (in the center of the hexagon). However, this effect could not
be registered in either transport measurements or ARPES measurements [130—133].
In [132], 1t was suggested that this discrepancy between theory and these experiments
may be due to the masking of the band gap opening by the broadening of the Dirac
states in the ARPES experiment due to the disorder in graphene introduced by thallium
adatoms with corresponding scattering contributions. In theoretical work [134] on
the spin-orbit interaction in graphene with Pb adatoms, it was shown that different
contributions to the spin-orbit interaction arise depending on the position of the
adatoms. Adatoms placed in hollow positions open the band gap at the Dirac point
and induce intrinsic spin-orbit interaction. However, at another placement of adatoms,
randomly or in a rectangular supercell commensurate with graphene with the ¢(4 x 2)
adatom structure relative to the substrate, there is an enhancement of the spin-
orbit interaction of the Rashba type without opening the band gap. On the other
hand, experimental studies on the electronic structure of graphene partially and fully
intercalated with Pb atoms with the formation of ¢(4 x 2) structure on Ir(111) [135]
and Pt(111) [136], respectively, indicated a possible state of QSHE in graphene due
to the registration of edge states and a band gap in graphene. Further experimental
investigation of the Gr/Pb/Ir(111) system did not confirm the presence of a band gap
at the Dirac point due to the fact that the intrinsic spin-orbit interaction was smaller
than the Rashba spin-orbit interaction [137].

Other known methods for increasing the intrinsic spin-orbit interaction
are hydrogenation [138] or fluorination [139] of graphene, the corresponding
concentrations of which of 0.05% and 0.06% led to an increase in the intrinsic
spin-orbit interaction to 2.5 meV and 9.1 meV The enhancement of the intrinsic
spin-orbit interaction has been successfully demonstrated for graphene by observing

the spin Hall effect even at room temperatures [98; 138—140]. At the same time,
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the observation of the quantum version of the spin Hall effect requires the synthesis
of graphene-based epitaxial structures whose sublattice equivalence will be violated.
This problem has not yet been solved for graphene-based systems.

Recent work [141] using STM/STS technique was the first to reveal the
topological state of QSHE in a monovalent 2D material, germanene, epitaxially grown
on a GePty alloy. The grown system has a buffer layer of germanium atoms between
germanene and the alloy similar to graphene on SiC with a buffer layer of carbon in
between. However, in the case of germanene, corrugation is observed in the form of
different vertical positions of sublattice atoms, which allows for a nontrivial band gap
due to sublattice symmetry breaking and inhomogeneous charge distribution on the
sublattices [142]. Germanene is an analog of graphene, but was also chosen by the
authors of the paper due to the stronger intrinsic spin-orbit interaction, since it depends
on the atomic number of the element and is ~ Z*. It is shown theoretically [143] that
the magnitude of the spin-orbit band gap in germanene should be ~ 4.0 meV and
~ 23.9 meV for planar and corrugated germanene, respectively. It should be noted
that the corrugated structure is stable for germanene as well as for silicene. The edge
states in the work [141] were measured by dI/dV scanning tunneling spectroscopy at
the edge of the germanene layer. The experiment revealed a ~ 70 meV band gap,
which is almost completely closed when an electric field is applied. Depending on
the magnitude of the applied electric field, a topological phase transition from the
topological state of the QSHE to a trivial insulator was observed through the closure
of the band gap (close to zero value). This work, published in 2023, is the first
known experimental evidence of the existence of the QSHE phase in a monovalent
2D material.

The conducted studies of graphene and graphene-like structures show that to
observe the topological phase of the QSHE in these materials, it is necessary to use
an element with a high atomic number as adatoms or an underlying substrate layer
and deviations from the planar structure of layers with a violation of the equivalence
of the graphene sublattices and graphene-like structures to increase intrinsic spin-
orbit interaction. Enhancement of the spin-orbit interaction can be achieved in the
epitaxial synthesis of graphene by adsorption and intercalation of heavy metals or
by transferring graphene to the corresponding layers with heavy metals. However, as
will be shown below, for graphene intercalated with gold atoms, an increase in the

spin-orbit interaction of the Rashba type is observed without opening the band gap
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due to the formation of a graphene/metal moiré superstructure with a size of several

unit cells of graphene.

1.1.3 Induced Rashba-type spin-orbit interaction and its

combination with magnetic exchange interaction

In most materials with a strong atomic spin-orbit interaction, the inversion-
breaking crystal field acts as a perturbation, so that the resulting Rashba-type spin
splitting 1s only a fraction of the spin-orbit energy (see Fig. 1.4 (a)). In contrast, if
we have a strong crystal field, the spin-orbit interaction acts as a perturbation, and
hence the spin splitting fully reflects the atomic spin-orbit interaction (see Fig. 1.4
(b)). Therefore, the optimal compromise between these two energy scales will result
in the maximum Rashba-type spin splitting. For example, the compound PtCoO- is
characterized by a maximum Rashba-type spin splitting ~ 60 meV, which corresponds
to the Co 3d atomic spin-orbit splitting [144] and is achieved under crystal field
dominance [145]. Another work [146] proposes a different mechanism to explain
the spin-orbit interaction and considers the large Rashba-type spin splitting in bulk
materials as a result of the avoided-crossing effect of dispersion dependences in the
electronic structure. This observation confirms that orbital “mixing” is a key factor
for creating materials with strong Rashba-like spin-orbit interactions. However, a
general theory with clear recommendations for the development of materials with
maximum Rashba-type spin splitting both in the bulk and at the interfaces has not yet
been created, and the above works indicate further directions for the development of
research in the field of searching for materials for spintronics.

In Chapter 3, on the example of induced spin-orbit splitting of quantum well
states in ultrathin layers of aluminum, we will show that the main factor of anomalous
splitting in such a quasi-two-dimensional system is hybridization of QWS with
interface states and substrate states. We will call the spin splitting anomalous if it
exceeds the atomic spin-orbit splitting of the elements that make up the quasi-two-
dimensional system. In the case of ultrathin aluminum layers, these values are larger
than the value of the atomic spin-orbit splitting ~ 22 — 25 meV for Al 3p [147; 148].
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Figure 1.4 — Schematic of the splitting of electronic levels under inversion symmetry
breaking and spin-orbit interaction. (a) The case of spin-orbit interaction dominance,
the interaction of orbital and spin angular momenta leads to the splitting of states
with different total angular momentum .J. The inclusion of the crystal field and
breaking of the inversion symmetry leads to further splitting of states with opposite
momentum k. (b) The case of dominance of the non-centrosymmetric crystal field,
which removes the degeneracy between orbital states with opposite momentum k.
Further inclusion of the spin-orbit interaction leads to the splitting of states with spin
s parallel and antiparallel to the orbital angular momentum L. The orange and green
arrows denote the orbital angular momentum; the red and blue arrows denote the spin

angular momentum. The figure is taken from the article [145].

It is known that the contact of graphene with heavy metals can lead to
the induced giant Rashba effect in graphene [12; 14; 149; 150]. In this case, the
hybridization of 7t states of graphene and d states of heavy metal [14] plays the
main role in the substrate-induced effect, while the magnitude of the Rashba-type
spin splitting remains constant in the vicinity of the K point [12; 14]. Theoretical
works [121; 151; 152] considering the Rashba-type spin-orbit interaction also confirm
the conservation of the splitting value in the vicinity of the K point, but do not take
into account the influence of the substrate. The Hamiltonian of graphene with the

Rashba spin-orbit interaction term Hp in the Kand K’ valleys and its eigenvalues
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E(k) are determined by the following expression [153]:

A
Hp = TR(TO}CSy — 0ySz),

(1.6)

E(k) = y7“(\/@ FA(hvrk)2 — 1AR), v, = 1,

T = 41 corresponds to two non-equivalent valleys K and K’, 0,4 and s, , are Pauli
matrices denoting the pseudospin (acting on A,B sublattices) and real spin, the product
v - 1 defines the electronic and hole subbands. Figure 1.5 shows data from a spin-
ARPES experiment with a Rashba-type spin splitting. Outside the hybridization region
of 7t states of graphene and 5d states of gold, the magnitude of the spin splitting of
7t states of graphene reaches ~ 100 meV, and the splitting itself is called the giant
Rashba splitting in Ref. [12].

In theoretical works [154—156], which considered the moiré superstructure
with a substrate, a significant increase in the splitting value was shown only in the
region of hybridization with the metal d states. The discovered contradiction has not
been resolved until now, as it required more detailed studies of the structure of the
graphene-metal boundary, its deviation from the model structure with a flat heavy
metal layer, and the development of new theoretical models. In this connection, in
Chapter 6 the causes of the giant Rashba effect in graphene will be discussed using
the Gr/Pt/SiC system as an example.

Although the induced Rashba-type spin-orbit interaction cannot lead to the
QSHE phase, its combination with magnetic exchange interaction can lead to
unique characteristics of the electronic structure to create spin-polarized currents
in spintronics.

As early as 1928, Werner Heisenberg concluded that ferromagnetic order must
have an electrostatic origin, realized at the quantum mechanical level, due to the
smallness of purely magnetic interactions [157]. He found that the Coulomb repulsion

between electrons

Ulrrir) = —— < (1.7)
r1.79) = :
b2 47teg [Py — o’

in combination with the Pauli principle gives a strong effective field consistent
with experiment. If we consider a system like a hydrogen molecule consisting of
two electrons and their atomic orbitals ®; and ®p, the evaluation of the Coulomb

interaction Eo = f UL UV dridry, where W, are symmetric and antisymmetric
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Figure 1.5 — (a) A series of spin-ARPES spectra of Gr/Au/Ni/W(110) system

measured at different polar angles relative to the surface normal in the I' K direction

of the graphene Brillouin zone. ARPES intensity map as the second derivative

dzN(E,k”) /dE? in the same direction (b), including the hybridization region of 7

states of graphene and 5d states of gold on an enlarged scale (c). A model of the

Rashba-type spin splitting of 7t states of graphene outside the region of intersection

of the dispersion dependences of 7t states of graphene and 5d states of gold (d) and

a model of the spin-dependent avoided-crossing effect of the dispersion dependences
of graphene and gold states (e).

combinations of wave functions, gives the energy splitting +./.,:

Jea: = /(I)z(’l"l)q)*R(?"z)U(’f‘l,’I"Q)CI)R(’I"l)(I)L('I"z)d’I"ldT‘z. (18)

Thus, when two neighboring atoms have unpaired electrons, the parallelism or
antiparallelism of the electron spins affects whether the electrons can share the
same orbital as a result of exchange interaction. If the exchange integral J., is
positive, the energy of the ferromagnetic (FM) state is lower than the energy of the
antiferromagnetic (AFM) state, which favors the alignment of the spin directions 1.
Since the exchange interaction is of electrostatic origin, it is found to be of the correct

order of magnitude to explain ferromagnetism.
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Figure 1.6 — Density of states n(Er) with spin resolution for paramagnetic metal:
without external magnetic field, with external magnetic field and after “alignment” of

the Fermi level as a result of spin flipping.

Let us consider the simplest model of magnetic materials — the Stoner [158]
model of the formation of band magnetism. Figure 1.6 shows the change in the density
of states of a paramagnetic metal when an external magnetic field B.,; is applied,
which first of all leads to the appearance of Zeeman splitting for states with spin-up
and spin-down AF = 2upB,,:, where up = eh/2m, — the Bohr magneton. The spin
flip for some states near the Fermi level Er restores the total Fermi energy for both
spin subsystems, leading to a common magnetic moment M = Ny — N;. The model
predicts ferromagnetism for high densities of states at the Fermi level (for transition
d metals), when the paramagnetic state becomes unstable and the Stoner criterion
n(Er) > 1/1 is satisfied, where [ is the electron-electron interaction parameter. In the
case of transition metals, where both longitudinal and transverse magnetic fluctuations
are important, the most appropriate model for describing magnetism and calculating
the Curie point value is the Hubbard model. We will consider it on the example of
superatomic graphene in the next section.

So, let us return to the consideration of the influence of the combination of spin-
orbit and magnetic exchange interactions on the electronic structure of the solid. It has
been shown that the time reversal symmetry 7" plays an essential role in the formation
of the spin texture of surface states. Figure 1.7 illustrates the dispersion relations
of a free electron gas with the Rashba and Zeeman fields. The Rashba surface state
arises at a wave vector krgrrys (or corresponding momentum p = hkpgrras) that is
invariant with respect to time reversal (TRIM), with double degeneracy at the point
krrryv according to Kramers® theorem (AE(kpgras) = 0). In contrast, Zeeman-type
surface states [159; 160] exist at points without TRIM and with AE(kyn—7r1a) > 0,
as shown in Fig. 1.7 (b). If the Zeeman field is directed parallel to the surface, in

this case the dispersion relations of the Rashba-type states undergo a change: an
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Figure 1.7 — Sketches of surface state bands for k£ points without (a) and with (b,c,d)
violation of time reversal symmetry, Rashba-type and Zeeman-type, respectively. The
red and blue colors show the spin orientation in the —y and +y directions for the two

branches of surface states.

asymmetric spin splitting appears near the k,.,_rrry point (Fig. 1.7(c)), similar
to that predicted for the 7t states of graphene in the Ref. [108]. In the case of a
Zeeman field perpendicular to the surface of a two-dimensional electron gas, the
spin texture characteristic of the Rashba gas will generally be preserved, but near the
knon—rrra point there will be a spin component perpendicular to the surface, along the
z direction. Similar “hedgehog” shaped spin textures were found in Gr/Au/Fe in [150],
in V-doped BiTel [161], and in Sn/SiC(0001) [162]. The “hedgehog” spin texture will
allow to expand the application of graphene and other quasi-two-dimensional systems
in electronics, but only if the Fermi level is adjusted to the band gap region, for
example, by changing the Au concentration under the graphene or by adsorption
of atoms onto the surface of the quasi-two-dimensional system. The presence of
electronic states on the Fermi surface with a defined spin direction will ensure the
generation of spin-polarized currents when an electric field is applied [153].

The combination of spin-orbit and magnetic exchange interactions can be
realized by the hybridization of surface states of a quasi-two-dimensional system
with the substrate states. As shown in Fig. 1.8, at the intersection of the bands of

Rashba-type spin-split states and exchange-split bands of a bulk state or quantum well
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Figure 1.8 — Schematic representation of the interaction of spin-polarized QWSs ((a)
and (d)) and spin-split Rashba-type surface states ((b) and (e)). Depending on the spin
orientation of the QWS, spin-selective hybridization with the surface states leads to

an asymmetric k <> —k band structure in (c) and (f). Figure is taken from [163].

state, there 1s a spin-dependent avoided-crossing effect leading to an asymmetric band
structure with band gaps [163]. The formation of asymmetrically arranged band gaps
as a result of this interaction, in turn, will allow the observation of transport effects
such as magnetoresistance anisotropy and current-induced magnetization [163].

In conclusion, it is important to note that not only spin-orbit and magnetic
exchange interactions lead to spin splitting of electronic states, but also the violation
of inversion symmetry in two-dimensional hexagonal structures can lead to an
anomalous valley Hall effect associated with the appearance of transverse conduction
due to the different behavior of charge carriers, electrons and holes, depending on
their belonging to the opposite Kand K’ valleys. For example, graphene, silicene,
and other quasi-two-dimensional structures can be used in spin filters based on
the spin-valley scattering effect on non-equivalent sublattices of a two-dimensional
hexagonal structure and non-equivalent magnetic moments in opposite valleys, as well
as in other valleytronic devices based on valley-dependent Berry phase effects [164;
165]. Figure 1.9 shows a method for generating and detecting valley polarization.
An applied electric field £, in the plane of the figure leads to the accumulation
of electrons at opposite edges of the sample with opposite valley indices, i.e., the
chemical potential has different values in opposite valleys (i; # Hs). The flowing

current j, ~ (H — H2)E, can be registered as a transverse Hall voltage occurring
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Figure 1.9 — Schematic diagram of valley polarization generation and detection. The
lower part of the figure shows the method for detecting valley polarized current as

transverse Hall voltage. The figure is taken from [164].

at the edges of the sample. In Chapter 7 a new quasi-two-dimensional system
based on ferrimagnetic graphene with inversion symmetry breaking, leading to the
manifestation of a Hall voltage when irradiated with circularly polarized infrared

radiation (the circular dichroism Hall effect), will be presented.

1.2 Magnetic proximity effect

The magnetic proximity effect of van der Waals materials with magnetic
materials is one of the most successfully used to enhance the exchange
interaction [166—169] and to obtain new systems with topological properties [87;
170]. Enhancement of the exchange interaction in a layer of atoms of a non-magnetic
material on a magnetic metal was studied by O. Krupin on the example of a metal-
oxide surface layer system p(1 x 1)O/Gd(0001) [106]. In this work, it has been shown
that exchange-split interface states are formed in the near-surface layer, which are
additionally split due to the Rashba-type spin-orbit interaction. The enhancement of

the spin-orbit interaction was associated with the asymmetry of the wave function
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of the interface states near the Gd atoms and, consequently, with the presence
of an effective electric field gradient. The spin splitting scheme proposed in this
work for the states of nearly free electrons in the presence of both the Rashba
effect and ferromagnetic magnetization was verified in Refs. [107; 108]. However,
no significant spin splitting of 7t states of graphene was detected (less than 45
meV) [108], indicating the absence of both giant Rashba splitting in graphene and its
magnetization in general (no exchange splitting of 7t states at the I point). The lack of
proximity effect in contact with magnetic 3d metals led to further search for systems
based on graphene and ferromagnetic and antiferromagnetic compounds [170; 171].

The contact of graphene with a layered antiferromagnet Cro,O3 was successfully
utilized in a theoretical study to achieve a topological phase in graphene [93]. In
this case, the magnetization change in a antiferromagnetic thin layer, which can be
realized electrically, led to a transition between different topological phases: from the
QAHE phase with magnetization perpendicular to the graphene surface to the QVHE
phase with magnetization along the surface through the valley-polarized quantum
anomalous Hall effect phase (VP-QAHE). Such a set of topological phases can also
be observed when crossing an antiferromagnetic domain wall. Thus, it has been
shown that direct contact with chromium atoms leads to an increase in spin-orbit
and exchange interactions in graphene with the possibility of obtaining different
topological phases.

Another way to influence the electronic structure of graphene was proposed
to co-doping graphene with magnetic 3d metal atoms and boron atoms at specific
locations, which theoretically led to the enhancement of intrinsic spin-orbit interaction
and the possibility of observing the QAHE phase in graphene [172]. In the works [173;
174] it is shown that for low concentrations of boron atoms doping graphene (< 5
at. %) there is a substitution of carbon atoms only in one of the graphene sublattices.
The indicated concentrations of boron atoms are sufficient to obtain the QAHE phase
in graphene [172], but the location of the Dirac point significantly deeper than the
Fermi level requires the application of a gate voltage to shift the Dirac point. The
fabrication of the gate contact, as well as the rejection of the single-crystal substrate
significantly complicates further realization of the device based on co-doped graphene.

On the other hand, magnetization in graphene can appear in contact with
non-magnetic atoms, such as adsorption of hydrogen atoms onto the surface of
graphene [138; 175] or when the second layer of graphene is arranged with a small

angle rotation in the surface plane with respect to the first layer of graphene, in the
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Figure 1.10 — Conductivity map dI/dV(x,E) along a straight line passing through the
adsorbed hydrogen atom. The spectra were obtained at a tunnel junction resistance of
3 G2 (Uy = 100 mV, I; = 33 pA). Figure is taken from [175].

so-called twisted graphene [176]. If we remove one p, orbital from the graphene
7t band, double filling of the 7t state by two electrons with different spins will not
be possible due to electrostatic Coulomb repulsion (additional energy U will be
required to fill the state). This would lead to the filling of the 7t state with only
one electron and a total magnetic moment [177]. As it turns out, the STM/STS
technique is quite a sensitive method to detect the local density of states near defects
and confirm the magnetic moment ~ 0.1up on the graphene sublattice atoms in
the region of adsorbed H atom when compared with the theoretical curve [175].
Figure 1.10 shows the conductivity map, which is a set of STM curves measured
in the constant current mode when scanning along a straight line. Both the STM
curve and the map visualize only one sublattice of graphene, which according to
the DFT calculation results has unidirectional magnetic moments perpendicular to
the surface. The presence of magnetic moments on carbon atoms is confirmed by
the registration of spin splitting ~ 20 meV on the conductivity map. In this case,
the adsorption of hydrogen atoms onto one of the sublattices is required to observe
macroscopic magnetization in graphene. Due to the fact that hydrogen atoms can
be adsorbed on different sublattices even at low concentrations, it is very difficult
to obtain magnetized graphene by adsorption. Rotating graphene layers relative to
each other to obtain magnetized graphene over a large area was more promising, but
was accomplished by exfoliating graphene [176], which has technological difficulties
within the framework of industrial production. For this reason, Chapter 7 will present
a comprehensive study of ferrimagnetic epitaxial graphene over large sample areas
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Figure 1.11 — (a) Atomic structure of superatomic graphene, where brown spheres
represent carbon atoms and light pink spheres represent hydrogen atoms, with a spatial
distribution of spin density difference (pyp(r) - Pdown(r))/2, where yellow and blue
colors denote positive and negative isosurfaces. (b) Band structure of superatomic
graphene. (c¢) Schematic illustration of excited electronic states of superatomic
graphene by circularly polarized radiation with o, polarization. The electron with
spin up/down is excited into the conduction band in the K /K’ valley, while the hole
with spin down/up remains in the valence band. (d) Hall effect of circular dichroism
of electrons and holes excited by o radiation. Electrons with spin up/down from the

K /K’ valley accumulate at the bottom edge of the sample. Figure is taken from [178].

~ 100x100 nm? and show the visualization of only one graphene sublattice by
STM/STS methods.

In [178], the possibility of antiferromagnetic ordering on graphene sublattices
was predicted on the example of superatomic graphene with a large unit cell. The
voids were artificially created in graphene, and the broken bonds of carbon atoms
were passivated by hydrogen atoms (see Fig. 1.11 (a)). In such a material, a Mott
insulator state with the formation of 0.6 eV band gap due to strong Coulomb repulsion
was observed (Fig. 1.11 (b)), and the sublattice atoms of superatomic graphene were
magnetized in the opposite way. Berry curvatures were shown to have opposite
sign for different valleys, spins, and valence/conduction bands. The observed unique
chirality with respect to spin-up and spin-down states of the same valley led to the
prediction of the circular dichroism Hall effect (Fig. 1.11 (c-d)): the polarity of the
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Hall voltage depends on the polarization sign of the incident circularly polarized
radiation. For a more detailed study of the band structure, the authors calculated the
hexagonal two-dimensional structure by the tight binding method using the Hubbard

model [179], the Hamiltonian of which can be expressed as follows:

H=—tY (el jatcl i)+ U huiy, (1.9)
(i-7) i

where éja (Ci) 1s a fermionic operator that creates (annihilates) an electron in the i
site with spin « (1, ), and similar for the j site, # — the hopping parameter, n;, — the
spin density operator (n;, = él-t(xém) and U - the repulsive force of electrons at the
site. The obtained results were in good agreement with those obtained by the DFT
method for the following parameters: = 0.1 eV and U = 0.63 eV. The Hubbard model
describes the conductor-insulator transition, which is determined by the competition
between Coulomb repulsion (U) and kinetic energy (t). In the case of superatomic
graphene, the Mott insulator transition criterion is fulfilled U/t > 4.3 [180], which
leads to the opening of the band gap at the Dirac point and antiferromagnetic ordering
on the sublattices of superatomic graphene.

Based on the above results, we can conclude that the control of magnetic
properties of quasi-two-dimensional materials is possible using the magnetic
proximity effect with compounds that include magnetic elements and with adatoms
of hydrogen and other elements. But it should be noted that spin-orbit interaction also
opens a new way to electrically control magnetic properties, for example, giving the
possibility of manipulating the magnetization of adatoms. Since the orbital motion of
the electron can be controlled by external electric fields, the application of an electric
field perpendicular to the surface of graphene with adsorbed 5d transition metal
atoms leads to a rotation of the magnetization of the adatoms from the surface plane
to the perpendicular direction due to the magnetoelectric effect [181]. In general,
the hybrid system experiences a topological metal-dielectric phase transition. For
the out-of-plane magnetization of 5d metal atoms, the Chern number of all occupied
states takes an integer value of +2, which means that there are two dissipation-free
and topologically protected edge states on each side of the graphene ribbon with
adatoms. These systems are candidates for further transport measurements.

Due to the fact that the observation of quantum spin and anomalous Hall effects
in graphene and graphene-like materials requires induced spin-orbit interaction, and

for quantum anomalous Hall effect and magnetization of the two-dimensional layer, it
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seems important to study the electronic structure in order to separate the contributions

of spin-orbit and magnetic exchange interactions in graphene.

1.3 Quantum anomalous Hall effect

The Hall effect was discovered by Edwin Herbert Hall in 1879. This effect
results in the separation of the current flowing in an external magnetic field into
its components of positively charged particles and negatively charged particles and
can be measured as a transverse voltage on the sample (see Fig. 1.12 (a)). Later,
the anomalous Hall effect without the application of an external magnetic field was
observed in ferromagnetic materials by Hall himself. These effects were observed
at the macroscopic level, and a century later new varieties of the Hall effect were
discovered at the microscopic level (see Fig. 1.12 (c-h)). In 1980, Klaus von Klitzing
discovered the quantum Hall effect (QHE) in the silicon metal-oxide-semiconductor

field-effect transistor structure [183], which consists in quantization of the transverse
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Figure 1.12 — Hall effect family: Hall effect (a), anomalous Hall effect (b), spin
Hall effect (c), quantum Hall effect (d), quantum anomalous Hall effect (e), quantum

spin Hall effect (f), valley Hall effect using circular radiation (or circular dichroism

Hall effect) (g), and quantum valley Hall effect (h). In parentheses are the year of

discovery, H — external magnetic field, and M — internal spontaneous magnetization.
Part of figure (a) — (f) is taken from [182].
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resistance or conductivity of a two-dimensional electron gas at low temperatures and
in strong magnetic fields. The transverse resistance increases stepwise with increasing
magnetic field and has a plateau when the Fermi level is located between the Landau
levels — energy levels of a charged particle in a magnetic field E(n) = Ey+ hw.(n+
1/2) (cyclotron frequency w,. = eB/m*):

VHau h

where v takes integer or fractional values for integer QHE or fractional QHE,
respectively. The filling factor v is defined by the formula as the ratio of the densities

of states per unit area for a two-dimensional electron gas and for Landau levels:

h
v="122 D, (1.11)
ng eB

Typical dependences of the longitudinal and transverse resistances in the integer Hall
effect are shown in Fig. 1.13 (a). As the magnetic field increases, the Landau levels
cross the Fermi level, which leads to a sharp change in the longitudinal resistance
R, and an increase in the Hall resistance Ry by an amount i/e?. The longitudinal
resistance becomes very small in the plateau region of the Hall resistance, that is,
current flow without dissipation at low temperatures is observed. In [185], it was
shown that the integer quantum Hall effect can be interpreted on the basis of the model
of edge states. Indeed, at the edges of the sample, the cyclotron orbitals of electrons
break (Fig. 1.13 (b)), which leads to the formation of edge states that participate in
the longitudinal current /.. Moreover, when the polarity of the applied voltage or the
direction of the magnetic field is reversed, the current will flow along the opposite
edge of the sample. Fig. 1.13 (c¢) shows the Landau levels near the edges of the
sample for the potential well model. The current carried by each edge state 7, is
quantized and equals (e/h)Aun, where Ap is the difference in the electrochemical
potential at the edges of the sample (eVy,; = Aw). In [186; 187], it was found that
the acquisition of the Berry phase [188] by particles under the influence of a magnetic
field is responsible for the quantization of conductivity in the Hall effect. The quantum
Hall effect, characterized by the topological number v [189], was the first example
of realizing topological properties of electronic structure in experiment. Despite the
great potential of dissipation-free edge states of QHE for future electronic devices,
the need for strong magnetic fields and, as a consequence, high power consumption

prevents their further application.
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Figure 1.13 — Experimental dependences of the Hall resistance Ry = p,, and

resistivity p,, ~ R, of the GaAs — Al,Ga;_,As heterostructure on the magnetic field

at a fixed carrier density corresponding to the gate voltage V;, = 0 (a). Semiclassical

description of edge states (b). Electrons collide with the edge while moving along the

cyclotron orbit, which leads to the appearance of an edge current. Behavior of Landau

levels near the edges of the sample in the case of an infinitely high potential well (c).
Part of the figure (a) is taken from [184], (¢) — from [185].

In his “toy” model, the future Nobel laureate D. Haldane showed the possibility
of observing the topological phase in a two-dimensional hexagonal material with
non-equivalent sublattices and an external inhomogeneous magnetic field with zero
total flux. The main factors determining the observation of the quantum anomalous
Hall effect were the violation of sublattice symmetry and time reversal symmetry.
This work was the basis for understanding a new subclass of topological insulators
— two-dimensional Chern insulators characterized by a non-zero Chern number or

chiral edge states on opposite edges of the two-dimensional insulator. In this case, the
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anomalous Hall conductivity can be calculated by the TKNN formula [93; 189]:

o, — o] S| QN (K)dk =

e’ 1 2Im < Ve Ve Ve >< Vgl Vy | Vir >
BZ (Enk — €nk)

(1.12)

where h is the Planck constant, C' is the Chern number of all occupied states obtained
by integration over the k-space of Berry curvatures €2,(k), n is the zone index, f,
is the Fermi-Dirac distribution function, v,, = dH/dk,, — velocity operator, &,
and W, are eigenvalues and eigenfunctions of the Hamiltonian at a given point k
within the Brillouin zone.

The Chern invariant (Chern number) can be physically explained in terms
of the geometric or Berry phase of wave functions W,;. When we traverse a
closed contour C in the space of k vectors, the gauge-invariant Berry phase
Y = fcz' < Vok|Ve|¥u > dk accumulates, where the argument of the integral
A, =i < V,x|Vg|V,. > is the Berry connection. Using Stokes’ theorem, the
Berry phase y can be expressed as the surface integral of another quantity 7,
which is the Berry curvature (or Berry field) and is defined as the rotor of the Berry
connection (2" = V x A,)). Thus, the Chern invariant is an integer that accounts for
the total flux of the Berry field in the Brillouin zone, and the conductivity formula
itself 1.12 is a simplified expression of the Kubo formula for a quasi-two-dimensional
periodic system, which defines the linear response of an observable quantity to a
time-dependent perturbation [190].

The quantum anomalous Hall effect was discovered in 2013 in thin films of
Cr-doped magnetic topological insulator (Bi,Sb)sTes [47]. At zero magnetic field,
the anomalous Hall resistance as a function of gate voltage reaches the predicted
quantized value of h/e? (~ 25.8 k), which is accompanied by a significant drop
in longitudinal resistance (see Fig. 1.14 (b)). Thus, the existence of edge currents is
confirmed by the practically zero longitudinal resistance for the magnetized sample.
In a strong magnetic field, the longitudinal resistance disappears, while the Hall
resistance remains at a quantized value (see Fig. 1.14 (e-f)). This behavior proves
that the system is in the same quantum Hall effect state in magnetic fields up to
~ 18 T as at zero field.

It has been found that doping other 3D topological insulators with magnetic

atoms, including the magnetically doped TI [182; 191; 192] investigated in Chapter 4,
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Figure 1.14 — Schematic image (a) illustrating the QAHE in a thin film of Cr-
doped TI (Bi,Sb);Tes. The magnetization direction (M) is shown by red arrows. The

chemical potential of the film was controlled using a gate voltage applied to the

backside of the dielectric substrate. Dependence of the longitudinal and transverse

resistivity p,,(0) (red circles) and p,,(0) (blue squares) on the gate voltage V

(b). Dependence of p,,(0) (¢) and p,,(0) (d) on the magnetic field at different V.

Dependence of p,;(0) (¢) and p,,(0) (f) on the magnetic field, including the region

of strong magnetic fields, at constant Vgo corresponding to the neutral charge of the
sample. The figure is taken from [47].

also induces magnetism and breaks 7 symmetry, i.e., the doping results in
the formation of a Chern insulator. Three-dimensional topological insulators are
characterized by Dirac surface states, which are formed in the band gap of TI
(Fig. 1.15). Doping with magnetic atoms leads to the appearance of magnetization
and the opening of the band gap for surface states, in which an edge one-dimensional
state involved in Hall conduction is formed.

The classical version of the anomalous Hall effect was observed in graphene in
contact with adsorbed Eu atoms [193] or thin EuO layers [194]. These experiments
confirm the possibility of magnetization of graphene in a ferromagnetic manner as a
result of the proximity effect. The observation of a quantum version of the anomalous
Hall effect requires a good epitaxial correspondence of the layers and a certain ratio
of spin-orbit and exchange interactions in graphene. In [195], the quantum anomalous

Hall effect in graphene was predicted by calculating Chern numbers for reference



Ordinary insulator

Topological insulator

50

Dirac surface states

Edge states in 3D Tl

with doping by magnetic

Ea ' g X n3pT E , atoms (QAHE state)
L W . N~ . e W °
l 1 \_.._‘_::"’lr1
7~ "\ v 7\ e VB /N
"k "k "k "k
Figure 1.15 — Comparison of the electronic structure of a trivial insulator and

topological insulators. The valence band and conduction band are shown in brown
and green colors. In a topological insulator there is an inversion between these bands
as a result of strong spin-orbit interaction. The red and blue solid lines show the
quasi-two-dimensional surface states of Dirac fermions, and the dashed line shows

the edge one-dimensional state.

systems. Accounting for the exchange field as a staggered order revealed the quantum
anomalous Hall effect in flat graphene with Chern number C = 1, with one spin
edge state at the boundary of the graphene nanoribbon. Remarkably, the combination
of the intrinsic spin-orbit interaction and homogeneous exchange interaction yields
topologically protected helical states whose spin is opposite at opposite zigzag edges.
Rotating the magnetization from perpendicular to the in-plane direction makes the
system trivial, thus allowing topological phase transitions to be controlled. The
authors of this paper have shown that the staggered exchange interaction model is
realized in graphene on the Ising antiferromagnetic MnPSes even in the case of the
incommensurability of the hexagonal lattice of Mn and graphene atoms. Further, in the
experimental work [196] the quantum anomalous Hall effect in graphene in contact
with antiferromagnetic CrPS, up to room temperature was found.

The interest in quasi-two-dimensional systems with the realization of QAHE is
related not only to the possibility of creating new energy-efficient and fast electronics
devices, but also to the possibility of creating topological quantum computer
qubits based on anyons, two-dimensional quasiparticles possessing intermediate
statistical properties between bosons and fermions [197]. In recent publications,
fractional quantum Hall anomalous effects have been found in superlattices based
on twisted MoTe, layers and five-layer rhombohedral graphene and hexagonal boron
nitride [198; 199]. The existence of flat bands with high Chern number indicates the
possibility of more exotic states of fractional anomalous Hall effect with non-Abelian
anyons, on the basis of which topological quantum computing can be realized [200].
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Summarizing the considered results of research in the field of synthesis and
control of the electronic spin structure of quasi-two-dimensional systems, we can
conclude that the main efforts of the world community are directed to the search for
quasi-two-dimensional systems and the realization of devices based on them using the
effects of quantization of the electronic structure and quantum Hall effects. However,
in these works, quasi-two-dimensional layers obtained by exfoliation or chemical
vapor deposition (CVD) were transferred to a dielectric substrate, and further device
design did not assume epitaxiality of the used layers. Because of this, anomalous
(light-induced) and spin Hall effects were initially measured, but their quantum
versions were not detected. To observe quantum Hall effects, high ordering and
epitaxiality of layers are required so that the overall electronic structure of the system
has strictly defined topological properties. A significant part of the published work
was carried out using mechanically exfoliated, which is incompatible with industrial
production on the scale of a whole monocrystalline wafer — substrate. One candidate
for device design is the SiC semiconductor substrate, which enables the production of
graphene by intercalation of a zero-layer graphene. The epitaxial synthesis of layered
nanosystems based on graphene and SiC substrate will be discussed in Chapters 5
and 6.

The necessity to synthesize new epitaxial quasi-two-dimensional materials,
including layered nanostructures, which, due to their unique properties, will be used in
computer technologies, data storage systems and quantum computing and determined

the main vector of research of this work.
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2. Methods

2.1 Basic experimental research methods

To solve the problems set within the framework of this thesis, a modern
complex of methods for the study of the surface of solids was used. The main
research methods were:

— X-ray photoelectron spectroscopy (XPS);

— ultraviolet photoelectron spectroscopy with angular resolution (ARPES),

including spin-resolved (spin-ARPES) and time-resolved spectroscopy;

— low-energy electron diffraction (LEED);

— scanning tunneling microscopy (STM) and spectroscopy (STS), including
cooling down to 1 K;

— scanning electron microscopy (SEM) and transmission electron microscopy
(TEM);

— measurement of magnetic properties of materials in a wide range of magnetic
fields and temperatures using superconducting quantum interferometer
(SQUID);

— density functional theory (DFT) method for calculating the electronic band
structure.

Much of the research presented in this thesis was performed using the unique
scientific setup Nanolab and the photoelectron spectroscopy setup Univer-M at the
Resource Center “Physical Methods of Surface Investigation” (SPbU Research Park).
Nanolab was designed, fabricated and commissioned for about 4 years (see Fig. 2.1).
After the final stage of commissioning in 2013, many unique scientific results were
obtained with its help and several candidate and doctoral theses were defended.
The uniqueness of the Nanolab setup is determined by the set of tools for the
development and implementation of methods for the creation of solid-state low-
dimensional systems and new composite nanomaterials promising for use in modern
high-tech production, as well as methods for the study of their electronic energy
and crystal structure, such as photoelectron spectroscopy (ARPES and spin-ARPES),

scanning probe microscopy of atomic and subatomic resolution (STM/STS and atomic
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force microscopy), LEED and Auger-electron spectroscopy. The main feature of
Nanolab setup is that it implements a combination of scanning probe microscopy and
photoelectron spectroscopy methods with angular and spin resolution. These are the
two main groups of methods that allow to obtain the most complete information about
the electronic structure of solids, as well as to visualize the structure of surfaces and
nano-objects at the atomic level. At the same time, the photoelectron spectroscopy and
probe microscopy modules have their own sample loading and preparation chambers,
which allow the synthesis of samples and their study without violating ultrahigh
vacuum conditions (base pressure ~ 2x 107" mbar).

Other equipment of the SPbU Research Park was also used for the research:

Zeiss Auriga Laser and Zeiss Merlin scanning electron microscopes, Zeiss Libra
200FE transmission electron microscope in the interdisciplinary resource center
“Nanotechnology”, Oxford IonFab 300 ion-beam etcher in the resource center
“Nanofabrication of Photoactive Materials (Nanophotonics)”, Quantum Design
MPMS SQUID VSM magnetometer in the resource center “Diagnostics of
Functional Materials for Medicine, Pharmacology and Nanoelectronics”, Thermo
Fisher Scientific Escalab 250Xi photoelectron spectrometer in the resource center
“Physical Methods of Surface Investigation”.

Part of the research using photoelectron spectroscopy was carried out at third-

generation synchrotron radiation centers:

— at the RGBL, UE112 PGM-1, UEI112 PGM-2b-13, UE56-2 PGM-2,
Ul125-2 SGM and U125 PGM (RGBL2) beamlines of the BESSY II
synchrotron (Helmholtz-Zentrum Berlin, Germany) using SPECS Phoibos
150 and VG Scienta R4000 hemispherical energy analyzers with Mott spin
detectors, operating at energies of 26 and 25 kV, respectively, in the part
of studies of W(110), A/W(110), Gr/Pt(111), magnetically doped BiTel,
Au/Co(0001) and Gr/Au/Co(0001)/W(110) systems;

— at the BaDEIPh beamline of the Elettra synchrotron (Trieste, Italy), in the part
of studies of magnetically doped BiTel and Gr/Au/Co(0001)/W(110) systems;

— on the scanning tunneling microscope SPECS SPM 150 AARHUS at the
joint microscopy laboratory OSMOS CNR-Elettra, in the part of studies of
the Gt/Pt,Gd/Pt(111) systems;

— at the BL-1 and BL-9 beamlines of the HiSOR synchrotron (Hiroshima,
Japan), in the part of studies of the magnetically-doped BiTel,
Gt/Pt,Gd/Pt(111) and Gr/Au/Co(0001)/W(110) systems;
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— at the laser ARPES and spin-ARPES setups at the HiISOR synchrotron, in the

part of studies of the Gr/Au/Co(0001)/W(110) systems.

Time-resolved studies of magnetically doped topological insulators by two-
photon time-resolved ARPES were performed at the Laser and Synchrotron Research
(LASOR) Center of the Institute of Solid State Physics, University of Tokyo.
Figure 2.2 shows a schematic of the setup consisting of a pulsed laser source,
pump and probe pulse lines, and a hemispherical energy analyzer. The angle of
incidence of the laser beam was 45° relative to the surface normal. The corresponding
ARPES dispersion maps were measured in the direction perpendicular to the plane
of incidence of the laser beam. The probe pulse was linearly p-polarized and had
a photon energy of 5.9 eV. The pump pulse was s-polarized with hv = 1.48 eV.
The duration of each individual pulse was only 170 fs. The pulses were repeated
every 4 us. The time delay between the pump and probe pulses for time-resolved
measurements was varied from -4 ps before the pump pulse generation to 822 ps
after the pump pulse generation (see Fig. 2.3). To measure the photovoltaic effect, the
shift of the ARPES dispersion map generated by the pump pulse and the dispersion
modification when the pump pulse power was varied from 2 to 20 mW were analyzed.
The time delay between the pump and probe pulses for this experiment was chosen
to be (4 us — 4 ps), i.e., just before the generation of the next pump pulse. All
measurements were performed at the sample temperature T = 11 K. A detailed
description of the setup and the geometry of the experiment have been published
in [201—-203].

To perform STS measurements of the Gr/Au/Co(0001)/W(110) system, a
scanning tunneling microscope JT-STM SPECS at the MIPT Center for Advanced
Methods of Mesophysics and Nanotechnology was used. The setup has a three-
chamber configuration for loading samples, preparing them, and performing
measurements. The measuring chamber includes a cryostat with reservoirs for liquid
nitrogen and liquid helium. The uniqueness of the microscope lies in the ability to
cool the sample to a temperature of 1 K using the Joule-Thomson effect and control
the magnetic field up to 3 Tesla during the experiment.

It should be noted that in all experimental setups the base pressure was
maintained at a level of no more than 2 x 107!Y mbar, which ensured high surface

cleanliness from adsorbed residual gas molecules during the experiment.
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2.2 Photoelectron spectroscopy method

The method of photoelectron spectroscopy is one of the modern methods for the
study of occupied electronic states in solids. This method is based on the photoeffect
phenomenon and consists in the registration of photoelectrons emitted from a solid
when absorption of photons and transition of electrons between the ground and excited
states takes place. When the energy hv of an incident photon on the solid surface
exceeds the sum of the binding energy Fi;, and the work function from the solid P,
some electrons leave the solid and are registered at the kinetic energy FEy;, determined

by the expression:
Exin = hv — Epin — 9, (2.1)

with FEjj, counting from the vacuum level and Fy;, counting from the Fermi level.
Thus, without taking into account electron scattering effects, the energy distribution
of the escaped photoelectrons directly reflects the energy structure of the solid.

The most commonly used model to explain photoelectron spectra is the three-
step model [204], which divides the photoelectron emission process into three
independent steps. In the first step, photoexcitation of the electron occurs. Since the
photon in the ultraviolet energy range has negligibly small momentum (including the
energy region of 5 — 70 eV, which is used in this thesis), the quasi-wave vector k; of

the ground state 1s preserved up to the reciprocal lattice vector G-
kp =k +G, (2.2)

where the indices ¢ and k correspond to the ground and excited states of the electron.

The law of energy conservation is written in the following form:

E(ks) = E(k;) + hv, (2.3)
Thus, the photoexcitation transition will be direct in the reduced Brillouin zone
(see Fig. 2.4) and can occur only when the energy difference between the ground and
excited states is equal to the photon energy. In the framework of perturbation theory,
the probability of such a transition P;; is described by Fermi’s golden rule [204; 205]:

2m
Pip = S 1< Wil H' g > 8(Ey — E; — hv), (24)
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where ' = ;- (A-p+p-A)+ QS;A - A is a term of the Hamiltonian, describing the
interaction between the electron and the electromagnetic field with vector potential
A (scalar potential @ = 0). In the dipole approximation valid for radiation in the
ultraviolet range (the photon momentum is small, i.e., the wavelength is longer than
the localization region of electron orbitals), the transition matrix element can be

written as follows [204]:

Mig | < bty > = [ . 2.5)

Hence, if the matrix element for any transition is zero, the transition is forbidden in
the dipole approximation.

The next step of the three-step model is the transport of an excited electron to
the surface of a solid body. The number of electrons that can leave the solid without
scattering and escape into the vacuum depends exponentially on the escape depth d

(the thickness of the layer through which the transport takes place):
N = Npe 1, (2.6)

where A is the mean free path length with respect to inelastic scattering, which for

elements is determined by the empirical formula [206]:

538
A= 2 + 0.41vVaFE (monolayers), (2.7)
where F is the kinetic energy of electrons in electro-volts, a is the thickness of the

monolayer in nm. Considering the equation 2.7 for kinetic energies of 10 — 300 eV,
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we obtain that the mean free path length corresponds to the first few atomic layers of
the solid surface. Photoelectron spectroscopy of the valence band using appropriate
photon energies 1s a surface-sensitive technique.

The last step of the three-step model is the escape of the photoelectron into the
vacuum through the surface potential barrier. Understanding this process is essential
in determining the dispersion dependence of the initial state E(/{?;) The quasi-wave
vector of an electron in a crystal can be decomposed into components parallel and
perpendicular to the surface (see Fig. 2.5):

R i (2.8)

As shown in Fig. 2.5, when a photoelectron passes the surface potential barrier, only
the component of the quasi-wave vector parallel to the surface is preserved, although

it can change to the surface reciprocal lattice vector g, that is:
e = k" + g (2.9)

As a result of refraction, the electron will move in a new direction, determined by the
emission angle 0, when it enters the vacuum. Since the energy of a free electron is
expressed as Fyj, = hQ‘ 2 and |l<:H| — |k|-sin 6, then we obtain the relation for the wave
vector component parallel surface that is essential for photoelectron spectroscopy

with angular resolution:

k| e —| \_\/ Ekm sin 0 a2 0.521/ Fiin(eV) - sin 0 (2.10)

If we register photoelectrons emitting at some angle 0 and measure their kinetic
energy, the wave vector component |/<z | can be easily obtained from the equation
2.10. Thus, the energy distribution of electrons measured for each polar angle 0 gives
us information about the band structure £ (EH) of the initial states in the single crystal
(the final state under photoexcitation with photon energies above 50 eV is described
not by a Bloch wave but by a plane wave, which is practically not modulated by the
crystal potential). The situation with the wave vector component perpendicular to the
surface i1s somewhat more complicated due to the fact that it decreases during the
transfer across the surface because of the difference in the energy levels inside the

crystal and in vacuum. It can be determined using the formula:

o
fer :\/|kf‘c\2+ 7;20, @.11)
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where V| is the internal potential of the crystal, which determines the difference of
energies inside the crystal and in vacuum. If we measure the photoelectron emission
in the direction normal to the surface of the single crystal (k; = 0) as a function
of photon energy, the dispersion dependence of the initial state £ (E 1) can be easily
obtained if the dispersion of the final state is known (at ~v > 50 eV the final state
can be considered as a plane wave).

Although the three-step model makes the photoelectron emission process clear
and simple to discuss, it is rather complicated for the interpretation of experimental
results and, as a rule, the one-step model is used instead. The basic idea of the
one-step model is to describe the actual process of excitation, photoelectron transport
to the crystal surface, and escape into the vacuum as a single quantum mechanical
process including all multiple scattering events. In the framework of this model, the
so-called time-inverse wavefunction of the low-energy electron diffraction state is
used as the final state wavefunction in the equation 2.4. In the LEED method, an
incident monochromatic electron beam is elastically scattered by atoms in the crystal,
and the scattered waves are summed to form a diffraction pattern. Now, if we change
the direction of the incoming beam, we get a monochromatic electron wave that
originates from surface layers of the crystal (and attenuates deep into the crystal),
similar to the electron wave produced by the photoelectron emission process. The use
of inverse LEED wave function as the final state wave function has been successful
for theoretical modeling of photoelectron emission spectra [207].

The method of photoelectron spectroscopy with angular resolution 1s widely
used to measure dispersion dependence and symmetry of energy bands in solids.
Initially, photoelectron spectroscopy covered two relatively narrow energy ranges
realized in laboratory conditions: the first range is provided by the presence of
gas-discharge sources (hv =~ 10 — 48 eV), and the second range is associated
with a widespread source of photons - X-ray tubes using the radiation of K, lines
of some elements (mainly Mg and Al, photon energies of 1486.6 and 1253.6 eV,
respectively). The wide energy gap between these two ranges has led to a natural
separation into ultraviolet photoelectron spectroscopy (UPS), which is used in analysis
of valence band, and X-ray photoelectron spectroscopy (XPS), which investigates
both the valence band and the core levels. Angle-resolved photoelectron spectroscopy
(ARPES) 1s commonly understood as angle-resolved UPS. In recent years, the use
of a continuous-spectrum photon source, which is synchrotron radiation produced

by the ultra-relativistic motion of charged particles in a storage ring, has found
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increasing practical application. With the help of monochromators in this case it
is possible to obtain monochromatic radiation, which in addition can be adjusted
in energy from soft ultraviolet to hard X-rays. The use of a synchrotron allows us
to obtain monochromatic radiation with high energy resolution and high intensity,
which is extremely important for the measurement of spin polarization of emitted

photoelectrons.

2.2.1 Angle-resolved XPS for analyzing layer depths and

thicknesses

The Bouguer—Beer—Lambert law determines the attenuation of a monochromatic
light beam when propagating in an absorbing medium, but is valid for the linear

motion of electrons in a solid:
I = Ipe ™, (2.12)

where [ is the intensity of the electron beam before attenuation, A is the mean free
path length with respect to inelastic scattering, and I is the intensity after passing
through a layer of thickness d in the perpendicular direction. If the electrons leave
the solid at an angle O relative to the normal to the surface, their path, and hence

the attenuation of the intensity, increases:
[ = Ty~ (Acosd), (2.13)

If we calculate the logarithm of the ratio of XPS peak intensities for a certain angle
0 and for normal emission, then its value will be proportional to the average depth
of occurrence of the element of this peak. Thus, calculating the ratios of element
peaks intensities allows us to determine the order of their location from the surface
to the depth of the solid.

This thesis considers quasi-two-dimensional systems that consist of several
layers of different elements, but may include a substrate element, for example, in
case of formation of surface silicide. In this case, the XPS peak of the element is
decomposed into components at different energies corresponding to the chemical

environment of the element, and the intensity of each component is determined.
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Knowing the intensity of XPS peaks of the elements and the depth of their occurrence,
it is possible to estimate the thickness of each of the layers.

The simplest way to calculate the intensity of photoelectron emission is to sum
the intensity from each layer [208; 209]:

00

[ =0@AT Y ne /009, (2.14)
i=0

where o 1s the photoionization cross section of the atomic subshell at excitation energy

hv, @ is the incident photon flux, A is the analysis region, 7' is the photoelectron

detection efficiency (energy analyzer transmission function), n is the concentration

of atoms in the layer, d is the interlayer distance, A is the mean free path length of

electrons, and O is the emission angle.

Using the Taylor series expansion for a semi-infinite homogeneous crystal we

obtain: |
IOQ = G(pATnbulk 1_ e—dbulk/(ACOSG) (215)
And the intensity of a layer of thickness d can be expressed as follows:
I =1 (1— e Ueos0) (2.16)

Consider a system consisting of a layer of element A on a substrate of element
B. Using equations 2.15 and 2.16, we obtain the ratio of the peak intensities of
the elements:

JA Ici ) (1 _ e—d/(}\A’Acose)) N O-Angtlk(l _ e—dﬁlk/()\B’Bcose)) ) (1 _ e—d/(?\A’Acose))
IB [B . e—d/(APAcos0) oBnB (1 — e~/ W4c0s8) . o=d/(APAcose)
(2.17)
where A4 is the mean free path for electrons moving with peak energy B in material

A. Using the known values of the ionization cross section, atomic concentration,
interlayer distances, and the measured ratio of the XPS peak intensities of elements
A and B, we obtain an estimate of the layer thickness d. Similarly, it is possible to
estimate the thickness of each layer for a system with several layers. It should be
noted that this analysis is based on the following assumptions: the layers and the
substrate are uniform in composition and atomic concentration, have flat surfaces, the
layers are uniform in thickness, and the effects of photoelectron diffraction and elastic

scattering do not significantly affect the thickness estimate.
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2.2.2 Geometry of ARPES experiment

The method of photoelectron spectroscopy with angular and spin resolution is
based on the measurement of the photoelectron beam intensity for some emission
angle and photoelectron energy (Fig. 2.6). The use of a six-axis manipulator allows
us to select any point (direction) in the surface Brillouin zone of the sample. The
detector can be a set of channelrons (photoelectron multipliers) or a microchannel
plate. The advantage of using a microchannel plate is the possibility of simultaneous
registration of a range of emission angles (£15°). In the used energy analyzers
with microchannel plates, the output slit of the analyzer was oriented parallel to the
manipulator axis R, as shown in Fig. 2.6. In this case, the recorded angle range of
the microchannel plate corresponds to the angle R3, which further extends the limited
range of manipulator angles along Rj, typically from -5° to 10°. For the same reason,
the dispersion dependence of 7t states of graphene is measured by rotating the sample
around the R; axis with a wider range of available angles, up to 60° from the normal
to the sample surface (for the Nanolab setup). In this work, linear (s and p) and
natural polarization of the radiation was used. To measure the spin polarization of a
photoelectron beam, it must be physically divided into two beams and directed into
two Mott detectors using electron lenses. One of the Mott detectors will measure the
S, and S, polarizations of the photoelectron beam, while the second one will measure
the S, and .S, polarizations. The S, polarization is called the out-of-plane component
in the case of normal emission, and the .S, polarization is called the Rashba component
in the case of measurements for angles along the R; axis. It should be noted that the
measured spin-resolved dispersion dependences reflect the spin polarization of the
initial states only if the spin polarization of the final state and the spin rotation and
flip effects depending on the radiation polarization do not contribute significantly to
the resulting spin texture during photoelectron emission [210—212].
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Figure 2.6 — Schematic illustration of a photoelectron spectroscopy experiment.

2.2.3 Procedure for processing spin-resolved ARPES data

Let us start with the calculation of the spin polarization, it can be obtained

as follows:

1 Ip—1
p_t L—1Ir

2.18
S I+ 1R’ (2.18)

where I and I are the intensities of scattered photoelectrons collected by the left
and right channels of the Mott detector, respectively; S is the Sherman function,
equal to 0.14 for the Nanolab detector.

The spin-up and spin-down intensities were calculated as follows:

1+ P 1—-P
— 2 X (IL + IR); Idown — 2

Iup— X (IL+IR)7 (219)

where [,, and I4,,, are the intensities of states with spin-up and spin-down

projections on a given axis.
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The statistical error of spin polarization can be calculated by the formula [213]:

1
AP = ————. 2.20
SVIp+Ir ( )

To reduce the statistical error, averaging over /N points of both the measured
data themselves and the polarization curve can be applied. As a rule, this is
accompanied by a N-fold decrease in the energy step of the spin spectra, which
increases the energy uncertainty but reduces the intensity statistical error.

The polarization curve averaging can be expressed by the formula [214]:

1 N
Puer = — Pz'a 2.21
~ 2_; (2.21)
with a statistical error
AP 1

AP,y = (2.22)

VN~ SYN (I +1n)

Accordingly, the Al 4o, €rror based on the 2.19 equation can be calculated as

1 1
Alupdown = 5/ I + IR\/ 14 2P 4+ P24 (2.23)

Thus, averaging over N points reduces the statistical error of measurements.

However, averaging over an excessive number of points should be avoided in order

not to lose the energy resolution of the experimental intensity peaks.
2.3 Synthesis and sample preparation

2.3.1 Description of techniques and samples under study

The following techniques, written in co-authorship with the candidate, were

used to synthesize the samples and prepare the surface for measurements:
— technique for cleaning the surface of refractory and transition metal single
crystals to atomic purity during research (certified at SPbU); describes

operations on cleaning of single crystals of refractory metals by the method of
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short-term high-temperature annealing and single crystals of transition metals
using ion etching under ultra-high vacuum conditions; details of substrate
cleaning are also described in Refs. [1; 117; 215; 216];

technique of permanent deposition of various metals with continuous control
of the thicknesses of the deposited layers during research (certified in SPbU);
is based on the experimental registration of quantum-dimensional effects in
thin metal layers on the surface of single crystals continuously during the
increase of the thickness of the deposited film, starting from submonolayer
thicknesses, using the ARPES method. The film thickness can be estimated
with an accuracy of up to tenths of a monolayer and controlled by the
observed spectrum of quantum well states by their energy and number. This
technique can be used in the fabrication of precision quantum nanoelectronics
devices and new nanostructured materials;

technique for testing the crystal structure of single crystal surfaces and
their orientation for investigation by photoelectron spectroscopy with angular
resolution based on high-resolution details of LEED patterns during research
(certified at SPbU); is used for correct orientation of a single crystal system in
the required crystallographic direction for further investigation by the ARPES
method of dispersion of energy bands along the selected directions of the
surface Brillouin zone with high symmetry;

technique for measuring the dispersion of energy bands and the structure of
occupied and unoccupied states by photoelectron spectra with high angular
and energy resolution during research (certified at SPbU); is used to study
the peculiarities of the electronic structure and dispersions of electronic states
in the required directions of the Brillouin zone;

technique of elemental and chemical analysis of solid surfaces by the method
of photoelectron spectroscopy of core levels; contains a description of the
main required technological operations to determine the presence of elements
in the sample and their chemical state using a photoelectron spectrometer
Thermo Fisher Scientific Escalab 250Xi;

technique of manufacturing and preparation of ultrahigh vacuum scanning
probe microscope tips for obtaining high resolution; describes the conditions
of tip preparation by electrochemical etching and high-temperature annealing

under vacuum conditions.
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Monocrystalline samples of magnetically doped topological insulators and
BiTel semiconductors with different concentrations of magnetic impurities were
synthesized at Novosibirsk State University by the Bridgman-Stockbarger method.
The impurity doping is expressed in atomic percentages, where magnetic V(Mn)
atoms mainly substitute Bi atoms. The doping level of V(Mn) x% in magnetically
doped BiTel corresponds to the stoichiometry Bii_y/100)V(Mn)/100)Tel, and in
the case of magnetically doped topological insulators Biy_y 100V 100Te2.45¢06 1
Biy 34—x/100Vx/1005b0.66 Tes. The clean surfaces of the samples were obtained by
cleavage under ultrahigh vacuum conditions.

In addition to single-crystal substrates W(110) and Pt(111), N-type and
semi-insulating Si-terminated 6H-SiC(0001) wafers purchased from TankeBlue
Semiconductor Co. Ltd. (Beijing, China) were used in this work (catalog numbers
W26NO0P-CPF and W26S0P-CPF, respectively). Influence on the conditions of zero-
layer graphene synthesis and further intercalation depending on the substrate type
was not found.

The amount of deposited Al, Co, Au, Pt, and Gd metal layers by physical
vapor deposition was controlled using quartz microbalance and varied in the range
from units to several tens A. The annealing temperature of the samples during
surface cleaning and further synthesis was determined using Keller CellaTemp PA
20 AF 2/C and PA 29 AF 22/C pyrometers. When synthesizing the zero-layer
graphene on 6H-SiC(0001), the sample temperature was determined using a Keller
CellaTemp PA 20 AF 2/C pyrometer with a luminosity factor of 0.6 for a measurement
angle of 60° from surface normal. The use of the same pyrometer and the same
measurement conditions ensured a high reproducibility of the synthesis temperature
with an accuracy of 20 °C, since otherwise different reconstructions on the surface
would be obtained.

Graphene was synthesized by chemical vapor deposition of propylene (CsHg).
For thin layers of Co(0001) and Pt(111) single crystal, previously unknown conditions
for the synthesis of single-domain, well-oriented graphene were found, which will be
given in the corresponding chapters of this work.

The Co film was magnetized by a current pulse through coils placed near the
sample (see Fig. 2.1 (f)). The peak value of the applied magnetic field at the sample

position and the decay time were 0.3 T and ~ 0.2 ms, respectively.
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2.3.2 Procedure for cleaning of Pt(111) single crystal

A special procedure was developed for the cleaning of Pt(111) single crystal
due to the increasing amount of carbon contamination in the crystal after multiple
syntheses of graphene on its surface by propylene cracking. Preparation of a clean
and atomically flat Pt(111) single crystal surface is important for the subsequent
synthesis of graphene by chemical vapor deposition. The articles [217—222] reported
the use of elevated temperatures in the range of 900 — 1230 K to synthesize graphene
with dominant 30° rotational domains relative to the platinum substrate. Such a large
difference in synthesis temperatures and in the area ratio of 30° rotational domains
to other domains may depend on the history of using the single crystal as a substrate
for graphene synthesis. It was found that after several repeated graphene syntheses
followed by single crystal cleaning, the fraction of misoriented domains with respect
to 30° domains of graphene increases. A possible reason for this behavior is the
insufficient cleaning of the Pt single crystal from carbon dissolved in the near-surface
layer after applying conventional cleaning procedures described elsewhere [15;
217—219; 221; 222]. Moreover, it has been reported that the 30° domain of graphene
can be synthesized by carbon segregation at an elevated temperature of 1600°C [223].
After cleaning, angle-resolved XPS measured at a sliding angle to the surface (to
increase surface sensitivity) and STM were used to detect the possible presence of
carbon-containing nanoclusters. To avoid the formation of clusters, the procedure for
preparing the pure surface of Pt(111) single crystal used in [15] was modified:

1. preliminary Art ion etching of the surface on the Oxford IonFab 300 setup

for 10 min at an ion incidence angle of 60°, an energy of 0.5 keV, and a
current density of 12 pA/mm?,

2. transfer to the sample preparation and analysis setup and annealing at 450 °C,

3. Ar™ ion etching of the surface with ion energies of 1.5 keV and 0.6 keV and
a current density of 0.4 pA/mm? for 2 hours for each ion energy,

4. short-term annealing for 15 s at 850 °C,

5. repeated O, treatment cycles for 1 hour (at 750 °C and partial oxygen
pressure of 2.6x 10~ mbar) and short-term annealing for 15 s (at 850 °C)
until a clean surface was obtained according to LEED, angle-resolved XPS
and STM data.
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After obtaining a clean Pt(111) surface, graphene was synthesized by cracking
propylene (C3Hg) at a pressure of 1.4x10~7 mbar and a sample temperature of
1050 °C for 25 min.

2.4 Density functional theory method

Over the past 30 years, density functional theory has been the main method for
quantum mechanical modeling of periodic systems. In the Kohn — Sham formalism,
this method replaces the intractable problem of several interacting electrons in the
field of atomic nuclei with a simpler problem of independent electrons moving in
some effective potential [224]. This effective potential includes the static potential
of atomic nuclei, the Coulomb repulsion, the exchange interaction, and the electron
correlation. The exact properties of the exchange-correlation potential continue to
play a central role in constructing approximations. In recent years, the local density
approximation (LDA) and generalized gradient approximation (GGA) have been
frequently used, but they do not take into account some features of the potential, such
as peaks and steps, which are crucial for predicting the static electric polarizability
and band gap, as well as for describing bond breaking and strongly correlated
systems [225]. It should be noted that the density functional theory method in
combination with structural optimization has proven to be quite accurate and effective
in obtaining results in a reasonable time frame. The use of the DFT method with
structural optimization in conjunction with neural networks and machine learning has
proven to be an effective way to search for new compounds [226; 227].

The electronic structure of the systems investigated in this work was calculated
in the OpenMX, VASP and WIEN2k software packages. The systems were modeled as
supercells in the approximation of periodic crystalline slabs. These calculations helped
to correctly interpret the experimental results obtained and more fully characterize
the synthesized systems. Direct work in the corresponding software packages was
performed by M. M. Otrokov and A. V. Tarasov. Some of the calculations were
performed in the resource center “Computing Center” of the SPbU Science Park.

The first-principles theoretical calculations of the Gr/Pt, ZLG/SiC(0001),
and Gr/CoSi/CoSiy interfaces were performed using the OpenMX package, which
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provides a fully relativistic implementation of the DFT with localized pseudo-atomic
orbitals [228; 229] and norm-conserving pseudopotentials [230]. The exchange-
correlation energy in the Perdew—Burke-Ernzerhof (PBE) scheme of the generalized
gradient approximation (GGA) was used [231; 232]. More detailed information
regarding the chosen basis functions, k-grid size, total energy convergence criterion
and other parameters can be found in the published papers [8; 10].

The theoretical calculation of Gr/Au was performed using the projector
augmented wave (PAW) method [233] implemented in the VASP code [234; 235].
The exchange-correlation energy was considered using the generalized gradient
approximation GGA [232]. The Hamiltonian contained scalar-relativistic corrections,
and the spin-orbit coupling was taken into account by the second variational
method [236]. The DFT-D3 approach [237; 238] was used to describe the van der
Waals interactions. Additional information on the calculation parameters is published
in the article [4].

Theoretical calculations of Gr/Pt,Gd, Au/Co(0001), and Gr/Au/Co(0001)
interfaces have been performed by the full-potential augmented plane-wave + local
orbitals method [239] implemented in the WIEN2k software code [240], together
with the generalized gradient approximation GGA in the PBE version [232]. The
spin-orbit interaction was taken into account by the second-variation method with
scalar-relativistic orbitals as basis functions [236]. The unfolding of the band structure
of the supercell was carried out according to the technique described in the work of O.
Rubel et al. [241]. Additional information on the calculation parameters is published
in the articles [5—7].

2.5 Auxiliary software

Unit cell drawings were created and presented using VESTA software [242].
STM data processing was performed using Gwyddion software [243] with the
functions of base alignment and two-dimensional fast Fourier transform filtering. The
remote control unit for the VUV5k ultraviolet radiation source of the photoelectron

spectroscopy setup Univer-M was created and used on the basis of Arduino controller.
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3. Induced spin-orbit interaction in thin metal layers

The search for new materials for spin filters (valves), the main task of which
is the generation of controlled spin-polarized current, has attracted great interest in
the spin structure of the surface of single crystals. In the absence of magnetic fields,
the spin polarization of the surface is due to spin-orbit interaction, which for quasi-
two-dimensional surface or interface states leads to their energy splitting and spin
polarization. For a single crystal with inversion symmetry in the volume, energy spin
splitting of surface states 1s observed according to the Rashba-Bychkov model due to
the potential gradient perpendicular to the surface (see paragraph 1.1.1). A pioneering
experiment by S. LaShell et al. found spin-orbit Rashba splitting for the Au(111)
surface state [114; 244]. The situation becomes more complicated in dielectrics, the
conducting two-dimensional states in the band gap are divided into two topologically
different classes depending on the symmetry of the bulk band structure: trivial (e.g.,
split Rashba states) and topological states protected by time reversal symmetry. In the
first case there is an even number of crossings by surface (edge) states of the Fermi
level between two points of the two-dimensional Brillouin zone invariant to time
reversal, and in the second case this number is odd [245]. It is natural to ask how the
electron states on the surface of heavy metals with strong spin-orbit interaction behave
in this regard. In addition to the Au(111) surface state, more complex “topological
metal” states were found on the Bi(114) [246] and Sb(111) [247] surfaces, which were
associated with the topological surface states of topological insulators [245; 248].

3.1 Electron states of the pure surface of single crystal W(110)
and with thin layers of Al

The valence electron states of bd character of pure W(110) surface and modified
by the adsorption of Al monolayer have been investigated by spin-resolved ARPES
(spin-ARPES). It is known that the two-dimensional states formed in thin metal films
on W(110) are strongly influenced by the spin-orbit interaction in the substrate [115;
117; 215; 216; 249]. This was first established for Li/W(110) [115], and spin
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Figure 3.1 — Spin structure of electron states with different localization of the wave

function: surface state (a), surface resonances (b), bulk states in the presence of a
surface (c¢), and for an infinite crystal (d). The spin-1 and spin-| states are indicated
by blue and red lines, respectively.

polarization of the states was measured for H/W(110) [249]. The adsorbed noble
metal layers [117; 215; 216] are also characterized by a large spin-orbit splitting
caused by the substrate and uncharacteristic of the layer elements, as it was found to
be much smaller on Mo(110) than on W(110) [115; 117].

The classical Rashba effect leads to a shift of quasi-two-dimensional states of
opposite spins in opposite k| directions, see Fig. 3.1 (a). In [250; 251], it was shown
that surface spin polarization depending on kj can be observed for bulk bands as
well. Although the Kramers degeneracy of the bulk states is not lifted (Fig. 3.1 (c)),
polarization appears on the surface due to spin-dependent reflection of Bloch waves
from the surface. In a surface-sensitive experiment using the spin-ARPES method, it
turns out to be possible to register the spin density beating of bulk states near the
surface [250]. In this case, an asymmetric spin structure is observed in the vicinity
of the I point (Fig. 3.1 (c)). In the context of the conducted studies, spin-polarized
surface resonances W(110) with a dispersion similar to the Dirac cone and a spin
structure qualitatively different from the classical Rashba picture and reminiscent of
topological surface states were discovered (Fig. 3.1 (b,c)).

The measured dispersion dependences E(kj) of the photoelectron emission
intensity along the I'S direction are shown for a pure W(110) surface in Fig. 3.2
(a) and for a surface covered with 1 monolayer of Al in Fig. 3.2 (b). The assignment
of the spectral maxima to the spin-1 state (blue lines) and spin-| state (red lines)
in Fig. 3.2 is made on the basis of the spin-ARPES spectra shown in Fig. 3.3. The

dispersion dependences of W(110) are in good agreement with earlier measurements
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Figure 3.2 — ARPES measurements for pure W(110) (a) and for AI/W(110) (b)

as the second energy derivative of the intensity. The distribution of the Rashba spin

component in panels (a) and (b) as blue and red lines is adopted from the spin-resolved

spectra shown in Fig. 3.3. The black dashed lines show the dispersion of the ARPES

intensity maxima in regions where spin-resolved measurements were not available due

to insufficient intensity/statistics. The white dashed line highlights the bulk projected
gap k. The label QWSI in panel (b) indicates the quantum well state in Al

in Refs. [115; 252; 253]. In photoelectron emission normal to the surface of the
single crystal, the spectra show the most pronounced surface resonance at a binding
energy of 1.3 eV, located in the spin-orbit pseudogap [252] (between I'7, and I's,
states [254]), to which the 3 and y dispersion branches converge (Fig. 3.2 (a)). The
dispersion branch of the « state is near the edge of the pseudogap (at the I point at a
binding energy of 0.8 eV). The measured branch y with spin-| polarization disperses
from 1.3 eV at the I' point to 2.3 eV at ki = 0.6 A~!, where it merges with the
edge of the I'S projected gap. The oppositely polarized branch (3 rises and reaches
the edge of the gap at 0.4 A~'. It should be noted that the « state has no second
spin-split component, and somewhat surprisingly, its polarization does not change
sign at the I' point. In Al/W(110), we also observe a separate state o (Fig. 3.2 (b)),
and here its spin polarization is clearly antisymmetric, i.e. spin-| for +k and spin-
for —kj. In this system, the {3 state is pronounced and polarized opposite to the
state. And the y state in AI/W(110) is much less intense than in pure W(110), but is
well distinguishable on the second derivative of the intensity with respect to energy,
especially at large angles, see Fig. 3.2 (b). This indicates that the dispersion branches
cross the line of constant energy an odd number of times between the points I' and S

and for a given energy interval between the lower edge of the o« branch and the lower
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Figure 3.3 — Spin- and angle-resolved dispersion dependences for pure W(110)
(a) and for AI/W(110) (b). The photoelectron intensity with spin-1 is shown by
blue triangles pointing upward, and spin-| by red triangles pointing downward. The
projection of spin onto the axis lying in the plane of the sample and perpendicular to

the wave vector component k| (Rashba component) is presented.

edge of the 3 branch (see the yellow dashed line in Fig. 3.2 (b)), implying a behavior
topologically different from the simple Rashba-Bychkov model.

To explain the unusual spin structure of the electronic states of the studied quasi-
two-dimensional systems, a comparison with the theoretical spin density distribution
shown in Fig. 3.4 and 3.5 was carried out. The ab initio calculations were performed
in a repeating slab geometry (29 atomic layers) using the self-consistent (in the local
density approximation) full-potential method of linearized augmented plane waves
(LAPW) [255]. Relativistic effects were taken into account within the two-component
approximation [256]. The total projected density of states (DOS) is shown in Fig. 3.4
(a) and (d) for W(110) and Al/W(110), respectively. It is defined as the sum over all
(discrete) A states with energy £ and Bloch vector k: N(E k) = >, 8(Exn, — E),
with the 6 function replaced by a Gaussian function with a full width of 0.2 eV at
half maximum. The local k|| projected DOS, with depth resolution, is the sum of
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Figure 3. 4 — Calculated deﬁs1ty.of states (DOS) and spin-ARPES intensity maps for

W(110) (top row) and Al/W(110) (bottom row). Projected DOS N(E k) along I'S:

total DOS (a) and (d); net-spin spectral density S(E.k|), (b) and (e); spin-ARPES

intensity maps, (c) and (f). The figure is taken from the paper [3]; the calculation was
performed by E. E. Krasovskii.

spin densities o integrated over the plane parallel to the surface z = const, with
r = (r),z): pkH % B) = [dr) 32, M))\kH( )[8(Exg, — E).

The net-spin spectral density S(E k) (Fig. 3.4 (b,e)) is the integral of the
spin density px, = pﬂu — piu on the interval z from the middle of the slab to the
middle of the vacuum region. The real spatial distribution S(£ k) is revealed using
a partial DOS AS with layer-by-layer resolution (Fig. 3.5 (a,b) for W(110) and Fig.
3.5 (e,f) for A/W(110)), where the integration in both cases is over half of the space
from the topmost W layer to the right, i.e., only for the vacuum region for W(110)
and for the Al monolayer and vacuum for A/W(110). Figure 3.5 (c,d) for W(110)
and Figure 3.5 (g,h) for AI/W(110) show the charge and spin density distribution in
energy and depth for £y = 0.1 A~!, indicating that the electronic states in the region
of the outermost atomic layers are spin-polarized, while weak oscillations py, (z) with
lattice periodicity remain in the depth of the crystal [251].

For a pure W(110) surface, two surface states S; and S, are observed, both of
which are spin-split. The structure of the spin DOS has a clear correspondence with
the dispersion branches of the ARPES intensity in Fig. 3.2 (a). As shown in Fig. 3.4
(b), the dispersion branches of states S| and S; join at the point &k = +0.3 A~ with
the branches of states o« and 3, respectively. The [3 state has higher spin density
and penetrates more deeply into the vacuum than « (see Fig. 3.5 (b-d)). The vy
state is the spin-orbit component of the 3 state with opposite spin: they intersect
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Figure 3.5 — Spatial distribution of total and net-spin spectral density for W(110) (top

row) and AI/W(110) (bottom row). Partial DOS from the top W layer and vacuum

(a) and from the top W layer, Al layer and vacuum (e), and net-spin DOS AS, (b)

and (f), see text. Projected local depth-resolved net-spin DOS p(z,E), (¢) and (g), and

total DOS p(z,E), (d) and (h) for k| = 0.1 A~!. Half of the slab is shown, vacuum

is on the right. Ticks on the horizontal axis denote atomic layers. The figure is taken
from the paper [3], the calculation was performed by E. E. Krasovskii.

at the T’ point with a linear dispersion relation. The presented Fig. 3.5 (a-d) show
that the spin-polarized features have a bulk origin for £ < 0.3 A~'. On the other
hand, they have a maximum intensity at photon energy ~ 62 eV, and their energy
position does not change with photon energy, indicating their quasi-two-dimensional
origin (see Fig. 3.6). The intensity of these states has a resonance character depending
on the photon energy, which is characteristic of surface states with the appearance
of additional intensity peaks in the case of surface indirect transitions to the final
state [257]. Thus, summarizing the results of the analysis of experimental and
theoretical data we can conclude that the states are surface resonances near the T’
point, localized also in deeper layers of tungsten than the surface states.

The observed spin structure of electronic states is characteristic of topological
insulators, but is found on a metallic surface. This analogy raises the question of
whether the linear dispersion dependence is preserved under surface perturbation.
The answer is given by comparison with the Al/W(110) system, for which the « and
[3 states are still present inside the continuum of bulk states, but their polarization
changes strongly, especially the total spin density S of the o state near I is enhanced
(Fig. 3.4 (e)). Interestingly, unlike the pure W(110) surface, the 3 and y states do not

have a linear dispersion dependence in the vicinity of the I' point, but pass through



77

Binding energy (eV)

40 60 80 100 120 140 40 50 60 70 80
Photon energy (eV) Photon energy (eV)
Figure 3.6 — (a) Energy positions of the maxima of photoelectron peaks in the valence

band of the pure W(110) surface at normal emission as a function of photon energy.
Symbols of different shapes and colors indicate data from different experiments. The
lines show the theoretical dependence based on the calculation in the I'N direction
without the spin-orbit interaction [258]. (b) Dependence of the intensity of tungsten

surface resonances on the photon energy.

a turning point. In this case, the surface states change dramatically: instead of two
weakly split pairs S; and S,, two strongly polarized states S| and S; are formed,
which connect to the dispersion branches of the states « and 3, respectively. Here
we encounter the “topological metal” behavior: over a substantial energy interval,
only the {3 state is present, which transitions to the S; state as the magnitude of
quasi-wave vector increases.

To relate the measured spin polarization of the photoelectron current to the
spin structure of the initial states, the ab initio one-step photoelectron emission theory
described in [250] was applied. The final states are time-reversed low-energy electron
diffraction states obtained in the scalar-relativistic approximation using the inverse
linearized augmented plane wave method as explained in [259].

In the calculations presented in Fig. 3.4 (c) and (f), the angle of light incidence
1s fixed at 55° relative to the surface normal, so the left-right asymmetry of the
theoretical energy — quasi-wave vector distribution of the total spin photoelectron
current is solely a final state effect. The experiment of photoelectron spectroscopy
breaks the symmetry of the system, so the spin polarization of the measured current

does not correspond to the spin polarization of the initial states: the total intensity
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(spin polarization) is not symmetric (antisymmetric) with respect to the I" point. This
final state effect, in particular, can be seen for the spectrum at 8 = 0° in Fig. 3.3
(a) and the calculated spectrum at k& = 0 in Fig. 3.4 (c), which show both the o
peak polarized by spin-1 and the 3 peak polarized by spin-|, while the resulting spin
density in Fig. 3.4 (b) vanishes due to the invariance of the system relative to time
reversal. Moreover, both the measured and calculated photoelectron current are much
more strongly spin-|. polarized at —k than spin-1 polarized at +%. This also explains
the spin-1 polarization of the o branch for both —k; and +#%, which is stronger at
—kj, in agreement with experiment.

Finally, we note the interesting behavior of the S| and S; states on Al/W(110)
at the Fermi level and above, which is outside the measured energy range (Fig. 3.4
(¢)). As the magnitude of quasi-wave vector k) increases toward positive values, the
dispersion branches intersect and pass an inflection point (with a decrease in the
binding energy of the S| state and an increase in the binding energy of the S, state).
This means that by adjusting the binding energy of the crossing point relative to the
Er level (e.g., by surface doping), one can control the scattering properties of the
surface states, since the number of incident and reflected waves changes rapidly with
energy. This unusual dispersion dependence near the Fermi level is interesting for
applications in spintronics because it opens up the possibility of manipulating surface
spin currents across a one-dimensional boundary [260].

To summarize, we can conclude that the spin-split surface states on W(110)
and Al/W(110) propagate into the bulk continuum, forming continuous dispersion
lines at large k| intervals with the states in the bulk projected band. This allows us to
characterize the spin structure of metallic surfaces in terms of the topology of these
lines. Spin-resolved electron density analysis provides important information on the
origin and nature of surface states/resonances. Both W(110) and AI/W(110) exhibit
a topology that is very different from both the case of spin-split Rashba surface
states and the Dirac cone in topological insulators: a change in the sign of the spin
polarization of one individual state o in the vicinity of the point I'. At the same time,
dispersion branches with a linear dependence are observed in W(110) in the vicinity
of the I' point (the § and 7y states), which, upon deposition of an Al monolayer,
becomes parabolic due to their three-dimensional origin.

The results of this work were first presented at the WE-Heraeus-Seminar
“Rashba Effect and Related Spin-Orbit Effects in Metals” [105] and published
in [1—3]. The discussion about the topology of spin-polarized states in the vicinity of
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the I' point W(110) continues. Despite the experimental evidence of the trivial nature
of the electron states near the I' point [261; 262], the theoretical work [263] shows
the importance of the W(110) surface relaxation and the possibility of the existence
of metallic topological states. A nonzero compressive strain opens an inverted band
gap at the H point of the bulk Brillouin zone of tungsten. At the same time, the mirror
Chern number turns out to be nonzero, which confirms the topological character of
the formed surface states, which are protected by mirror symmetry, as in crystalline
topological insulators.

3.2 Avoided-crossing effect of dispersion dependences of

quantum well states and substrate states

Quantum-dimensional effects can strongly modify the electronic structure and
properties of metallic layers (films) and multilayer systems [24; 264]. The layer
thickness is the main, but not the only important parameter for quantization. The
electronic band structure of the layer material and the barrier material also has a
significant influence on the electronic structure of the quantum system. In the simple
case of a quantum film, the barriers are the interfaces with the vacuum and with the
substrate. Intuitively, it is clear that only the absolute bulk projected band gap in the
substrate provides electron confinement in the quantum film. However, as experience
shows, a local (relative) band gap that exists only for a certain range of electron
energy and wave vector, or a band gap for a certain wave function symmetry (e.g.,
s, p, and d character) that appears for different atomic numbers of the layer and the
substrate, leads to electron confinement and quantum well states (QWSs). Explanation
of these different cases within the same system was made with the help of the phase
accumulation model, which calculates the phases of electronic states accumulated
during reflection from the barriers (interfaces) of the quantum film [24; 265—268].
The phase of the reflected wave depends on the energy and the width of the band
gap in the substrate. The dependence of the QWSs on the electronic structure of the
substrate was first investigated as a function of the film thickness, i.e., the width of
the quantum well [267—270]. In these studies, the two-dimensional quasi-wave vector

k|| in the film plane was kept zero, corresponding to the center of the two-dimensional
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surface Brillouin zone, and in photoelectron spectroscopy with angular resolution —
to emission in the direction normal to the film surface. The effect of the substrate’s
band gap width has been studied by ARPES for Ag films on Cu(111) [267] and
Ni(111) [269], and for Au on W(110) [270]. At certain values of k| outside the normal
emission, the influence of the electronic structure of the substrate can manifest itself
in a change in the effective mass of electrons, leading to a change in the curvature
of the QWS dispersion E(k)) [271; 272].

It has been found that in thin quantum films the effective mass increases
strongly [271; 272]. Moreover, away from the center of the Brillouin zone,
the QWS dispersions experience kinks where they enter the substrate band gap
in Al/Si(111) [273] and Ag/Ge(111) [274—277]. Similar kinks and splittings
near the edges of substrate band gap were observed in Ag/Si(100) [278],
Mg/W(110) [279—281] and Cu/Co(100) [282]. It has been observed that the effect
of crossing states between the QWS and substrate states plays a significant role
and can lead to the evolution of a QWS of a certain quantum number into a QWS
with a different quantum number [282]. Replacement of the vacuum interface with
a different material also leads to strong changes in the phases of the QWSs [283;
284] and similar effects of modification of the QWS dispersion dependences as those
caused by the substrate, including kinks (e.g., for Ag(111) layers coated with one
third of a monolayer of Bi [285; 286]). The splitting of the QWS peak at the edge
of the substrate band gap was observed for Ag/Ge(111) and was interpreted as a
multi-electron effect [287]. On the other hand, the ARPES method is closely related
to the registration of final state effects in the process of photoelectron emission.
However, if one studies the QWS behavior in the deposited layer of the material
of interest instead of direct transitions for bulk single crystal, the influence of the
final state effects can be avoided [269; 273]. Thus, the substrate states with band
gap positions can be recovered by analyzing the QWS dispersion, which is especially
interesting for high electron correlation, for example, in semiconductors [273] and
correlated d metals [269]. For an Ag layer on W(110) with a thickness of 1 monolayer
(ML) (2 ML 1n ref [270]), it was demonstrated that the interaction of QWSs with the
substrate through the effect of preventing the crossing of dispersion dependences (the
avoided-crossing effect) allows one to recognize the parity of substrate states [288].

The substrate affects also the spin electronic structure of the adsorbed film
and can lead to the induced spin polarization of QWSs. In particular, the appearance

of the induced spin polarization of QWSs at the Fermi level due to the exchange
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interaction in the noble metal layers located between the ferromagnetic layers is
the main reason for the long-range oscillating magnetic interaction in spin valves
with giant magnetoresistance [24—28]. The influence of the substrate on the spin
polarization of QWSs has also been revealed in the study of materials with strong
spin-orbit interaction [37; 38; 40; 289]. Substrate-induced spin-orbit splitting was
found for interface and quantum well states in monolayers and ultrathin films of
noble metals (Cu, Ag and Au) on the heavy metal substrate W(110) [37; 38; 40;
289]. If only the material of the quantum film and not the substrate possesses strong
spin-orbit interaction, this also leads to spin-orbit splitting of the QWSs, which was
observed for Pb/Si(111) [39]. The observed energy splitting of the QWSs in light
metal Mg films [279; 281] formed the basis of a project to investigate Al quantum
films on W(110). The main questions to be answered in the studies were formulated
as follows: how do the QWSs in Al layer interact with substrate states and what is
the effect of film thickness; how do the parabolic dispersions of QWSs change when
crossing substrate bands in contrast to the behavior of a quasi-free electrons; how is
the spin structure of QWSs modified by the substrate compared to the QWSs of a free
film, and how can this be explained in terms of the avoided-crossing effect?

Figure 3.7 shows the dispersion dependences E(k|) of interface and quantum
well states of ultrathin Al films on W(110), measured in the I'S direction of the
surface Brillouin zone for different Al thicknesses. In Fig. 3.7 (a), the corresponding
dispersion dependences for the pure W(110) single crystal surface are shown for
comparison. The edges of the bulk projected band gap of W(110) are marked by
dashed lines [258]. The characteristic features of the electronic structure of the
atomically pure W(110) surface are surface resonances of 5d character [252] located
at normal emission (emission angle 0°) at binding energies of about 0.8 and 1.3 eV,
the dispersion branches of which extend up to the border of the local W band gap.
As shown in the previous paragraph, two dispersion branches with linear dependence
along the T'S direction intersect in the region of binding energy of ~ 1.3 eV and near
I point. After deposition of 1 to 3 monolayers of Al, these states are transformed into
Al-W interface states, which already propagate into the W band gap region (see the
blue and red lines in Fig. 3.7 (b)).

The resulting interface states, marked as I' and ", have the maximum intensity
in the center of the band gap. The states practically become dispersionless, preserving
their splitting inside the entire band gap. In addition, at a thickness of 2 ML Al, a
QWS with n = 0 1s formed (marked as SS in Fig. 3.7). As the thickness of the Al film
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Figure 3.7 — ARPES intensity maps measured for a pure W(110) surface at photon
energy hv = 65 eV (a) and for 1 — 15 ML Al on W(110) at photon energy hv = 62
eV (b-e,g). The labels I' and I" denote the interface states formed at thicknesses of 1,
2, and 3 ML. The SS label corresponds to the Al(111) surface state, and labels 1 to 4
correspond to the QWSs. The data are presented as the first derivative of the intensity
with respect to the binding energy. The edges of the W projected band gap onto the
surface are marked with dashed lines, and the edges of the W band of 6p character
are marked with two straight dashed lines. The interaction between the QWSs and
interface states i1s shown by lines in blue for spin-up and red for spin-down, according
to spin-ARPES measurements. The sketches in (f) and (h) show the intersection of
the spin-split interface states by one (f) and two (h) QWSs.
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increases, this state transitions to the Al(111) surface state. It is located at a binding
energy of about 3 eV at normal emission and has a parabolic dispersion with breaks
in the places of intersection with the edge of the projected W band of 6p character.

Increasing the thickness of the Al layer from 2 ML (Fig. 3.7 (c)) to 3 ML
(Fig. 3.7 (d)) does not lead to a strong modification of the dispersion dependences
of the interface and quantum well states. They are very similar to those observed at
2 ML Al, however, with some energy shift of the SS state (to the binding energy of
~ 3.2 eV) and a slight modification of the interface states in the W-derived band gap.

The interface states for 3 ML Al are clearly visible and are marked with red
and blue lines (I' and I") for comparison with other dispersion dependences presented
in Fig. 3.7. As noted above, these states are formed by hybridization between the
electronic states of the W surface and the deposited Al layer and are localized at
the interface. At a thickness of 3 ML, the intersection of the dispersion branches
of the interface (I' and I") and SS state does not occur and they do not affect each
other. The interface states are modified when the second and third atomic layers of
Al are deposited. After the completion of the formation of 3 monolayers, these states
stabilize, and further deposition of Al does not lead to fundamental changes in their
energy and splitting.

To analyze the spin structure of the split interface states, the corresponding
spin-resolved spectra for 3 ML Al and thicker layers were measured. In Fig. 3.8 (a)
and (b), the corresponding series of spin-integrated and spin-resolved ARPES spectra
are shown for different polar angles with respect to the surface normal. The values
of the polar angles are shown on the right side of the presented spectra. The
spin-integrated photoelectron emission spectra (Fig. 3.8 (a)) corresponding to the spin-
resolved spectra in Fig. 3.8 (b) are marked with blue lines. Figure 3.8 (b) shows that
the interface states I' and I" are almost completely spin polarized. The corresponding
spin orientations are consistent with the Rashba model and are shown in Fig. 3.8 (a)
and (b) by red and blue symbols and corresponding arrows. The W-derived band
gap region is shown by thin black lines. The presented spin-resolved spectra indicate
the spin polarization of the interface states and allow an accurate determination of
their energies.

For the thickness of 12 ML Al (Fig. 3.7 (e)), the region of spin-polarized
interface states in kj-space is crossed by the dispersion branch of the quantum well
state with n = 2, and its significant modification occurs. The QWS is split into two

parts with opposite spin directions due to the Rashba effect. Consequently, each part of
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the QWS interacts with the interface states with the same spin projection. In the region
of the expected intersection of the QWS and spin-polarized interface states, there is a
avoided-crossing effect that violates the parabolic dispersion dependence of the QWS.
A sketch of such a spin-dependent avoided-crossing effect of the dispersion branches
is shown in Fig. 3.7 (f). There is significant spin splitting at the expected intersection
site. In regions away from this intersection, the spin splitting is much smaller, and
the QWS dispersion in these regions, is independent of the avoided-crossing effect.
Thus, as a result of the avoided-crossing effect, a “branching” of hybridized spin-split
states is formed. For polar angles < 10°, a pronounced spin splitting is observed at the
intersection of QWS with n = 2 and interface states and a significantly smaller spin
splitting far from the intersection (for polar angles > 10°).

At a thickness of 15 ML Al, two dispersion branches of the QWSs cross the
interface states (Fig. 3.7 (g)). As a result, the formation of at least three pronounced
curved dispersion branches (Fig. 3.8 (¢)) and four spin-polarized branches in the W
band gap region (Fig. 3.8 (d)) 1s observed in photoelectron emission spectra. This
situation is represented as a sketch in Fig. 3.7 (h). When the QWSs cross the W 6p
states (the edges of the band are shown in Fig. 3.7 by dashed lines in the energy
region between 2 and 4 eV), some bending of the QWS branches is also observed.
However, in this case their modification is less significant. Moreover, no large spin
polarization of the QWSs in this region is observed. Only some broadening of the
peaks and curvature of the dispersion branches in the crossing region take place.
The observed changes in the electronic structure are close to those described for the
systems Al/Si(111) [273], Ag/Si(100) [278], and Ag/Ge(111) [275; 277; 287].

Thus, we observe strong changes in the dispersion dependences of the QWSs
derived from the Al sp band in Al(111) films on W(110). Some of them exhibit large
spin-orbit splitting, unexpected for Al with its small nuclear charge (Z = 13). By
detailed studies of different thicknesses, we were able to distinguish between a range
of small thicknesses (1-3 ML) and a range of large thicknesses (4 — 15 ML). The
range of small thicknesses allows observing states with anomalously large (~ 0.5 eV)
spin-orbit splitting independent of k using the ARPES method. They appear inside
the bulk projected band gap of W(110) and refer to the Al-W interface states, the
nature of which is related to the electronic structure of the W(110) surface. In the
higher thickness range, the QWSs are both outside and inside the bulk projected band
gap of W(110) with higher two-dimensional localization and photoelectron emission
intensity in the latter case. When the dispersion branches E(k)) of these QWSs cross
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Figure 3.9 — (a) A series of spin-integrated ARPES spectra for different polar angles

for 18 ML Au. (b) ARPES intensity map in the form of the second energy derivative.

The dotted lines mark the edges of the band of W 6p states. The photon energy hv is
62 eV.

the corresponding branches of the interface states, they interact in the crossing region.
The interaction leads to the formation of hybridized binding and antibonding states
located at higher and lower binding energies than the expected intersection and the
opening of the corresponding local energy band gap. Each state is found to interact
with a state of the same spin. Since the interacting interface states are initially spin
polarized with a large spin-orbit splitting, the resulting binding and antibonding states
are different for each spin orientation. Where the two QWSs branches cross the
interface states, the spin-dependent avoided-crossing effect leads to the formation
of a characteristic “loop” of spin-split hybridized states.

The observed spin-dependent avoided-crossing effect has a general character
valid for any system in which states with pronounced spin splitting intersect with
states with weaker splitting. Thus, a large spin-orbit splitting is observed for electronic
states localized on atoms of a light element such as Al, even when these atoms
are located in a quantum film at a distance of several interatomic distances from
the heavy element.

The effects of hybridization of the QWSs and sp substrate states are of a general
nature and can also be demonstrated by the example of an 18 ML thick Au(111) film
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on W(110). Figure 3.9 shows the ARPES data in the ['H direction of the surface
Brillouin zone of W(110), which corresponds to the 'K direction for Au(111). The
electronic structure calculations of the Au(111) single crystal presented in [290] are in
excellent agreement with the measured dispersion dependences. Some intense surface
states are labeled as “SS” in the figure. The parabolic dispersion branches of the
QWSs in the Au layer experience kinks in the region of localization of substrate states
of sp character, marked by dashed lines in Fig. 3.9 (b). The kinks are evidence of a
change in the effective mass of nearly free QWSs upon hybridization with the bulk
states of the substrate, i.e., there is a deeper penetration of QWSs into the substrate.
Similarly, the parabolic dispersion dependence of the Au(111) surface state when
approaching the localization region of the Au(111) sp band and the corresponding
QWSs experiences a kink due to their hybridization and deeper penetration of surface
state into the Au(111) layer. This kink is shown in Fig. 3.9 (b) by an arrow. In [291],
the time-resolved ARPES method was used to show the behavior of the dispersion
dependence of the surface state in more detail, including the energy region above
the Fermi level.

In this section we have shown on the example of ultrathin layers of Al and
Au on the surface of single crystal W(110) that QWSs formed in thin layers can
hybridize with interface states at the boundary of the single crystal, with the bulk
states of the substrate and with the surface states of the metal layer. Hybridization is
observed in the form of avoided-crossing effects and bends of dispersion dependences.
At the same time, the ARPES study of electronic states in thin layers allows us
to obtain information not only on the surface structure, but also on the structure
of the interface between the metal layer and the substrate and on the structure of
the substrate itself. Thus, by analyzing the behavior of dispersion dependences, it is
possible to obtain information about localized electronic states in the depth of the
grown epitaxial system, which are inaccessible for direct measurement due to the
surface sensitivity of the ARPES method.
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3.3 Findings

The spin polarization of electronic states of W(110) and Al/W(110) surfaces
has been investigated by photoelectron spectroscopy with angular and spin resolution.
Spin-polarized surface resonances with a Dirac cone-like dispersion E(k|) and a
spin structure qualitatively different from the classical Rashba-Bychkov model and
reminiscent of topological surface states have been found on both surfaces. It is found
that the photoelectron emission process affects the spin polarization of the intensity,
in particular, it causes polarization of the spectra at normal emission. Nevertheless,
the measured spin polarization of electronic states is a property of the ground state
and 1s analogous to the Rashba-type spin polarization of bulk states on the surface.

Despite the low atomic number, the electronic states in Al films are
characterized by large spin-orbit splitting during epitaxial growth on W(110). The
spin-ARPES experiment revealed two types of spin-split states as a result of spin-
orbit interaction: quantum well states with Rashba-type splitting proportional to the
electron wave vector k in the film plane (Rashba parameter g ~ 7 X 102 eV-A),
and interface states at the substrate boundary with large splitting (~ 0.5 eV). The
dispersion dependences E(k|) of this pair of interface states change insignificantly
with increasing layer thickness up to three Al monolayers. For thicker layers, a
pronounced spin-dependent avoided-crossing effect of the dispersion branches of
quantum well states with interface states is observed, which leads to their enhanced
spin-orbit splitting in Al layers up to 15 monolayers thick.
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4. Study of magnetically doped systems with strong
spin-orbit interaction

Topological insulators (TIs) are new materials that have a bulk band gap like
conventional insulators, but cannot be adiabatically coupled to them by a smooth
change of the Hamiltonian parameters and have topologically protected conducting
states at their edge or surface [245]. These states are possible due to a combination of
spin-orbit interaction and time reversal symmetry. Two-dimensional (2D) topological
insulators (Chern insulators) exhibit the quantum spin Hall effect, which is a close
relative of the integer quantum Hall effect. A three-dimensional (3D) topological
insulator is characterized by spin-polarized two-dimensional Dirac fermions on its
surface and the corresponding Z, topological invariant.

Surface spin-polarized currents in 3D TIs generated by an electric field
applied along the surface, including at room temperature [292], can be effectively
used to remagnetize contacting ferromagnetic nano-objects due to the spin-orbit
torque effect [54—56]. Spin-polarized currents can also be generated using circularly
polarized laser radiation in magnetically doped TIs [293] and in Rashba systems
with helical spin texture (BiTel) [294]. The possibility of efficient generation of spin-
polarized current in TI using circularly and linearly polarized laser and synchrotron
radiation was shown in the works [293—303].

Another important effect that can be utilized in spintronics is the photovoltaic
effect (PVE), which is related to the laser-generated surface photoelectricity in
TIs [202; 203; 304—312]. A time-resolved laser pump-probe experiment [202; 203;
305—309; 311; 312] is commonly used to study this effect lately. The PVE in such
experiments manifests itself as ultrafast photodoping of the electronic structure of TI
by laser pulses [202; 305—309] and is proposed to be used as a source for generation
of pulsed spin-polarized currents [295—298; 310; 313] and a tool for ultrafast control
of them [202; 305—312; 314]. In magnetically-doped TIs, such laser pulses generating
spin-polarized currents are expected to be accompanied by the corresponding induced
magnetization.

Unfortunately, it is still not clear whether the laser-generated PVE in TI is
predominantly a bulk effect or a surface effect? Is it a separate effect related to the

choice of a particular material or a general phenomenon for similar systems? How
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can PVE lead to the generation of a surface spin-polarized current? PVE has been
previously observed in GaAs, Si, graphene [315—318] and some kinds of TIs [319;
320] with a significant change in the generated photo-EMF from a few meV to 100
meV [202; 306—309; 312] depending on the position of the Dirac point relative
to the conduction band and valence band. At present, several types of PVEs are
known [315], including those generated by bulk separation of electrons and holes or
by a shift of the electrochemical potential compared to the ground state potential. The
latter is due to the ultrafast accumulation of photoexcited electrons on unoccupied
states [202; 305—309]. However, the question of the dependence of the PVE on the
position of the Dirac point relative to the fundamental band gap and the Fermi level

requires additional studies.

4.1 Giant two-dimensional laser-induced photovoltaic effect in

magnetically doped topological insulators

In this section, we consider a two-dimensional photovoltaic effect detected for
the first time on the surface of magnetically doped TI. It will be shown that this
effect is associated with the surface accumulation of photoexcited electrons and is
accompanied by spin-polarized currents with zero bias flowing along the surface
beyond the localization of the laser spot. The studies of the PVE of various TIs
have allowed us to determine the dependence of the effect strength on the electronic
structure (the position of the Dirac point and the degree of filling of the upper Dirac
cone).

Vanadium-doped TIs with  stoichiometry  Bij 97V 3Tes45eps  and
Bii31Vo.035bpgsTes and a significantly different position of the Fermi level and
Dirac point relative to the conduction band and valence band edges were used for the
experiment. The investigated TIs are characterized by a bulk Curie temperature
of about 2.5 K (which is typical for magnetically doped TIs with a similar
concentration of magnetic impurity [321—328]) and a significantly higher surface
Curie temperature [329]. This can be evidenced by the discovery of the band gap at
the Dirac point in surface-sensitive photoemission spectra (see, e.g., [322; 323]). Thus,

the investigated TIs at 11 K can be considered as materials with paramagnetic volume
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Figure 4.1 — Intensity maps with corresponding TSS dispersion dependences

measured by time-resolved ARPES with pump and probe pulses at 11 K for
Bii 97 Vo.03Tea.4Seq 6 - (), for Bij 31 V.035bo.e6Tes - (b) and Bij 4Sbg¢TesgSer s - (c)
at different pump pulse power (2 and 20 mW) and their energy shift relative to the
dispersion maps measured for the initial “no pump” spectra. The zero-energy positions
in the presented ARPES intensity maps correspond to the initial positions of the Fermi
level in the maps “no pump”. The corresponding TSS intensity profiles at the cutoff
energies indicated by the white dashed line are presented below each ARPES intensity

map.

and two-dimensional surface magnetic layer. Additionally, for comparison, pure TI
with stoichiometry Bi; 4SbggTe; gSeq 0, similar to those presented in the literature on
the study of PVE, was investigated under the same experimental conditions.

The results of the PVE experiment using the pump-probe method are shown in
Fig. 4.1 for the above-mentioned TIs, pure and vanadium-doped (Biy 97 V.03Tes.45€¢p 6
—(a), Biy.31Vo.035bg.66Tes — (b), and Bi; 4Sbg ¢ Teq gSe1 2 — (¢)). The presented ARPES
intensity maps show the energy shifts in the electronic structure of TI induced by the
pump pulse. To show the PVE magnitude more clearly, Fig. 4.1 shows the ARPES
intensity maps measured under excitation with a probe pulse (the so-called “no-
pump” spectra) and under pump-probe pulse excitation with the maximum pump
pulse power (20 mW). For Biy 97V03Te2.45¢0 6, the ARPES intensity map measured
at a pump pulse power of 2 mW is also shown for comparison. The detailed energy

shift dependences of the Dirac point position and Fermi level estimated from the
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Figure 4.2 — Changes in the energy positions of the Fermi level — (a) and Dirac point
— (b) in photoelectron spectroscopy spectra relative to those observed for the initial
“no pump” spectra, as well as the energy distance between the Fermi level and the
Dirac point position — (¢), during the pump-probe experiment measured at a sample

temperature of 11 K and with a pump pulse power variation from 2 to 20 mW.

measured dispersion dependences in the ARPES intensity maps for all pump pulse
power values from 2 mW to 20 mW are shown in Fig. 4.2 for the investigated TIs.

From the analysis of the dispersion dependence on the ARPES intensity maps
(“no pump” spectra), we can see that the topological surface states (TSSs) for
Bii97Vo.03Tes45¢ep ¢ (Fig. 4.1 (a)) have a metal-like character with the location of
the Fermi level in energy above the bottom of the conduction band. The conduction
band states appear as a pronounced feature near the Fermi level located at the center
of the Brillouin zone (k; = 0). The Dirac point is located inside the fundamental
band gap, with the TSSs above the Dirac point (upper Dirac cone) almost completely
occupied. For the second sample with stoichiometry Bij 31 V(.035bg.¢sTes (Fig. 4.1
(b)), the Fermi level is located already inside the fundamental band gap, rather close
to the upper edge of the valence band. At the same time, the Dirac point for this
sample is located slightly below the upper edge of the valence band. The states of the
upper Dirac cone are only partially occupied, i.e., the TSSs are largely unoccupied.
The electronic structure of pure TI Bij 4Sbgg¢Te; sSe1 o (Fig. 4.1 (c)) is somewhat
similar to that for Bij 31 V.035bg.¢6Tes, only with the Dirac point located inside the
fundamental band gap and outside the valence band.

It is important to note that the maximum PVE is observed for vanadium-
doped Ti with stoichiometry Bij 97V 03Tes 4Seg ¢ (see Fig. 4.2), which is characterized
by almost completely filled TSSs and localization of the Dirac point inside
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the fundamental band gap. An anomalously large energy shift of the dispersion
dependences (up to 210 meV in the kinetic energy scale of photoelectrons) in the
ARPES intensity maps and the corresponding Fermi level (compared to the “no-
pump” maps) can be distinguished. This shift increases with increasing pump pulse
power (see Fig. 4.2) up to a power of 4 — 5 mW, after which it practically reaches a
constant level without significant change up to the maximum used power of 20 mW.
It should be noted that the energy shift of the ARPES intensity map (PVE magnitude)
measured for this type of TI is significantly higher than that reported in the literature
for other types of TI [202; 312].

Interestingly, for the second kind of magnetically doped TI Bi; 31 V.035bg.¢6Tes
(Fig. 4.2) with a Dirac point located inside the upper part of the valence band and
practically unoccupied states of the upper Dirac cone, the observed magnitude of the
PVE is close to zero. In other words, the energy shift for this sample is not observed at
any pump pulse power up to 20 mW. At the same time, for TI Bi; 4Sbg ¢ Teq sSeq 5 the
shift of the Dirac point position reaches a value of about 50 meV with a simultaneous
shift of the Fermi edge of about 90 meV. This difference is determined by an additional
shift of the non-stationary electrochemical potential caused by the ultrafast population
of states above the initial Fermi level due to scattered photoexcited electrons, as
in [202; 305—309].

From the analysis of the presented results, we can conclude that, when the
Dirac point is located inside the fundamental band gap, the PVE magnitude is mainly
determined by the degree of occupation of the upper Dirac cone of TI. The laser-
generated photo-EMF correlates with the initial value of the energy distance between
the Fermi level and the position of the Dirac point in the electronic structure of
TI. On the other hand, when the Dirac point is located inside the valence band, the
PVE magnitude decreases significantly. For Bij 97V 03Tes45¢ep¢ with a high filling
of TSSs (E% — EY)) ~ 450 meV (see the original spectrum “no pump” in Fig. 4.1),
the magnitude of the PVE reaches a value of about 210 meV. The localization of
the Fermi level inside the conduction band does not play an essential role for the
magnitude of the observed PVE. On the contrary, for Bij 31 V.035bg.gsTes with low
TSSs filling (EY — E%) ~ 80 meV and localization of the Dirac point inside the

valence band, the observed PVE magnitude is close to zero.
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Main factors responsible for the giant photovoltaic effect

Let us analyze the main factors leading to the observation of a giant PVE.
First of all, it can be seen that the ARPES intensity map for Bij 97V03Tes45€p6
shows an almost rigid shift of the kinetic energy scale upon excitation by the pump
pulse. It can be assumed that the observed energy shift is determined by photoinduced
local charging of the surface inside the spot of the laser beam, as well as by the
fact that there is an accumulation of scattered photoexcited electrons directly near
the surface with a subsequent band bending toward higher kinetic energies. It has
previously been suggested [202; 305—309] that the PVE may be related to the
accumulation of scattered photoexcited electrons on the lower unoccupied states of
the conduction band or unoccupied TSSs. As a result, a time-dependent increase in the
electrochemical potential was observed, clearly visible in the ARPES intensity maps
as a shift in the position of the Fermi level [202; 305—309]. For Biy 97 Vg.03Tes.45€p6,
the presented ARPES intensity map fails to distinguish a well-observed population of
states above the initial Fermi level position. At the same time, a slight increase in the
energy distance Er — Ep by 30 — 50 meV can be observed in the spectra under pump
pulse excitation (see Fig. 4.2). Nevertheless, this shift is much lower than the observed
value of the laser-generated surface photo-EMF and cannot explain the observed PVE.

Note that for pure TI Bi; 4Sbg¢Te; sSe; 2, the increase in the energy distance
(Er — Ep) associated with the change in the electrochemical potential with increasing
pump pulse power is already more pronounced (Fig. 4.2). At the same time, one can
also distinguish rigid energy shifts of the positions of the Dirac point and the Fermi
level around 40 meV, similar to the local charging effect. This value is much lower
than the value of the rigid shift observed for the first sample. This implies that for
Bi; 4Sbg¢Te; gSe; o the PVE is largely determined by the growth of the quasi-static
electrochemical potential, which occurs due to the filling of the TSSs upon laser
excitation and subsequent relaxation, as in [202; 305—309].

To clarify the role of relaxation processes, a separate time-resolved pump-
probe experiment was performed. A pump pulse power of 19 mW was used for
this experiment. Figure 4.3 demonstrates the time-resolved relaxation dynamics of
photoexcited electrons observed for magnetically doped TIs Bij g7 Vg3TessSeps —
(a) and Bij 31 Vg.035bg.66Tes — (b) and for pure TI Bij 4SbggTe; sSe12 — (¢), which
shows significantly different relaxation times in these materials. It can be seen that
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Figure 4.3 — Modification of the ARPES intensity maps as a function of the delay
time during the laser pump and time-resolved probe experiment, measured at 11 K
using a p polarization probe pulse (hv = 5.9 eV) and s polarization pump pulse
(hv = 1.48 eV) for Biig7Vo.o3Te245e06 — (a), for Bii31Vo.035bo.esTes — (b) and
Bi; 4Sbg ¢Teq gSer 2 — (). The delay times between pump and probe pulses are shown
above each ARPES map. The zero-energy positions correspond to the initial positions

of the Fermi level in the “no-pump” spectra in Fig. 4.1.
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for both V-doped TIs, the relaxation of photoexcited electrons through the unoccupied
conduction band states is completed rather quickly: for Bij g7V .03Tes.45¢06 — after
a delay of about 50 ps; for Bij 31 Vg35bo.66Tes the relaxation process is almost
completed in 3 ps. In contrast, for pure TI Bi; 4Sbg¢Te; gSeq 2, the relaxation time
increases to 250 — 300 ps. This means that the observed giant PVE does not correlate
with the presented relaxation processes.

However, it is important to note that for Bi; g7V 03Te2.45¢p¢, the long-time
laser-generated photo-EMF does not decrease practically even up to the next pump
pulse generation, 1.e., within 4 us. This can be clearly seen by comparing the energy
shift between the “no-pump” spectra in Fig. 4.1 and and the ARPES intensity map just
before the next laser pump pulse (-4.4 ps) in Fig. 4.3, presented on the same energy
scale. This means that the relaxation time of the generated photo-EMF is significantly

longer and cannot be described from the positions analyzed in [305—308; 311; 312].

Two-dimensional relaxation due to the generated spin-polarized

current

It is quite probable that the main factor responsible for the generation of
giant PVE in Bi; 97V 03Tes.45¢ep6 1s the continuous accumulation of photoexcited
electrons on the TSSs due to the reduced electron-phonon interaction on the TI
surface compared to the bulk [202; 309]. This significantly reduces the relaxation
rate of photoexcited electrons through the band gap. As a result, the two-dimensional
relaxation through the TSSs with drift of the accumulated charge outside the laser
beam spot begins to play a predominant role. The drift time for this kind of two-
dimensional relaxation process [202; 330] is estimated to be ~ 30 us [202]. The
two-dimensional relaxation rate through the TSSs depends on the degree of filling
of the upper Dirac cone states and is largely determined by “a bottle neck™ effect
associated with electron scattering through the Dirac point (see, e.g., [306; 311; 331]).
Due to the finite relaxation rate, there is an accumulation of scattered photoexcited
electrons on the surface (on the TSSs), which leads to the generation of photo-EMF
on the surface. This accumulation can be confirmed by the increase in the quasi-static

electrochemical potential, as evidenced by the increase in the value of (Er — Ep)



97

due to the filling of unoccupied TSSs (Fig. 4.2). This can also be evidenced by the
increase in the intensity of occupied TSSs under pulsed laser excitation (pump-probe),
shown 1n the TSS intensity profiles at the bottom of Fig. 4.1, compared to the “no
pump” profile (excitation by probe pulses).

It is intriguing that for Bij 31 V.035bg.66Tes when the Dirac point is located
inside the valence band, the role of “a bottle neck™ effect i1s reduced due to the
opening of a new relaxation channel from the TSSs directly to the valence band
bypassing the Dirac point. In this case, the accumulation of electrons at the TSSs
does not occur. The TSS intensities on the profile in Fig. 4.1 for laser excitation
without and with a pump pulse are practically equal, and the PVE magnitude tends to
zero. This proves that the observed giant PVE is actually related to the accumulation
of photoexcited electrons on the TSSs. The accumulation of electrons on the surface
is accompanied by local charging of the surface inside the laser beam spot, which
cannot be effectively eliminated through the fundamental band gap. This charging
inside the laser beam spot increases until it begins to be balanced by a zero bias
surface electron current through the TSSs flowing to the nearest neighboring surface
areas to compensate for this charging. This means that, on the one hand, the PVE
is determined by the local surface charging and the generated surface compensating
currents. On the other hand, since these compensating currents flow through the TSSs,
they must be spin polarized. Consequently, the laser-generated surface photo-EMF can
be considered as a generator of surface spin-polarized current.

In the case of photoexcitation asymmetry of Dirac states with opposite
momentum and spin orientation, the compensating currents flowing in opposite
directions will be unequal. As a result, a non-zero spin-polarized current will be
generated along the direction determined by the asymmetry of the TSS intensity. This
spin-polarized current, in turn, can induce a magnetic field in the plane of the surface
due to the spin-orbit torque effect, similar to how spin-polarized current generated
by an applied electric field changes the magnetization of contacting magnetic layers
or magnetically doped TI [54—56]. Importantly, spin-polarized current in TI can be
obtained even at room temperature [292]. For the studied magnetically doped TI
Bi1.07Vo.03Tes.45¢€¢.6, an intensity asymmetry is indeed observed in the photoexcitation
of opposite dispersion branches of Dirac cone states (see Fig. 4.1), which suggests the
possibility of generating the nonzero spin-polarized current and induced magnetization

of magnetic impurities (V) via the spin-orbit torque effect, e.g., as in [293; 294].
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to the unpolarized lower states of the conduction band (a) and the corresponding
view of the shift of the upper Dirac state under the induced planar magnetic field M
(b). Experimentally observed kj-shift of the ARPES dispersion map (in units of polar
angle) with respect to the conduction band states (c). The intensity profile of the states
on a cut of the ARPES intensity map at the energy marked by the white dashed line
1s shown at the bottom. The measurements were performed within the pump-probe

experiment at a pump pulse power of 2 mW.

It is known that a magnetic field in the surface plane can cause a k| -shift of the
spin-polarized states of the Dirac cone relative to the non-spin-polarized states of the
conduction band centered at k| = 0 [296; 310]. Figure 4.4 (a,b) schematically shows
such a ky-shift of the Dirac cone states relative to the lower edge of the conduction
band under the action of a magnetic field in the surface plane oriented along the ki
direction. Figure 4.4 (b) shows the direction of the in-plane magnetic field that can be
induced due to the asymmetry of the TSS intensity with opposite quasi-wave vectors,
taking into account the helical spin texture of the TSSs. The domination of Dirac cone
states with a certain direction of the quasi-wave vector (k) during photoexcitation is
accompanied by the generation of an uncompensated spin-polarized zero-bias current
with spin orientation perpendicular to the current direction. The current in turn leads
to the appearance of a planar magnetic field, followed by a kj-shift of the states,
shown in Fig. 4.4 (a). Figure 4.4 (c) shows the experimental ARPES intensity map for
the Dirac cone states of the magnetically doped TI Bi; 97V 03Te2.45€.6, showing the
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asymmetry of the TSS photoexcitation from opposite branches of the Dirac cone. At
the bottom of Fig. 4.4 (d) is the intensity profile of the Dirac cone states with opposite
quasi-wave vectors relative to the lower conduction band states located at the Fermi
level in the center of the Brillouin zone (at k; = 0). The k-shift of the maxima of the
opposite branches of the TSSs relative to the conduction band states (in units of polar
angle from the normal to the surface) is clearly distinguishable. This behavior can
be well described by the above-mentioned induced planar magnetization. This result
may be a good example of the magnetization induced by the spin-polarized zero-bias
current generated as a result of the two-dimensional PVE in magnetically doped T1Is.
On the other hand, it indirectly confirms the generation of the spin-polarized current
itself in the magnetically doped TI Bi; 97V 03Tes45¢e9¢ with occupied upper states of
the Dirac cone and localization of the Dirac point inside the fundamental band gap.
As a result of our studies, a new type of surface PVE generated in magnetically
doped TIs of fractional stoichiometry Biy_ViTez_;Sey (e.g., Bijg7Vo.03Tes.45€05),
which are characterized by a broad fundamental band gap, the position of the Dirac
point inside it, and a high degree of filling of the upper cone of Dirac states. In
a time-resolved pump-probe experiment, we observe anomalously large photo-EMF
for magnetically doped TIs, up to 210 meV. At the same time, for other types of
TI characterized by a low degree of filling of the upper cone of Dirac states and
localization of the Dirac point inside the valence band (e.g., Bij .31 V.035bg.661T€3),
the generated photo-EMF decrease to almost zero. It is shown that the giant PVE
is determined by the accumulation of photoexcited electrons on the surface with a
long-term surface relaxation by means of compensating currents flowing through the
TSSs from the laser beam localization. In the case of asymmetry of photoexcitation
of Dirac cone states with opposite momentum there is generation of a non-zero
surface spin-polarized current, the direction of which is determined by the asymmetry
of photoexcitation of the TSSs. The generation of this spin-polarized current was
experimentally confirmed by the kj-shift of the Dirac cone states relative to the
lower states of the conduction band in the direction perpendicular to the current-
induced planar magnetization. Thus, magnetically doped TIs with a high degree of
filling of the upper cone of Dirac states and localization of the Dirac point inside the
fundamental band gap can be regarded as effective quasi-two-dimensional materials
providing laser-induced generation of spin-polarized current on the surface with zero

bias and local surface magnetization.
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4.2 Study of the electronic and magnetic structure of BiTel(0001)

with increasing magnetic doping

Materials and systems that combine the properties of two-dimensional electron
gas with strong spin-orbit interaction and intrinsic ferromagnetism represent one of
the most promising platforms for the future development of spintronics and quantum
computing [332; 333]. One such material is the polar semiconductor BiTel doped with
magnetic metal atoms. Pure BiTel has a layered crystal structure formed by three-
layer Te-Bi-I blocks separated by van der Waals spacings [334—337]. The electronic
structure of this material in the vicinity of the Fermi level is characterized by two
parabolic-type energy bands displaced along the & from the T point due to the Rashba
effect (Ey(k) ~ %kQ + azk) . The Rashba parameter in BiTel (xz = 3.85 eV-A)
is one of the largest measured experimentally for various quasi-two-dimensional
materials. As a result, the parabolic bands are significantly spin-split [334—339].
However, the spin degeneracy is preserved at the intersection point of the parabolas,
1.e., the Kramers point, due to the invariance of the time reversal symmetry. Doping
BiTel with magnetic atoms leads to the removal of spin degeneracy and the opening
of the band gap at the Kramers point (at the I point for k=0) [161]. As was shown
in Paragraph 1.1.3, the band gap opens only in the case of out-of-plane magnetization
of the sample (perpendicular to the surface). The spin structure of states in the
vicinity of the Kramers point takes the form of a “hedgehog”, and the electronic
structure contains a single circular contour at the Fermi level when it is located in
the local band gap [161]. A similar removal of spin degeneracy can be observed
for topological surface states in magnetic topological insulators [340—344] or for
Rashba-type states [345].

Magnetically doped BiTel systems can be used for high-efficient generation and
control of spin currents [333; 346—350]. Therefore, they can be used as part of spin
filters, high-speed spin valves of memory elements, Hall effect devices, etc. Moreover,
states with opposite quasi-wave vectors and hence spin orientations can be coupled
through the proximity effect to the superconductor. This can lead to the formation
of a topologically nontrivial superconducting phase [332] and, as a consequence,
to the appearance of Majorana fermionic modes with zero energy [48; 351]. The

aforementioned effects in magnetically doped BiTel can significantly advance the
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technology of quantum computing and its solid-state realization [332; 352—354]. In
earlier works [161; 355] devoted to the experimental and theoretical study of BiTel
doped with V atoms, it was shown that the band gap at the Kramers point reaches a
value of ~ 90 meV at 2% V concentration. However, first principles calculations show
that the band gap in this case does not exceed 34 meV [161]. This inconsistency may
be due to unaccounted Bi vacancies in the vicinity of the V impurity, which can affect
the magnetic moments of the nearest Te atoms and increase the value of the band gap.
A band gap up to 100 meV was also observed in the ferroelectric semiconductor GeTe
doped with Mn atoms to a concentration of 15%, which becomes a Rashba-Zeeman
system below the Curie temperature [356; 357]. Despite these studies, the reasons for
the opening of the band gap at the Kramers point and its characteristic features are
still poorly understood in magnetically doped Rashba systems.

This section presents the results of the study of the electronic structure and
magnetic properties of BiTel doped with magnetic metal atoms (V, Mn) with varying
concentrations from 0.5% to 6%. The electronic structure modification in the region
of the Kramers point, corresponding to the crossing of the parabolic dispersion
dependences of the BiTel valence states characterized by opposite spin orientations,
has been investigated in detail, and the opening of an anomalously large energy band
gap in the Kramers point, up to 130 — 140 meV, the value of which depends on the
concentration of the magnetic metal impurity, has been shown. An increase in the
impurity concentration V from 0.5% to 3% is accompanied by an increase in the
energy band gap up to 130 — 140 meV. However, at the transition from 3% to 6%
concentration of V atoms, the band gap decreases to 105 — 125 meV.

The electronic structure of the valence band states was measured by ARPES
method. Figure 4.5 shows the dispersion dependences of the valence states in the
form of N(E) and d?N/dE? measured for the BiTel surface doped with V atoms of
different concentrations: 0.5%, 2%, 3%, and 6%. To accurately determine the value of
the band gap at the Kramers point, Fig. 4.5 (¢) shows the corresponding N(E) spectra
measured directly at the T point, with decomposition into spectral components. The
decomposition into components in Fig. 4.5 (a) was performed using the dispersion
relation within the Rashba model and the massive Dirac fermion model [356], the
latter of which gives the better match with experiment. The blue and violet peaks
show the energy positions of the states at the edges of the band gap. It can be seen that
the size of the band gap increases from 100 meV to 130 — 135 meV with increasing

V concentration from 0.5% to 3%. However, further increase of V concentration up
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Figure 4.5 — (a,b) Dispersion dependences of the Rashba valence band states for

BiTel doped with V at different concentrations (0.5%, 2%, 3%, and 6%) in the N(E)
and d?N /dE? representation. (c) Energy profiles measured directly at the I" point, with
decomposition into spectral components (shown in blue and violet) and indication of
the value of the band gap at the Kramers point. (d) Dependence of the value of
the band gap on different concentrations of V doping obtained from the analysis
of the energy profiles of Rashba states at the I’ point. The dotted line shows the
non-monotonic dependence of the band gap value at the Kramers point, averaged
over the set of measurements for clarity. The solid blue line shows the dependence
of the band gap value in terms of temperature T = 0 K, estimated by the power law
AEey, = Er—o(1 — T/T¢)'/? assuming the surface Curie temperature Tc = 130 K.
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to 6% leads to its decrease to 105 meV. The overall change of the band gap value
(2A) for all measured spectra as a function of V concentration (i.e., at concentrations
of 0.5%, 2%, 3%, and 6%) is represented by the set of dots and the dashed curve in
Fig. 4.5 (d). In order to compare the results of the band gap measurement at the Dirac
point for different temperatures, a temperature correction of the value of the band
gap was performed assuming its power dependence on temperature. The presented
data show a non-monotonic character of the change of its value with increasing
concentration of V atoms.

The magnetic properties of V-doped BiTel and their possible modulation at
different concentrations of V were investigated by SQUID magnetometry. Figure 4.6
shows the isothermal magnetization curves M(H) for selected concentrations of V
(2%, 3%, and 6%) measured at temperatures from 2 K to 30 K. The external magnetic
field was applied perpendicular to the surface plane, i.e., along the c-axis. It is
well evident that the saturation magnetization tends to increase with increasing V
concentration up to 3%. In contrast, when the concentration of V is further increased
from 3% to 6%, the saturation magnetization decreases. This trend is observed for
measurements at both 2 K and 4 K (Fig. 4.6 (d,e)). This behavior correlates with the
non-monotonic dependence of the change in the band gap value at the Dirac point as
a function of the doping concentration of V atoms, shown in Fig. 4.5.

The decrease in the band gap value with increasing concentration of impurity
magnetic metal atoms above 3% can be explained by the fact that some of
the magnetic atoms begin to form dimers with antiferromagnetic type of bonds
between themselves, which leads to a decrease in the effective magnetic moment
and a corresponding decrease in the value of the band gap opened at the Dirac
point. The fraction of such antiferromagnetic bond dimers increases with increasing
concentration of magnetic metal, which is accompanied by a decrease in the fraction
of unbound magnetic impurities.

To analyze the change in the band gap value with increasing temperature, as
well as its dependence with increasing concentration of impurity magnetic atoms,
taking into account the formation of dimeric antiferromagnetic bonds between
impurity magnetic atoms, a theoretical analysis was carried out, the results of which
are presented in Fig. 4.7. The presented results of the theoretical calculations correlate

well with the experimental data.
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Figure 4.6 — Comparative magnetization measurements of V-doped BiTel samples
using SQUID magnetometry. (a-c) Isothermal magnetization dependences M(H)
measured for BiTel with doping concentrations of 2% V, 3% V, and 6% V at different
temperatures when the external magnetic field is applied perpendicular to the surface
plane (along the c-axis). (d) Comparative analysis of the magnetization curves M(H)
measured for concentrations of 0.5% V, 1.75% V, 2% V, 3% V, and 6% V at 4 K
temperature. (e¢) Dependence of the maximum magnetization value M,,; achieved in
a 45 kOe magnetic field as a function of the atomic concentration V. The dotted line

is presented for measurements at 4 K for clarity.
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concentration of magnetic metal impurities, taking into account possible pairing. The

figure is taken from the article [19], the calculations were performed in the group of
Prof. A. K. Zvezdin.

Characterization of the surface of V-doped BiTel by STM method

Large area STM images show an approximate 1:1 ratio of Te and I surface
terminations (the boundary of the different terminations is shown by solid and
dashed white lines in Fig. 4.8 (a-c)). This is in good agreement with a previous
STM/STS study of the pure BiTel surface [358]. It should be noted that it is the Te
termination that contributes to the ARPES intensity map in the form of split parabolic
dispersions [339]. Moreover, the Te and I terminations, which are characterized by
a step height of about 1.8 A, may be accompanied by an additional step height
of about 7.2 A (see Fig. 4.8 (b,c)), indicating the BiTel unit cell step. Since the
two possible surface terminations are characterized by different electron band energy
shifts, the surface termination can be well identified by STS measurements (dI/dV
curves) [358; 359]. Figure 4.8 (d-f) shows the different terminations with atomic
resolution, indicating the good quality of the investigated V-doped samples. Panel (f)
was measured at a different tunneling current and scale than panel (e) to obtain better
atomic resolution. Bright and dark colored defects are often found on the I termination
surface, which can be attributed to defects in the underlying Bi and Te layers [359].
Such atomic defects are marked by white circles in Fig. 4.8 (e); they differ in shape

from those for the pure BiTel surface, but are similar to Ag substitution defects in
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Figure 4.8 — STM images of BiTel with 3% concentration of V: large area images
obtained at bias voltage V; = 0.5 V and tunneling current I; = 0.1 nA (a), V; = 1.46 V,
I;=0.01nA (b) V; =1V, I, =0.1 nA (c) with colored squares, on which STM images
of Te and I surface terminations were obtained with atomic resolution at V; = 0.66 V
and ; =03 nA(d), V; =1V, [, =0.15nA (¢),and V; =1V, I, = 0.1 nA (f). The
STM data in panels (d-f) were analyzed and filtered using 2D fast Fourier transform

(FFT) to reduce noise and improve the visibility of periodic features.

the Bi layer [359]. The defect density (about 1.5 defects per 10 nm?) is consistent
with the density of Bi atoms substituted with V atoms at 3% concentration of V

with respect to Bi.

4.3 Findings

In this chapter, magnetically doped BiTel samples with concentrations of 0.5%,
2%, 3%, 6% for V and 2.5% for Mn are investigated by ARPES, STM, and SQUID
magnetometry. STM studies confirm the homogeneity and concentration of magnetic
impurities on the sample surface. From the electronic structure analysis, it follows

that the band gap value at the Kramers point behaves non-monotonically with
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increasing doping concentration. Indeed, the band gap increases first up to 130 —
135 meV at 3% V impurity. Then its value enters saturation and decreases with
further increase of V concentration up to 6%. Theoretical estimates show that such a
non-monotonic change in the value of the band gap is associated with the appearance
of antiferromagnetically bound dimers of magnetic impurity at concentrations above
3%. Consequently, a decrease in the effective magnetic moment per magnetic impurity
atom is accompanied by a decrease in the value of the band gap.

The studies have contributed to the understanding of the mechanisms of
formation of intrinsic magnetic ordering and the associated band gap in magnetically
doped semiconductors of the Rashba type. The obtained results on modulation of
the band gap value at the Kramers point with variation of doping concentration by
magnetic metal atoms can be useful in the development of models of highly efficient
spin current generators in spintronics. In further studies of magnetically doped BiTel
by time-resolved ARPES (pump-probe experiment) [360], it was shown that bulk
electron-phonon interactions predominate in the dynamics of unoccupied states, in
particular, phonon “bottle neck”, leading to a very long time to establish equilibrium
between the hot electron subsystem and the lattice.

Time-resolved studies of magnetically doped topological insulators by the
ARPES method have revealed a new kind of two-dimensional photovoltaic effect with
generation of anomalously large surface photo-EMF up to 210 meV. The photovoltaic
effect has maximum efficiency for TIs with high filling of the upper Dirac cone states
and the Dirac point located inside the fundamental band gap. For TIs with low filling
of the upper Dirac cone states and Dirac point located inside the valence band, the
generated surface photo-EMF decrease significantly. It was shown that the observed
giant PVE is related to the accumulation of photoexcited electrons on the surface. This
effect is accompanied by a two-dimensional relaxation process with the generation of
spin-polarized zero-bias currents flowing through topological surface states outside
the laser beam spot. As a result, the spin-polarized current generates an effective
planar magnetic field, which is experimentally confirmed by the kj-shift of TSSs
relative to the lower spin-unpolarized states of the conduction band. The realized 2D
PVE can be considered as a source of generation of surface spin-polarized currents
with zero bias and laser-induced local surface magnetization occurring in materials
with TSSs.
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5. Synthesis and study of electronic and atomic
structures of nanosystems based on ultrathin metal

layers and quasi-freestanding graphene

Graphene remains one of the most promising materials in modern condensed
matter physics. The linear dispersion dependence of F(k) provides unusually high
electron conductivity due to ballistic transport and many other unique electronic
properties [81; 84; 139; 140; 361—367]. As a non-magnetic material with weak spin-
orbit interaction, graphene cannot be considered as an active element of spintronics.
However, the giant spin splitting of electronic states observed in graphene when in
contact with heavy and magnetic metals offers great prospects for use in spintronics
devices, particularly in the field of information storage and quantum computing.
One of the most expected realizations of graphene in spintronics is magneto-spin-
orbit graphene, which consists of well-ordered graphene in contact with a strong
ferromagnetic element (cobalt) and a heavy metal (gold or platinum). As will be
shown later in Chapter 7, when interacting with cobalt and gold, graphene not only
retains its unique characteristics, but also partially adopts the properties of these
metals — magnetism and spin-orbit interaction. For successful application of graphene
in device elements it is necessary to use insulating substrates. Silicon carbide (SiC)
1s one of the most promising semiconductor substrates for the formation of thin
nanosystems based on epitaxial graphene [368; 369]. In this regard, the realization
of magneto-spin-orbit graphene on SiC substrate is an actual task.

In order to endow graphene with the required electronic properties, intercalation
of magnetic or heavy atoms under graphene on SiC is usually used. However, it
should be noted that there is an additional interface carbon layer, the zero-layer
graphene (ZLG), between the graphene and the SiC substrate. Therefore, in many
cases, intercalation of foreign atoms occurs both below and between these carbon
layers [370—373]. Hence, in order to obtain only single-layer graphene as a result of
intercalation, it is necessary to intercalate magnetic and/or heavy element atoms under
ZLG on SiC substrate. The study of ZLG functionalization techniques is an important
direction, as it will allow the creation of graphene-based layered structures on top of a
semiconductor substrate and provide it with unique properties. Intercalation under the

zero-layer graphene on SiC has been previously investigated for Sb [374], Ge [375],
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Bi [376], Cu [377], and Si [378]. In these works, the transformation of ZLG into
graphene was observed. Moreover, Co intercalation under ZLG was studied in [379],
reporting the formation of a self-limiting silicide followed by Co intercalation between
graphene and silicide.

This work attempts to explain the process occurring at the initial stage of
Co intercalation, since the question of the modification of the electronic structure
of graphene during the intercalation of a ultrathin Co layer is still unexplored. It
should be noted that ARPES studies in the works on Co intercalation under ZLG
on SiC have not been previously reported and the formation of quasi-freestanding
graphene has also not been considered. Moreover, the study of graphene properties
on magnetic ultrathin silicide layer is of considerable interest, since it is known
that cobalt silicides exhibit different magnetic properties: from antiferromagnetic and
ferromagnetic to paramagnetic, depending on the stoichiometry, quality of crystal
structure and synthesis temperature [380; 381]. Various Hall effects due to spin-
orbit and magnetic exchange interactions, such as quantum anomalous Hall effect
(QAEH), valley-polarized QAEH, quantum valley Hall effect (QVHE), and circular
dichroism Hall effect [88; 93], have been predicted in graphene. The use of promising
semiconductor substrates such as silicon carbide to form thin nanosystems based on
epitaxial graphene will allow the realization of these effects for use in industrially
fabricated devices.

5.1 Synthesis of zero-layer graphene on 6H-SiC(0001) single

crystal

A well-established approach to graphene synthesis is thermal graphitization
of SiC surfaces under ultrahigh vacuum conditions [369; 382—387]. Prior to the
graphitization process (obtaining the first and more graphene monolayers), several
atomic reconstructions of the SiC surface are formed depending on the annealing
temperature: (3 x 3), (v/3 x v/3)R30° and (6v/3 x 6v/3)R30°. To synthesize a
monolayer of intercalated graphene on SiC, it is more appropriate to use a carbon-
rich (6v/3 x 6v/3)R30° reconstruction of SiC, called the zero-layer graphene. It

is a carbon layer with a graphene-like hexagonal lattice in which about 1/3 of
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Figure 5.1 — LEED patterns of the initial 6/7-SiC(0001) surface, E, = 50 eV (a),

(v/3x/3)R30° reconstruction of the SiC surface after annealing at 950 °C, E, = 57 eV

(b), (6v/3 x 6v/3)R30° reconstruction of the SiC surface after annealing at 1150 °C,
E, =89 eV (c).

carbon atoms are covalently bonded to the silicon atoms of the SiC substrate [382;
383; 386]. As a result, the electronic structure of ZLG lacks the linear dispersion
of the 7t band characteristic of the graphene Dirac cone. Intercalation of various
metals is a widely used method to transform ZLG into a quasi-freestanding graphene
monolayer [388—391].

A high-temperature surface annealing method of 6/H/-SiC(0001) was used to
synthesize the ZLG [387]. The first step is to anneal the sample in ultrahigh vacuum
at a temperature of about 600 °C. Each annealing step was limited to 15 min.
Figure 5.1 (a) shows the bright LEED patterns of the (1 x 1) structure with reciprocal
lattice vectors (6?1,5?2) for pure SiC(0001) surface. Similar LEED images are observed
after annealing at temperatures below 900 °C. The next annealing step at 950 °C
leads to the formation of the (\/§ X \/§)R30o SiC structure (see the diffraction pattern
in Fig. 5.1 (b)). Further, annealing at T = 1150 — 1170 °C leads to the formation
of the (6v/3 x 6v/3)R30° (ZLG) structure. A typical LEED pattern from ZLG on
SiC is shown in Figure 5.1 (¢) [369; 382—387], and it is homogeneous throughout the
sample. One of the distinctive features of the LEED patterns measured after annealing
at different temperatures is the evolution with increasing temperature of the reflexes
within the rhombus, marked by the yellow dashed line in Fig. 5.1(c) [383—385; 387].
After annealing at T = 1130 — 1150 °C, two diffraction reflexes from the “(1/3)” and
“(6+/3)” structures are present inside the rhombus, i.e., they coexist on the surface
of the system. The first reflex (in the lower half of the rhombus) corresponds to the
(v/3 x v/3)R30° structure, and the second (in the upper half of the rhombus) — the
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Figure 5.2 — LEED images of ZLG/SiC for different surface reconstructions.

quasi-(5 x 5) structure associated with the (6v/3 x 61/3)R30° reconstruction [385].
After annealing at T = 1150 — 1170 °C, only one bright reflex remains in the upper half
of the rhombus (Fig. 5.1(c)), which corresponds to the formation of ZLG across the
entire surface [383; 385]. Stepwise high-temperature annealing in an ultrahigh vacuum
chamber allows us to determine the exact parameters to achieve high-quality ZLG on
SiC by analyzing the in sifu data obtained by LEED, XPS and ARPES methods.
After finding the most appropriate parameters, the ZLG synthesis was carried out by
one-step high-temperature annealing at 1150 °C with pre-degassing of the sample.

A more detailed study of the transition from “(1/3)” to “(61/3)” reconstruction
and further to graphene is shown in Fig. 5.2. From the LEED patterns, we can
distinguish three different reconstructions on the surface: (\/§ X \/§)R30°+(6\/§ X
6+/3)R30° (reconstruction No. 1) and (6+/3 x 64/3)R30°+(5 x 5) (reconstruction
No. 2) and (6v/3 x 6v/3)R30°4(5 x 5) + 0.1 ML of graphene (reconstruction No. 3).
These reconstructions can be synthesized one after another with sequential increase
in annealing temperature but the same annealing time (15 min). The 6H-SiC(0001)
single crystal was temperature annealed at 1050 °C to obtain the zero-layer graphene
with reconstruction No. 1, at 1150 °C - with reconstruction No. 2, and at 1170 °C —
with reconstruction No. 3. It should be noted that reflexes from the reconstructions
(v/3 x v/3)R30° and (5 x 5)R0° are observed in addition to the main reflexes of the
substrate (SiC) and “(64/3)” (ZLG). Moreover, the reconstruction (v/3 x v/3)R30° is
replaced by the reconstruction (5x5) when the annealing temperature and/or annealing
time are increased. The reconstruction (5 x 5) is associated with the formation of
defects on the surface and is usually accompanied by the formation of graphene in

the surface region with this reconstruction [385]. It is assumed that graphene domains
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Figure 5.3 — ARPES intensity maps of the ZLG/SiC surface for different

reconstructions measured in the region of the K point of the surface Brillouin zone.

For better visualization, the data are presented as the second derivative of the intensity

with respect to energy. The photon energy is 40.8 eV.

begin to form between (5 x 5) domains. A distinguishing feature of reconstruction
No. 3 from reconstruction No. 2 is the presence of a small amount of graphene on
the surface of the system. Figure 5.3 demonstrates the ARPES intensity maps in the
vicinity of the graphene K point for these surface reconstructions. As can be seen in
the Figure 5.3, reconstruction No. 3 is accompanied by the presence of a graphene
cone near the Fermi level. Thus, the ARPES method together with the XPS method are
highly sensitive methods to control the process of graphene formation on the system
surface. Further in this work we will use the reconstruction (6v/3 x 61/3)R30°+(5x 5)
(reconstruction No. 2), which is a precursor to further formation of quasi-freestanding
graphene with increasing annealing temperature.

The valence band of the synthesized ZLG on SiC has been measured by
ARPES mapping over a wide range of binding energies and quasi-wave vector values.
Figures 5.4 (a-e) show the electronic structure of ZLG on 6/H-SiC(0001) measured
along and perpendicular to the K direction of the surface Brillouin zone. The 7t states
typical of quasi-freestanding graphene are not observed in the measured electronic
structure, while graphene-like o states are easily resolved. At binding energies higher
than 3 eV, a strong hybridization of the electronic states of the ZLG with those of
the SiC substrate can be distinguished, which leads to avoided-crossing effect of the
dispersion dependences and energy band gaps at the points of expected crossing.
Other distinguishing features of ZLG are two localized states gl and g2 at binding
energies of 0.4 and 1.6 eV, which are observed near the Fermi level [378; 382;
386; 392]. To interpret the ARPES data measured at photon energies of 40.8 eV,
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Figure 5.4 — (a), (c) ARPES intensity maps of ZLG on 6H-S1C(0001) measured
along and orthogonal to the T'K direction of graphene, photon energy is 40.8 eV

(Hellx). (b) Energy distribution curves (EDC) for quasi-wavelength vectors along the

slices shown in (a). (d), (¢) ARPES data presented as the second energy derivative

to visualize the main features. (f) Ball-and-stick model of the ZLG on top of the

6H-Si1C(0001) substrate. (g), (h) Calculated band structure of ZLG on 6H-SiC(0001)
in the along and orthogonal to the T'K direction in the same energy range.

first-principles calculations were perfomed within the DFT method for a structurally
optimized unit cell (Fig. 5.4 (f-h)). Although similar calculations have been published
previously [393; 394], the band structure calculated for a wide energy range of
0 — 17 eV is presented for the first time. The calculation results show that the
characteristic band dispersion for the Dirac cone of graphene is indeed absent, a
large band gap of 1.5 eV and an n-doped state are formed due to the strong covalent
bonding between the ZLG and the Si atoms of the SiC substrate. The flat band just
below the Fermi level is due to unsaturated broken Si bonds at the interface [393].
For ease of comparison between the ARPES data and the calculated band structure
(Fig. 5.4 (g,h)), the main features that have a clear coincidence are labeled as [1],
2], . Of particular interest is the presence of band gaps in the intersection region
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Figure 5.5 — XPS of the C 1s core level for (a) — ZLG on 6H-SiC(0001), (b) — after

intercalation of 10 A Co by deposition on a substrate at room temperature followed

by annealing (step I), (d) — after intercalation of 14 A Co by deposition on a heated

substrate (step II). The photon energy is equal to 1486.6 eV. All spectra are normalized
by the intensity maximum. (¢) LEED pattern after step I, E, = 93 eV.

of graphene o and substrate states at energies of 6 — 10 eV both in theory and in
experiment, which indicates the interaction between them (the region is indicated by
a dashed rectangle in Fig. 5.4 (d,g)).

The analysis of the XPS data also confirms the conclusion about the successful
ZLG synthesis. Figure 5.5 (a) shows the C 1s XPS spectrum for ZLG on SiC(0001),
whose characteristic shape i1s explained by the presence of three components: a peak at
283.6 eV corresponds to carbon atoms in SiC, and two components S1 (284.7 eV) and
S2 (285.5 eV) — carbon atoms in the ZLG [379; 382; 383]. The S2 component is due
to the bonds formed in the plane of the reconstructed layer, and the S1 component
is due to the bonds of the reconstructed layer with the uppermost Si atoms of the
SiC substrate.
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5.1.1 Adsorption of Co atoms on SiC substrate at different

temperatures

The intercalation of Co under ZLG on SiC was carried out in two ways in order
to find the most optimal regime. In the first step (I), 10 A of cobalt were adsorbed onto
the substrate at room temperature followed by annealing (for 3 h at 550 °C). Since
ZLG intercalation was incomplete under these conditions, in the second step (II), 14 A
Co was adsorbed for ~ 1.5 h onto a substrate heated to 450 °C. Figure 5.5 (b,d) shows
the photoelectron spectra of C 1s measured after two intercalation steps. As a result
of Co intercalation under ZLG, the spectral components of S1, S2, and SiC decrease
in intensity. A new peak (Gr) appears in the spectra at a binding energy of 284.6 —
284.8 eV, which is characteristic of graphene formation [372; 382; 383]. The intensity
of the graphene component is significantly higher after additional intercalation on the
heated substrate. This indicates that a large surface area is covered by the graphene
monolayer (Fig. 5.5 (d)), while for step (I) (Fig. 5.5 (b)), the ZLG and graphene
phases coexist on the surface, and the complete conversion of ZLG to graphene
cannot be achieved. The coexistence of the phases (ZLG and graphene reflexes) is
confirmed by the LEED pattern taken after step (I) (Fig. 5.5 (c)). Moreover, the
intensities of graphene and the S1 and S2 components were analyzed after deposition

of 10 A Co and intercalation by the two described methods on different samples.
Gr/S1(or S2)1V is ~ 14
Gr/S1(or S2)V o
Thus, it can be concluded that the conversion of ZLG to graphene is ~ 1.4 times

It was found that the ratio of intensities for the two methods

more efficient in the case of cobalt adsorption onto a heated substrate than in the
case of cobalt adsorption onto a substrate at room temperature followed by annealing.
The efficiency of intercalation during metal deposition on the heated substrate was
previously shown for the graphene/SiC system [395], but for intercalation under ZLG

was investigated for the first time.
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5.1.2 Quasi-freestanding graphene by Co intercalation

Based on the results of the previous paragraph, the method of cobalt
intercalation on heated substrate was chosen for further synthesis. For this purpose,
20 A Co was deposited for 1 h on an ZLG/SiC substrate heated to 450 °C. Under
these conditions, the intercalation of Co occurred directly during the deposition of

metal atoms.

Analysis of XPS data

Figure 5.6 shows the decomposition of the photoelectron spectra into
components using the approximation procedure. The C 1s spectrum of ZLG on
SiC has the characteristic shape as in the previous figure, with three components:
two components S1 (284.60 eV) and S2 (285.45 eV) corresponding to the carbon in
the ZLG, and a carbon component in the SiC bulk (283.69 eV). The Si 2p spectrum
(Fig. 5.6 (b)) presents a single broad peak at a binding energy of 101.66 ¢V with a
full width at half maximum (FWHM) equal to 1.4 eV, which is in agreement with
previous results [379; 383; 385; 387; 392; 396; 397]. However, the spin-orbit doublet
of Si (2p1/2 and 2p3/») is not resolved when an X-ray tube with Al anode is used
(without a monochromator), so a single asymmetric peak is recorded in the spectrum.
The asymmetry parameter and the width of the Si 2p bulk component were fixed
for all approximation procedures.

The shape of the C 1s and Si 2p spectra in Fig. 5.6 changes after the
intercalation of 20 A Co at a sample temperature of 450 °C. The S1 and S2
components are no longer observed in the C 1s spectrum, but an intense component
corresponding to graphene at a binding energy of 284.4 eV appears [372; 382; 383].
The shape of the Si 2p spectrum gives important information about the processes
involved. After cobalt intercalation, the Si 2p spectrum already has a complex
multicomponent shape. In addition to the main bulk component, two new components
appear in the Si 2p spectrum to the right and left of the main peak. The (A) component
at a binding energy of 102 eV is located at a higher binding energy than the bulk
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Figure 5.6 — XPS spectra of C 1s (a) and Si 2p (b) core levels measured for ZLG/SiC
— bottom row, and after intercalation of 20 A Co under ZLG on SiC — top row. The
photon energy is 1486.6 eV.

component and may be related to the formation of the CoSi compound. The presence
of a high-energy component relative to the bulk component in the Si 2p spectrum
corresponding to the CoSi compound was also noted in [372; 398]. The low-energy
component (C) with a binding energy of 99.5 eV can be attributed to the CoSi,
compound with a lower concentration of Co [398]. There are significant contradictions
in the published works regarding the energy position of the Si 2p-component in
Co-Si compounds [372; 397—400]. This is primarily due to the sensitivity of Co-
Si compounds to the synthesis conditions: the amount of cobalt, reaction temperature,
and crystal structure of the substrate surface. Therefore, several experimental methods,
including angle-resolved XPS and Raman spectroscopy, were used to interpret the
Si 2p components, and the consistency of the data with literature sources was verified.
The spectral components corresponding to Si and C atoms in the SiC bulk (labeled
as (B) and (SiC) in Fig. 5.6) are shifted by 0.7 eV toward lower binding energies.
This effect can be explained by the different bending of the surface bands before
and after cobalt silicide formation on the SiC surface [401]. Thus, based on the
XPS data, it can be concluded that cobalt atoms interact with the substrate during
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Figure 5.7 — Angle-resolved XPS spectra measured at emission angles of 0° and

60° relative to the surface normal for (a) — C 1s, (b) — Co 2p, (¢) — Si 2p core
levels, after Co intercalation under ZLG on SiC. The photon energy is 1486.6 eV. (d)
Intensity ratios Lnge/Ipe of individual spectral components normalized by the Si 2p
bulk component as a function of the photoemission angle. (e) Structural model of the
near-surface layers after Co intercalation based on the analysis of angle-resolved XPS

spectra, is illustrated out of scale.

the intercalation process and two Co-Si surface compounds close in stoichiometry to
CoSi1 and CoSi, are formed.

However, in order to study the localization of underlying layers, it is necessary
to perform additional analysis of angle-resolved XPS data, in which photoelectron
spectra are taken at different emission angles. By analyzing the angular dependences
of the intensities of the element core levels, it is possible to determine the mutual
location of layers by depth (see Paragraph 2.2.1 for more details).

The experimental angle-resolved XPS data are shown in Fig. 5.7 (a-c): changes
in the spectra of C 1s, Co 2p, and Si 2p for two photoelectron emission angles 0° and
60° relative to the surface normal. The intensity ratios of the individual components
for these two angles give us an idea of relative depth. A larger emission angle
provides a more surface-sensitive spectrum. Therefore, by comparing the intensity
ratios Iy /Ipe for the graphene component C 1s, the bulk component Co 2p3/, and
the bulk component Si 2p (the numerical values of the ratios are shown in Fig. 5.7

(a-c) in insets), we can conclude that graphene is located above the cobalt silicides,
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with the latter localized between the graphene and the SiC substrate. This proves the
intercalation of Co under the ZLG on SiC.

Figure 5.7 (d) shows the values of intensity ratios L,;g/Ij> for more angles and
for all components of the Si 2p spectrum. To avoid changing the X-ray flux density in
the analysis region when the photoelectron emission angle changes, the intensity of all
components at a given angle was normalized by the intensity of the bulk component
of Si 2p at the same angle. The intensity of the bulk component remains constant for
all angles after normalization, with the fastest growing component belonging to the
overlying layer and the slowest growing component belonging to the underlying layer.
It is well seen that Co intercalation leads to the formation of near-surface Co-Si alloys.
According to the work [402], the formation of CoSi alloy on the Si(100) surface
occurs after annealing at 450 °C, and then as the annealing temperature increases,
the CoSiy phase is formed at the triple points of two CoSi grains and the silicon
surface. This agrees well with the presented experimental data, which shows that the
CoSi compound is directly below the graphene and the CoSi, compound is lower.
Figure 5.7 (e) shows a schematic model of the structure of the underlying layers after
Co intercalation, assuming that they are flat and have a homogeneous composition.
Nevertheless, this model gives us information about the process of cobalt intercalation

and the formed Co-Si compounds.

High-resolution transmission electron microscopy studies

To obtain detailed information on the crystal structure of CoSi and CoSi,
layers, high-resolution transmission electron microscopy (HRTEM) and high-angle
annular dark-field scanning transmission electron microscopy (HAADF-STEM)
measurements were performed using an energy dispersive X-ray spectroscopy (EDX)
detector. An accelerating voltage of 200 kV was set for the measurements. Sample
preparation was performed using the lift-out technique in a Zeiss Auriga Laser focused
ion beam scanning electron microscope (FIB-SEM). Amorphous PtC protective
material was deposited to prevent surface damage during FIB processing.

Figure 5.8 (a,b) shows the Z-contrast of the surface cross section cut. The

intermediate layer between the SiC substrate and the PtC protective layer has a
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Figure 5.8 — (a,b) HAADF-STEM cross-sectional images with EDX profile measured
along the black line shown in panel (b); (c) TEM cross-sectional image, (d) and (e)
HRTEM cross-sectional images measured for two different rotation angles around the
surface normal (0° and 15°, respectively). The inset in panel (e) shows a slice of the

CoSi, single-crystal structure for reference.
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thickness ranging from ~ 4 nm to ~ 10 nm. The EDX profile confirms the presence
of Co atoms in this layer and the decreasing concentration of Si atoms from the SiC
substrate to the protective layer. The TEM images (Fig. 5.8 (c-e)) have an inverse
contrast compared to the HAADF-STEM images. A magnified image of the layered
structure is shown in Fig. 5.8 (d). The nanometer-scale steps between the different
lateral structures are well resolved. The smallest interlayer distance observed in the
HRTEM images is ~ 1.7 A , which coincides with the measured height of each CoSi
layer by the STM method [403], while the structure below it has a larger interlayer
distance ~ 2.1 A. Searching for the zone axis in the range of sample rotation angles
around the normal of 40° allows us to find the second zone axis, which is 15° away
from the first one. For the second zone axis (Fig. 5.8 (e)), the SiC unit cell 1s well
resolved and the cluster structure below the surface of the system is reproduced by the
CoSi, single crystal structure. The clusters formed at the interface are CoSis clusters
covered by a residual CoSi layer. The growth mechanism has the same behavior as
the high-temperature formation of CoSiy on Si(100) substrate, where CoSi, starts to
form at the interface between CoSi and Si [402; 404; 405]. Notably, the orientation
of the CoSi, clusters relative to the substrate differs in panels (d) and (e) of Fig. 5.8
by a rotation of 90° (see the rotation of the CoSiy vector [222] shown in the figure).
This means that different growth directions of CoSi; nanocrystals are possible. The
atomic structure of the CoSi layer is poorly resolved in HRTEM, and together with
the absence of diffraction spots in the LEED pattern indicates a lateral misorientation
of the CoSi atomic layers.

The study of the sample surface topography by atomic force microscopy method
was performed by S.O. Filnov (Fig. 7 in the joint work [18]). It was shown that Co
intercalation leads to the formation of terraces of different heights with the inclusion
of triangular clusters of about 5 — 10 nm in size. In [403] it was reported that
Co deposition on the Si(111) surface leads to the formation of triangular-shaped
CoSi, islands (r = 1,2). Based on the experimental data obtained, the formation

of triangular-shaped clusters with a layered CoSi, structure can also be suggested.
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ARPES study

The ARPES study of ZLG on SiC after Co intercalation shows that ZLG
transforms into graphene with the formation of a linear Dirac cone in the vicinity
of the K point of the surface Brillouin zone (Fig. 5.9 (a,b)). The Dirac point is located
at a binding energy of 0.35 eV below the Fermi level. A similar electronic structure of
quasi-freestanding graphene was observed after intercalation of Si under graphene on
Co or Ni substrates [406; 407]. Nevertheless, we observe hybridization of the 7t state
of graphene with a state at a binding energy of ~ 2.8 eV. This state can be attributed
to the CoS1 compound according to the calculation of the bulk density of states [408]
and experimental results using ultraviolet photoelectron spectroscopy [409]. In the
Figure 5.9 (c), the LEED pattern of ZLG after Co intercalation corresponds to the
(1 x 1) crystal structure of graphene. Theoretical DFT calculations show that quasi-
freestanding graphene with a linear Dirac cone is possible only in the case of graphene
arrangement on the CoSi surface (see Fig. 5.10). Meanwhile, in the case of graphene
arrangement on CoSis, the almost ideal Dirac cone is destroyed. This rules out the
possibility of a significant contribution from the planar domains of CoSi and CoSiy
within the same layer under the graphene.

According to the work [403] it is energetically favorable to form both CoSi,
layers and CoSi/CoSiy layers on the surface. Figure 5.10 shows the structural
relaxation of the model Gr/CoSi/CoSiy/Gr system with two surfaces. While the
structure of the CoSi surface is almost unchanged, the CoSi, surface, on the contrary,
experiences strong deformation with the squeezing of cobalt atoms onto the surface
(Figure 5.10 (b)). This causes the graphene to bind to the top cobalt atoms and its 7t
states lose the linear dispersion character near the K point (Fig. 5.10 (d)). At the same
time, the graphene on the CoSi surface remains rather free, although it experiences
some corrugation leading to the formation of a band gap. For the used period of
the graphene cell (4 x4 with respect to the unit cell of CoSi,), graphene experiences
a stretching by 2%, which for the real system can be much smaller, and, in turn,
should lead to a decrease in the value of corrugation and the corresponding band gap.
The same drawback of the model may explain the large electron doping of graphene
(0.6 eV compared to the experimental value of 0.4 eV). However, the conclusion
about the linear character of the dispersion of graphene 7t states i1s valid only for

the CoSi surface.
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Figure 5.9 — (a) ARPES intensity map for the o and 7t bands of Co-intercalated
graphene measured in the direction orthogonal to 'K . The ARPES data were
measured at a photon energy of 40.8 eV (Hellx) and room temperature of the sample.

(b) Dirac cone of quasi-freestanding graphene after Co intercalation. The solid yellow

lines show the result of approximation of the momentum distribution curves by two
Lorentzian peaks. (¢) LEED pattern of graphene intercalated with Co, E, = 60 eV.

Analysis of Raman spectroscopy data provides information on the composition
and crystal structure of the sample. Raman spectra were measured in two different
regions of the sample: in the center region, in which the growth of ZLG and Co
intercalation occurred, and in the region that was covered by the metal mounting
part. The spectra were measured and analyzed by 1. A. Eliseev (Fig. 9 in the joint
work [18]). The above presented XPS data (Fig. 5.7) indicate the presence of CoSi
and CoSiy layers under graphene. It is known that the CoSi, layer does not give a
noticeable contribution to the Raman spectra, but the CoSi layer is characterized by
a rather strong line at 204 cm ™! and a weaker one at 224 cm~! [410—412]. Thus, the
appearance of an additional line at 204 cm™! in the spectrum from the center region
of the sample can be attributed to CoSi. The Raman spectroscopy data confirm the
conclusions drawn from the XPS data about the presence of cobalt silicides under
graphene.
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Figure 5.10 — The unit cell of Gr/CoSi/CoSis/Gr system before (a) and after (b) the
atomic force minimization procedure. Contribution of graphene weight to the band
structure for CoSi — (¢) and CoSi, — (d) surfaces. Cobalt atoms are shown in dark

blue, silicon — in blue, and graphene — in brown. The calculations were performed by
A. V. Tarasov.

Study of magnetic properties

To investigate the magnetic properties of the sample, measurements were
carried out using a SQUID magnetometer by applying a magnetic field parallel to
the surface (L axis c), in the sweep mode by temperature and magnetic field. It is
known that for cobalt silicides on Si(100), the easy magnetization axis lies in the
plane of the surface, and it is quite difficult to magnetize them along the surface
normal [381]. The CoSi compound, which is a diamagnetic in the bulk [413], exhibits
magnetic properties in nanoforms due to the uncompensated spins on the surface Co
atoms [414]. At the same time, CoSi, does not exhibit strong magnetic properties in
thin films a few nanometers thick [415].

Figure 5.11 (a,b) shows the magnetization curves M (H) of Co-intercalated
ZL.G/SiC sample measured in an external magnetic field in the surface plane at
different temperatures. Figure 5.11 (c) shows the variation of the hysteresis loop and
coercivity in the temperature range of 2 — 100 K. The maximum value of coercivity is
180 Oe at 2 K. This value decreases with increasing temperature, and the hysteresis
loop is practically closed at room temperature. At the same time, the magnitude of
saturation magnetization decreases with increasing temperature (Fig. 5.11 (a)). It is

found that the magnetization saturates at an applied magnetic field of 40 kOe and
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Figure 5.11 — (a) Isothermal magnetization curves M (H ) of Co-intercalated ZLG/SiC
sample at different temperatures. (b) Two M (H) curves at 2 K and 10 K over the

whole range of applied field to demonstrate the double jump process on the hysteresis

loop. (¢) Modification of the hysteresis loops at different temperatures obtained from

the M (H) curves. Inset — plot of the temperature dependence of the coercive field

(Hc¢). (d) Temperature dependence of the magnetic susceptibility x(7") measured in a

field H = 1 kOe. The zero field cooling curve (ZFC) is indicated by open symbols,
the field cooling curve (FC) by shaded symbols.
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at all temperatures. This indicates that all spins are ordered and aligned along the
field direction at this value.

Interestingly, the magnetization curves (Fig. 5.11 (b)) have a loop shape with
two jumps [415—417]. This behavior is characteristic of epitaxial ferromagnetic thin
films with planar uniaxial anisotropy affecting cubic magnetocrystalline anisotropy. In
this case, the magnetization change strongly depends on the orientation of the applied
field. If the field is not co-directed with one of the cubic easy axes and is slightly
tilted away from the hard axis, the magnetization is hampered and a two-jump process
can be observed. The jumps are marked in Fig. 5.11 (b) by black arrows on the curve
when the field is cycling between negative and positive values. The shape of the loop
with two jumps is reproduced on the reverse cycle of field change.

The temperature dependences of the magnetic susceptibility x(7") with zero
field cooling (ZFC) and constant field cooling (FC) are shown in Fig. 5.11 (d). The
magnetic susceptibility x(7") in both ZFC and FC curves has a broad maximum
at temperature ~ 165 K. This can be related to superparamagnetism, as previously
shown on cobalt ferrite or iron-palladium alloy nanoparticles [418—420]. The ZFC
and FC curves diverge markedly below 165 K, and a slight divergence of the
curves persists above this temperature up to 300 K. A similar behavior of magnetic
susceptibility curves with the presence of hysteresis loop was found in the study of
CoSi nanowires [414]. The magnitude of magnetic susceptibility increases for the
ZFC and FC curves when the temperature reaches values below 5 K. This correlates
with the increase in saturation magnetization of the M (H) curve at 2 K (Fig. 5.11 (a)).
The saturation magnetization changes slightly in the temperature range of 10 — 100 K,
but the coercive field decreases gradually with increasing temperature (Fig. 5.11 (¢)).
Thus, the graphene/CoSi1/CoSiy/SiC system possesses ferromagnetic properties in the
surface plane, presumably due to the CoSi nanothin layer.

5.1.3 Findings

In the present work, the synthesis parameters of the zero-layer graphene on
6H-SiC(0001) have been determined. It is found that the synthesis of ZLG is possible
by one-step high-temperature annealing of SiC at 1150 °C with pre-degassing of the
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sample. The results of LEED, XPS and ARPES studies prove the formation of ZLG
with typical photoelectron spectra and diffraction pattern. The electronic structure of
ZLG on SiC was investigated by the ARPES method over a wide range of binding
energies and quasi-wave vectors. The band structure calculated by the DFT method
agrees with the ARPES intensity maps.

Two methods of Co intercalation under ZLG on SiC have been investigated:
Co deposition on a heated substrate and Co deposition on a substrate at room
temperature followed by annealing. Both methods lead to the intercalation of Co
and the transformation of ZLG into graphene. At the same time, Co deposition on
heated substrate i1s more effective for the intercalation process and the transformation
of ZLG into graphene.

The synthesized graphene on ultrathin CoSi/CoSi, layers has a quasi-
freestanding character. The results of HRTEM study provided detailed information on
the crystal structure of CoSi and CoSis layers. Based on the magnetic measurements, it
can be concluded that the graphene/CoSi/CoSi,/SiC structure possesses ferromagnetic
properties with an appropriate hysteresis loop and a coercivity value of 180 Oe at
2 K. Thus, a new method for the synthesis of quasi-freestanding graphene with a
Dirac cone structure in contact with a magnetic substrate has been discovered. The
obtained results are the basis for further realization of magneto-spin-orbit graphene
on semiconductor substrate and are important for future application of such graphene

in spintronics.

5.2 High-temperature synthesis of graphene by chemical vapor

deposition on single-crystal metal substrates

The chemical vapor deposition (CVD) method is widely used to synthesize
graphene on single-crystal transition metal substrates. It is known that graphene
synthesized by CVD at a synthesis temperature of ~ 560 °C is characterized by
a low-energy electron diffraction pattern with arc-shaped reflexes [16]. This is due
to the presence of prevalent misoriented domains, the existence of which has been
established by other studies [421—423]. The STM data obtained for such a system

are consistent with the LEED results: a well-known moiré¢ pattern, characteristic
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of the mismatched interface between graphene and a single-crystal cobalt film, is
observed. Moreover, contributions from other rotational domains are observed in
the ARPES intensity maps near the K point of the surface Brillouin zone of the
Co(0001) and (1x1) graphene domain [421—423], which significantly complicates
the interpretation of the experimental data. In [424] it was shown that in the case of
graphene synthesis on Ni(111), the quality of graphene increases with the synthesis
temperature. At low-temperature synthesis (400 — 500 °C), a highly defective film
is formed with small ordered graphene domains and disordered domains consisting
of Stone-Wales type defects [425]. Graphene grown at 650 °C have a small number
of defects that broke epitaxy (1x1), but excellent long-range order in the rest of the
surface. The improvement in the structural perfection of graphene with increasing
synthesis temperature may be related to the achievement of better crystallization of
the transition metal thin film, the absorption/segregation kinetics of carbon atoms
on the substrate surface, and the defect healing and recrystallization processes of
graphene [426].

5.2.1 Graphene synthesis on Co(0001) ultrathin film on W(110)

single crystal

Studies of the structural properties of graphene grown by the CVD method on
an ultrathin Co(0001) layer have shown that well-ordered graphene perfectly oriented
relative to the substrate can be grown only in a certain temperature range. As an
example, Fig. 5.12 shows LEED patterns for a Co(0001) layer and two graphene
samples on Co(0001) obtained at temperatures of 560°C and 660°C. The latter
temperature is quite high and close to the graphene decomposition temperature of 670
—700°C (see Section 6.3). From the comparison of LEED patterns, it can be seen that
the graphene synthesized at lower temperature (560 °C) is characterized by arc-shaped
reflexes, while at higher temperature (660 °C) — is well oriented and commensurate
with the Co(0001) surface. The ARPES intensity map taken near the K point of the
surface Brillouin zone of well-oriented graphene on Co(0001) shows the result of
hybridization of 7t states of graphene with d states of cobalt (see Fig. 5.12 (a)). The

most striking features of this system at the K point, which distinguish it from graphene
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Figure 5.12 — (a) ARPES data obtained for well-oriented graphene on Co(0001) at

room temperature. (b) Mini-cone of graphene at the Fermi level. hv = 40.8 eV in both

cases. The arrows in the insets schematically indicate the direction of measurements

in momentum space. (¢) LEED patterns of Co(0001)/W(110) substrate (left) and

well-oriented graphene on Co(0001)/W(110) (center) and misoriented graphene on
Co(0001)/W(110) (right).

grown on other substrates, are the mini-cone of 7t state just below the Fermi level
with spin polarization like that of minority Co (the enlarged image of the mini-cone
is shown in Fig. 5.12 (b)) and the 7t state with spin polarization like that of minority
Co at a binding energy of about 2.8 eV. The origin of these features in well-oriented
graphene on Co(0001) is discussed in detail in [16].

Figure 5.13 shows the ARPES intensity maps for semi- and fully intercalated
graphene. The semi-intercalated graphene shows a superposition of ARPES intensity
maps from Gr/Co and Gr/Au/Co domains (mini Dirac cone and Dirac cone
characteristic of quasi-freestanding graphene). A comparison of the quasi-wave vector
values for the Dirac points of these two domains, indicated by the vertical dashed lines
in Fig. 5.13 (a), gives an estimate of the stretching of the graphene lattice ~ 2% on the
Co(0001) surface relative to quasi-freestanding graphene, which is consistent with the
mismatch between the graphene lattice and the close-packed Co surface. It is well seen

that increasing the amount of gold under graphene leads to a change in the n-doping
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Figure 5.13 — LEED intensity maps for semi- (a) and fully (b) intercalated graphene

measured along 'K at p-polarized radiation and 34 eV photon energy.

of graphene with a shift of the Dirac point closer to the Fermi level. This dependence
is also confirmed by DFT calculations in [427]. It should be noted that no ARPES
intensity from the Gr/Co domain was observed for fully intercalated graphene.

5.2.2 Graphene synthesis on Pt(111) single crystal

It is known that preparation of a pure Pt surface and subsequent CVD synthesis
of graphene at 1200 K often yields a two-domain structure (with 0° and 30°
rotational domains relative to the base Pt(111) substrate) [221]. Sometimes additional
rotated domains with angles close to 0° and 30° can be formed, which significantly
complicates the acquisition of ARPES data from the 0° and 30° main domains and the
interpretation of experimental data after further synthesis, such as metal adsorption
and intercalation. Analyzing the electronic structure of the Gr/Pt(111) system and
the influence of Pt vacancies or bulk dissolved carbon on the electronic structure of
graphene has so far remained an open question [217; 220; 223; 381].

As a result of the study of graphene synthesis by CVD method on Pt(111)
single crystal, which is not subject to strong carbon contamination after multiple
syntheses, it was found that when the synthesis temperature is increased to 1200 K,
it is possible to obtain single-domain graphene whose unit cell is rotated by 30°
relative to the unit cell of the substrate. The results of the study of such single-
domain graphene are presented in [15]. However, in further syntheses of graphene on
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the same single crystal it was more and more difficult to obtain the 30° domain; it
was necessary to repeat the synthesis many times with the conventional procedures
of etching with Ar"™ ions and temperature annealing, including in the atmosphere
of O, otherwise multi-domain graphene was formed, as in the above publications.
By means of XPS and STM studies it was found that segregation of carbon on the
surface and formation of nanoclusters occurs when Pt(111) 1s heated to the synthesis
temperature (without adding propylene). Apparently, these clusters are the nucleus of
multidomain graphene. In order to remove carbon contamination from the surface of
the Pt(111) single crystal, the surface cleaning procedure outlined in Paragraph 2.3.2
was prepared. The results of the study of graphene on Pt(111) prepared by this

procedure are as follows.
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The LEED pattern in Fig. 5.14 (a) clearly shows that reflexes from the
rotational domains are present together with the reflexes from the 30° rotational
domains of graphene, which form a superstructure close to (v/3 x v/3)R30° relative
to Pt(111). However, as will be shown in Fig. 5.16, these domains have a negligible
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contribution to the ARPES intensity maps. A comparison of the diffraction spots of
the main domain with the modelled ones, indicated by the dashed circles, is shown
in the inset to Fig. 5.14 (a). The diffraction pattern was simulated in LEEDLab
2018 [428] with multiple scattering on graphene and Pt structures up to second
order. It is well seen that additional reflexes appear near the expected positions
of the Pt(v/3 x v/3)R30° superstructure reflexes due to the incommensurability of
Pt and R30° graphene domains. In addition, qualitative agreement is found with
the single-scattering calculation of the LEED intensity (Fig. 5.14 (d)) for a free
corrugated graphene cluster with an amplitude span of 0.3 A and for an electron
kinetic energy of 80 eV, which was used in the LEED measurement. The symmetry
and corrugation period were set according to the unit cell of the Pt(111) single
crystal surface. Remarkably, the STM measurements revealed a superstructure with
a corrugation of about 0.2 — 0.3 A, which agrees well with the value reported in
Ref. [217]. The two-dimensional fast Fourier transform (2D FFT) of the large-area
STM image (Fig. 5.14 (e)) also revealed reflex splitting associated with the presence
of superstructure. Thus, the observation of superstructure in the LEED pattern is clear
evidence of a well-oriented 30° graphene domain.

Moreover, non-periodic triangular-shaped defects were detected in the STM
images (Fig. 5.14 (g-h)). Some of them are marked by dashed circles in Fig. 5.14 (g).
It should be noted that these defects were absent from the STM images of other
rotated domains, which make a minor contribution to the LEED and ARPES data. A
commensurate surface structure Gr(2x2)/Pt(v/3 x v/3)R30°, consisting of an ordered
array of single Pt vacancies formed in the uppermost Pt layer and covered by
graphene, was proposed by G. Otero et al. [217]. First-principles calculations of
this vacancy superstructure confirm the strong covalent bonding between graphene
and Pt [217; 381]. On the other hand, experimental studies of graphene on Pt(111)
surface using ARPES [15; 220; 223; 429] show that graphene has a quasi-freestanding
character. It has been suggested that the growth mechanism plays a crucial role
in the hybridization and p-doping of the electronic structure of graphene on the
Pt substrate [220]. It is shown that graphene grown by the carbon segregation
method instead of the CVD method is characterized by a stronger p-doping and a
lack of noticeable hybridization between graphene and Pt states, which is possibly
due to the complex morphology of the Pt substrate surface as a result of carbon

segregation [220].
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To determine the influence of the surface concentration of Pt vacancies and the
possible presence of carbon atoms in the vacancies on the interaction of graphene
with the Pt substrate, three structures of graphene on Pt(111) were calculated by DFT
method. To reveal the distinctive features of the different structures at the atomic level,
STM images (Fig. 5.15) were modelled in the Tersoff-Hamann approximation [430].
The simulated images show a constant local density of states (LDOS) surface near
the Fermi level. Gr(2x2)/Pt(v/3 x v/3)R30° structure features are found in all images,
but characteristic triangular-shaped features are only found for two structures with
Pt vacancies. These structures without/with additional carbon atoms, shown at the
top of Fig. 5.15 (b,c), have almost identical graphene bands because the equilibrium
positions of the carbon atoms placed in the vacancies are close to the second Pt
layer. Graphene — Pt distances of ~ 3.9 A and ~ 3.7 — 3.8 A were obtained for
the structures without and with additional carbon atoms, respectively. In contrast,
C. Wang et al. obtained the graphene — Pt distance for the same arrangement of
graphene relative to the vacancy substrate to be ~ 2.35 A [381]. And at the same
time, the distance of 3.36 A for the structure without vacancies (Fig. 5.15 (a)) agrees
well with previous calculations (3.29 A) [381]). The difference in the graphene — Pt
distances for the structures with vacancies can be explained by the different defect
densities in the unit cells. The defect density in the presented (4 x4) unit cell is equal
to one vacancy per twelve atomic positions of the Pt surface. This is much smaller
than in previous calculations with the (2x2) unit cell (one vacancy per three atomic
positions of the Pt surface) [381]. Moreover, the band structure calculations show
strong hybridization of graphene and Pt(111) in the (2x2) structure with vacancies
and very weak in the case of (4x4).

Comparing the band structures of graphene in different model systems
(Fig. 5.15), we can see that graphene in the vacancy-free structure is less p-doped and
its 7t band is more hybridized with Pt states, as evidenced by the hybridization kinks
shown by the dashed circles in Fig. 5.15 (a). This structure shows the best agreement
with the ARPES data (Figs. 5.16 (a,e) and 5.17 (b)), which have a pronounced kink
in the 7t band dispersion at a binding energy of ~ 0.6 eV. This fact can be explained
by the lower density of vacancies in the investigated sample and their non-periodic
distribution according to STM measurements.

Figures 5.16 (a-e) and 5.17 (a,b) show the electronic structure of the 7t band
near the Dirac point for graphene synthesized on Pt(111). Since the intensity of the
Pt bands strongly depends on the photon energy, ARPES data were measured at
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Figure 5.15 — Relaxed Gr/Pt(111) half-slabs without and with various vacancy defects,

shown together with LDOS isosurfaces and DFT-calculated unfolded bands along the
KM direction of the surface Brillouin zone of graphene. The isosurface images
are of size 20 A x 20 A, and in the upper parts they are superimposed with the
corresponding relaxed structures. The size of the symbols and the “yellow-orange-
violet” color palette indicate the Bloch spectral weight for the unfolded band structure.

different photon energies, namely at 40 eV (for a larger contribution of the graphene
bands relative to the Pt 5d states) and 62 eV (for better visibility of the Pt states).
The dispersion relations were measured in two orthogonal directions of the surface
Brillouin zone: along and perpendicular to T'K. It is found that for graphene on
Pt(111), the Dirac point is located above the Fermi level at a binding energy of about
150 meV. The kinks in the 7t band of graphene, detected by ARPES in the binding
energy range of 0.6 — 1.5 eV, are formed due to hybridization between the 7t states
of graphene and Pt. The latter are clearly visible using s polarization of radiation
(Fig. 5.16 (d)), which provides lower intensity of graphene 7t states. According to ab
initio calculations of the band structure (shown in Fig. 5.16 (f) in the same Brillouin
zone direction as the ARPES measurements), we can conclude that the 7t states of
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Figure 5.16 — ARPES study of the Gr/Pt(111) system: (a), (c) energy distribution maps
(EDM) for the 7t band of graphene measured in directions along and orthogonal to I'K,
respectively; (b) constant energy map of k,, k, at the Fermi level; (d) the same EDM
as in panel (c), but for s polarization and as the second derivative of the intensity with
respect to energy; (e) an overview of the Dirac cone dispersion maps in both k, and
k, directions. The ARPES data were measured at 62 ¢V photon energy and at room
temperature of the sample, except (e) — at 40 eV photon energy and 30 K temperature.
(f) Calculated Gr/Pt band structure without vacancies as in Fig. 5.15 (a), but in
K’ — K — K” direction perpendicular to I'K. The contributions of carbon atoms (p.
orbital character) and atoms of the first layer of Pt (main contributions p.,d 2, d,2_,»

orbital characters of Pt) are shown by circles of different sizes.



136

graphene and the Pt d states strongly interact to form hybridization band gaps at the
supposed intersection points of their dispersions (the avoided-crossing effect).
Interestingly, a Dirac cone-like Pt state (marked by dashed lines in Fig. 5.16
(f)) was found in the calculation at a binding energy of 1.84 eV with almost equal
contributions of d.2 and p, characters. This state was shown to be spin-polarized and
hybridized with the 7t state of graphene [15]. Similar surface states of d character with
a Dirac cone have been reported by R. Requist et al. for Ag(111) and Au(111) [290].

5.2.3 Findings

The use of high-temperature regimes of CVD synthesis of graphene on
single-crystal metal substrates resulted in graphene of high structural quality. A
number of surface-sensitive methods (LEED, XPS, ARPES, STM) and ab initio
calculations were employed to characterize the structural and electronic properties
of low-dimensional systems. It is shown that the ARPES intensity maps contain a
contribution from only one graphene domain. The procedures for the synthesis of
single-domain graphene (without rotational domains in the surface plane) created a
basis for further studies, including those on the functionalization of graphene on these
substrates (N-graphene, B-graphene, graphene/O, etc.). This improved the quality of
the results obtained, and in the case of the Gr/Co(0001) system, new spin-polarized
states at the Fermi level (mini-cone states) were discovered, which can be used to
generate spin-polarized currents on the surface. For the Gr/Pt(111) system, it is found
that Pt vacancies are chaotically distributed on the surface of the Gr/Pt(111) system,
and their low surface concentration, compared to previously published values, allows
the synthesis of quasi-freestanding graphene. The developed procedure for graphene
synthesis facilitated further studies on the intercalation of Gd atoms under graphene,
presented in the next section.
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5.3 A new method for the synthesis of nanothin Pt;Gd alloy for

use in heterogeneous catalysis

Platinum lanthanide alloys have been intensively studied to enhance the oxygen
reduction reaction (ORR) kinetics and reduce the amount of Pt in fuel cell cathodes
with membrane polymer electrolyte [431—436]. These alloys have enhanced ORR
activity relative to pure Pt because a compressive strain is applied to the top Pt
layer, reducing the adsorption energy AEqy [431; 435; 437]. It has already been
shown that Pt,(Gd nanoparticles exhibit outstanding activity in liquid half-cells [433;
434]. Moreover, the most platinum-rich and stable phase Pt5;Gd was found to exhibit
residual catalytic activity 5 times higher than pure Pt after accelerated stability
tests [435]. The enhanced ORR activity was demonstrated on Pt surface obtained
by various methods: formation of Pt layers on bulk alloys of platinum and rare
earth elements by acid leaching [435] and preparation of thin alloy with Pt surface
termination by deposition of Gd on the surface of Pt(111) single crystal followed
by annealing [436].

Another possible way to increase the catalytic activity and reduce the platinum
load is to use graphene and its derivatives as electrocatalysts [438—441]. It has been
shown that graphene on the surface of Pt(111) single crystal acts as a two-dimensional
confined nanoreactor and promotes CO oxidation with lower activation energy [438;
439]. Thus, the formation of graphene-coated Pt lanthanide alloys is of interest for
further catalytic activity studies. Based on these studies, an approach to synthesize
such a system by intercalating Gd under graphene is proposed. A range of techniques
such as LEED, ARPES, XPS, STM and DFT were used to investigate the electronic
and atomic structures of the synthesized systems in detail. The stepwise synthesis
of the nanothin alloy Pt;Gd under graphene (after Gd deposition and intercalation
to a thickness of ~ 16 A) will be studied, and theoretical and experimental data
for the final synthesis step — formation of graphene on epitaxial nanothin Pt;Gd
alloy — will be presented in the context of electronic and atomic structure. Thus, this
research has found a new way to synthesize a well-ordered nanothin Pt;Gd alloy
layer under graphene, thereby combining graphene and alloy within a single epitaxial
system. Moreover, graphene retains its quasi-freestanding character and can serve as

a chemical nanoreactor. It is expected to protect the alloy from acidic solutions.
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Figure 5.17 — Comparison of ARPES data at K point of graphene for Gr/Pt(111)

(a,b), after Gd deposition (c,d) and annealing at 600 °C (e.f).

5.3.1 Adsorption and intercalation of Gd under graphene

Adsorption of 1 A Gd onto Gr/Pt(111) surface is accompanied by a shift of the
7t band energy toward higher binding energies (Fig. 5.17 (c,d)). Hybridization with 5d
states of Pt after Gd deposition is still observed as a kink in the graphene dispersion
at a binding energy of ~ 0.6 eV. A similar n-doping of graphene with an energy shift
of the Dirac point through the Fermi level is observed upon adsorption of Gd onto
quasi-freestanding graphene on Au, which will be shown in the next chapter. After
additional deposition of Gd (total thickness for both depositions — 4 A) followed by
annealing of the system for 5 min at 600 °C, a shift of the Dirac point below the Fermi
level is observed and the 7t* conduction band becomes clearly visible (Fig. 5.17 (e,f)).
A similar shift of the Dirac point was observed for Gd intercalated graphene on Ir and
SiC substrates in [442; 443]. Moreover, a ~ 0.25 eV band gap at the Dirac point is
observed (see Fig. 5.17 (f)). According to the reference [444], the opening of the band
gap is probably due to the corrugation of graphene on the intercalated Gd/Pt,Gd alloy.
In other words, depositing Gd on top of Gr/Pt(111) and annealing the system at 600 °C
leads to efficient n-doping of the electronic structure of graphene with a energy shift
of the Dirac point below the Fermi level and with the opening of the fundamental band
gap. Obviously, the amount of intercalated Gd and the stoichiometric composition of
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Figure 5.18 — (a,b) XPS study of the Gr/Pt(111) system after Gd deposition and

annealing at different temperatures (photon energies of 1486.6 eV and 360 eV): 1 —

Gr/Pt(111), 2 — Gd deposition (4 A), 3 - annealing at 600 °C, and 4 — additional Gd

deposition (5 A) and annealing at 1080 °C. (c-¢) XPS with angular resolution of the

Gr/Pt;Gd/ Pt(111) system after annealing at 1080 °C for emission angles of 0° and
30° (photon energy 1486.6 eV).
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the alloy can be controlled, and hence the position of the Dirac point near the Fermi
level. The control of graphene doping and the position of the Dirac point can be
utilized in the development of advanced electronics [445].

If we refer to the XPS data measured at different synthesis steps, we find
chemical shifts of the C 1s and Pt 4f peaks after Gd intercalation (see Fig. 5.18
(a,b)). These chemical shifts are associated with the formation of alloys in the
near-surface region. Upon adsorption of Gd, the C 1s peak shifts toward higher
binding energies by 0.1 eV. The inverse chemical shift of C 1s toward lower binding
energies with increasing annealing temperature indicates the formation of Pt,Gd
alloy under graphene. In contrast, the binding energy of the Pt 4f level does not
change upon deposition of Gd and experiences a large shift in energy ~ 0.5 eV
after the intercalation of Gd at an annealing temperature of 600 °C. It shifts to the
initial binding energy with increasing annealing temperature and the amount of Pt in
the Pt,Gd alloy. In the next section, we consider the formation of a stoichiometric
Pt;Gd alloy in the final annealing step.

5.3.2 Formation of quasi-freestanding graphene on Pt;Gd alloy

According to the publications of E.T. Ulrikkeholm et al. [436; 446], the
most stable and platinum-rich alloy is formed after deposition of thin layers of Gd
(~ 200 A) on Pt(111) single crystal and annealing at 800 °C. The alloy Pt5Gd is
shown to have a p(1.9x1.9) structure with respect to the Pt(111) substrate [436; 446].
To synthesize a well-ordered Pt;Gd alloy under graphene, an additional deposition of
Gd (5 A) on the Gd-intercalated system Gr/Pt(111) described in the previous section
was performed, followed by annealing at 1080 °C for 5 min. The synthesis method
used has two distinctive features: 1) according to the LEED pattern (Fig. 5.19 (a)),
the alloy has a p(2x2) structure relative to graphene, which is rotated by 30° relative
to Pt(111); 2) a well-ordered alloy is formed under the graphene after annealing at a
higher temperature than that used in the works [436; 446].

According to the XPS measurements of the C 1s, Pt 4f, and Gd 3d core levels
with angular resolution shown in Fig. 5.18 (c-e), it was found that both Pt and Gd
atoms are located under the graphene, with the Gd atoms located deeper. In addition,
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the calculated XPS intensities for a model layered structure with Pt termination of the
alloy under graphene of the following type Gr-Pt-[PtoGd-Pt]-[PtoGd-Pt]-...-Pt(bulk)
had the best agreement with the XPS data for the Pt;Gd alloy with an estimated
alloy thickness of about 3 nm.

It can be seen that the core level peak C 1s has an asymmetric shape
(Fig. 5.18 (a)). Decomposition of the peak into two components gives the high-
energy component at 284.67 eV and the main component at 284.05 eV. It is well
known that the high-energy component of the C 1s peak for strongly doped graphene
1s associated with energy loss due to plasmons excitation [443; 447; 448]. This shake-
up effect is theoretically described in [447] and experimentally observed in [443;
448] after intercalation of rare earth and alkali metals under graphene. In our case,
the intense plasmon loss component of the C 1s peak is observed after the formation
of a well-ordered stoichiometric alloy. This recovers the quasi-freestanding character
of graphene with a shift of the binding energy of the C 1s core level to 284.05 eV
(AE = -0,17 3B relative to Gr/Pt(111)) and, as will be shown later, with a shift of the
Dirac point to a binding energy ~ -0.27 eV (AEp ~ -0.12 eV relative to Gr/Pt(111)).
These comparable energy shifts are consistent with a rigid band model (due to charge
transfer) [448].

The LEED and STM data (Fig. 5.19 (a-d)) show the coexistence of the alloy
structure (2x2) and a large-scale moiré structure with a periodicity of about 2 — 3 nm.
The surface unit cell of the alloy is shown by the small white rhombus in Fig. 5.19
(c,d) with STM data and the black rhombus in Fig. 5.19 (e) with the Gr/Pt;Gd
structure model. Its side size from STM data is 5.2 & 0.3 A, which agrees well with
the experimental values in other studies of the alloy Pt;Gd [431; 435; 446]. The
moiré structure cell is shown in Fig. 5.19 (c) by a large white rhombus with side size
~ 2.8 nm and rotated by 90° relative to the graphene and alloy unit cells.

The observed large-scale moiré pattern can be easily modelled if a Pt alloy
layer with “kagome” structure is placed on top of a Pt(111) substrate (see Fig. 5.19
(¢) and (f) for comparison). Thus, the moiré pattern can be explained by the mismatch
between the lattices of the alloy and the underlying Pt(111) single crystal, since only
their surface unit cells have a 30° difference in lateral orientation.

As shown by STM modelling, graphene is poorly visible due to the large
contribution to the tunnelling current from the alloy states and a sharp change in
the LDOS isosurface in the region of Gd atoms location. Nevertheless, the presence

of geometric corrugation of the alloy and the possibility of graphene arrangement in
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Figure 5.19 — Study of Gr/Pt;Gd/Pt(111) by LEED and STM methods: (a) LEED
pattern at E;, = 65 eV; STM images measured with V, = 350 mV, I; = 0.6 nA (b),
V, =200 mV, I; = 0.5 nA (c), and V, = 40 mV, [; = 0.63 nA (d). Panel (e) shows
ball-and-stick models of the possible arrangement of graphene on the alloy surface.

In panel (f), a moiré pattern between the alloy layer with “kagome” structure and the
Pt(111) layer is included.

different configurations shown in Fig. 5.19 (e) cannot be excluded. Therefore, band
structure calculations by DFT method were performed for three possible arrangements
of graphene on the alloy, but the results for the “top” configuration are presented,
since similar results were obtained for the others.

The results of ARPES examination of the system at the final stage of synthesis
(annealing at 1080 °C) are shown in Fig. 5.20. The linear dispersion of 7t states
indicates a quasi-freestanding character of graphene, with p-doping of graphene
observed (the energy position of the Dirac point ~ -0.27 eV as estimated in
Fig. 5.20 (a)). However, by considering the second energy derivative of the ARPES
intensity (Fig. 5.20 (b,c)), the presence of hybridization band gaps in the graphene 7
band and weakly dispersing substrate states can be observed.

To explain the experimental features of the electronic structure, ab initio
calculations of the Gr/Pt;Gd system (with van der Waals distance ~ 3.2 — 3.4 A
between graphene and the alloy) have been performed and are additionally included
in Fig. 5.20 (b,c). They are presented as follows: the unfolded band structure of
graphene is shown together with the orbital contributions (orbital characters) of the



w

B
Binding energy [eV]

F-S
Binding energy [eV]

o

(=]

-0.5 0.5 1.0 1.5 0.5 1.0 1.5

0.0
k. [A] k. [A]
Figure 5.20 — ARPES study of the Gr/Pt;Gd/Pt(111) system: dispersion map of the

graphene 7 band measured in the direction orthogonal to 'K (a) and along T'K (d);

(b) and (c) the second energy derivative of the ARPES intensity presented in (a) and
(d), respectively. The photon energy is 62 eV. All ARPES data were measured at a
sample temperature of 60 K. Ab initio calculation results are additionally included in
panels (b) and (c) for comparison with experimental data. The size of the symbols and
the color palette indicate the Bloch spectral weight for the unfolded band structure or
the orbital characters of the alloy layers for the folded band structure: sandy brown —
unfolded band structure, blue — second Pt layer with “kagome” structure, and green —
Pt in the third Pt,Gd alloy layer.

alloy layers for the (2x2) folded band structure in one figure, since the (2x2) cell
is the smallest for the alloy structure.

When comparing experimental and theoretical data, several features can be
found: the 7t state of graphene hybridizes with d Pt states of different localization in
the alloy layers — in the underlying second “kagome” layer and in the third PtoGd
layer (the location of the atomic layers is shown in the unit cell cross-section in
Fig. 5.19 (e)). Hybridization of the 7t state with d states of Pt strongly localized in
the third layer (marked with « in Fig. 5.20 (b,c)) occurs in the binding energy range
0.2 — 1.0 eV below the Fermi level. And hybridization with d states of Pt localized in
the second layer gives obviously large band gaps (marked 3 in Fig. 5.20 (c), right).
Thus, the dispersion of the graphene 7t band has more pronounced gaps at binding
energies ~ 2.8 and ~ 3.3 eV in experiment. In addition, we can detect hybridization

states close to the I' point in the region of binding energies 7.5 — 8.5 eV with a large
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contribution of Pt s,d orbital characters (marked y in Fig. 5.20 (c), right). This leads
to a broadening of the peak 7t state in energy near the I' point. The moiré pattern
resulting from the superposition of the Pt;Gd and Pt(111) alloy lattices imposes a
periodic superlattice potential leading to the Dirac cone replicas marked by arrows
in Fig. 5.20 (c), right.

It can be stated that the 7t electronic states of graphene formed on the Pt;Gd
alloy, in contrast to Pt(111), are more strongly hybridized with the Pt d character
states, but still retain a linear dispersion dependence near the Fermi level. Charge
transfer to graphene is observed at comparable energy shifts of the C 1s core level and
the Dirac point (relative to Gr/Pt(111)). The electronic structure of graphene exhibits
p-doping up to ~ 0.3 eV above the Fermi level, which is essential for heterogeneous
catalysis, since an increase in the density of states near the Fermi energy typically

enhances the catalytic activity of the material.

5.3.3 Findings

In dissertation work, nanothin epitaxial Pt,Gd alloys on the surface of Pt(111)
single crystal initially coated with well-oriented graphene have been synthesized
and their electronic and atomic structures at different synthesis steps have been
investigated. The variable stoichiometric composition of the alloy can be used to
control the doping of the electronic structure of graphene in the development of
advanced electronics. The data of low-energy electron diffraction, photoelectron
spectroscopy, and scanning tunneling microscopy show that adsorption of Gd onto
the graphene/Pt(111) system and its subsequent intercalation at 1080 °C lead to the
formation of a nanothin Pt;Gd alloy coated with quasi-freestanding graphene. The
atomically flat surface of the alloy is terminated by an atomic layer of Pt with a
“kagome” structure. According to the ARPES data and DFT calculation, the graphene
on the Pt5Gd alloy surface is p-doped and exhibits hybridization with the alloy even
at van der Waals distances. Nevertheless, the linear dispersion of 7t states near the
Fermi level is conserved.

Graphene plays an important role in the synthesis of nanothin epitaxial alloy

Pt5Gd. The surface unit cell of the alloy corresponds to the lateral orientation of the
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graphene unit cell, but is rotated by 30° relative to the surface unit cell of Pt(111), and
an interface between the alloy and the Pt(111) single crystal with a moiré¢ pattern is
formed. The results suggest that the growth of thin layers of platinum by magnetron
sputtering with its crystallization [449] and subsequent synthesis of graphene on

nanothin alloy Pt;Gd offers great opportunities for cheaper production of catalysts.
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6. Giant Rashba effect in graphene

Induced spin-orbit interaction in graphene is still actively investigated, since
it opens the way to the realization of the quantum Hall effect in graphene without
an external magnetic field [86; 87; 450—452]. It is known that strong spin-orbit
interaction is a prerequisite for the observation of effects such as the spin Hall
effect [85—87], quantum anomalous Hall effect [87; 91; 93; 450; 453], spin-galvanic
effect [454], Rashba-Edelstein effect [455], giant Rashba effect [12; 14], spin-
transfer and spin-orbit torque effects [18; 85; 456—458], magnetoresistance and
spin-filtering [82; 84; 459], spin interference effects, etc. Various approaches can
be used to enhance the spin-orbit interaction in graphene and graphene-like materials.
Recently, it has been reported that the curvature-induced spin-orbit interaction in
corrugated graphene structures offers great potential for applications in graphene-
based spintronics nanodevices [460]. Other ways to control the spin-orbit interaction
are the so-called proximity effect with adatoms or substrate [14; 134; 461; 462] and
symmetry breaking in 2D Janus materials [463—465].

6.1 Giant Rashba effect in graphene on intercalated Au

monolayer

The giant Rashba effect in graphene was considered in Paragraph 1.1.3. This
effect has been published in several experimental papers on the thesis topic [4; 6;
12—14]. Let us note the most important, characteristic features of this effect. It was
shown that hybridization of 7t states of graphene with 5d states of Au is responsible
for the appearance of giant spin-orbit splitting in the 7t band of graphene. In the region
of binding energies, where 7t states of graphene cross Hd states of Au, their interaction
with each other for the same spin orientations occurs, leading to spin splitting of 7
states up to 0.6 — 0.7 eV. Outside the band crossing region, in the region where the 7t
band dispersion is linear, the spin splitting of 7t states is constant and has a value of
~ 100 meV. Despite the experimental evidence of giant Rashba splitting in graphene,

the work [12] was only able to obtain comparable splitting values for closer distances
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between graphene and the gold monolayer than at the equilibrium distance between
them. On the other hand, the giant splitting was confirmed by DFT calculations for
the Gr/N1 system with intercalated Au clusters [466] and by tight binding calculations
of graphene on a gold monolayer in a hollow configuration [467]. Giant spin splitting
was also observed for graphene intercalated by Au on SiC substrate [468], but the
authors concluded that spin splitting becomes giant (~ 100 meV) only near the band
gap formed due to the avoided-crossing effect.

In this dissertation work, an attempt was made to resolve the contradictions
between theory and experiment accumulated over several years. For this purpose, a
new system with a sub-monolayer amount of intercalated Pt atoms under graphene
on SiC(0001) substrate was synthesized. It was assumed that the rarefied layer of
Pt atoms would be a non-planar layer, and this would lead to a reduction in the
equilibrium distance between graphene and the Pt layer, and, accordingly, to the
manifestation of giant Rashba splitting even for a low concentration of intercalated

heavy metal atoms.

6.2 Origin of the giant Rashba effect in graphene on Pt/SiC(0001)

Graphene on metal substrates cannot be directly applied in future electronics
or spintronics. In this respect, graphene systems on semiconductor substrates, such as
graphene on silicon carbide (SiC) with intercalated metal [391; 469—474], are more
promising for applications. The possibility of intercalation of noble metals under
graphene on SiC, such as Au and Pt, was shown in [388; 468; 470; 471].

At the same time, platinum is the most commonly used non-magnetic metal
in spintronics because it is characterized by spin-polarized 5d states at the Fermi
level, which leads to a strong intrinsic spin Hall effect [475]. Furthermore, it has
been shown that graphene on Pt(111) surface [15] or on Ir(111) surface with an
intercalated Pt monolayer in between [476] has a pronounced spin-polarized Dirac
cone structure of 7t states. In the next section, it will be shown that the magnetization
of ferromagnetic nanodots on the surface of the Pt/graphene/Au/SiC(0001) system
can be reversibly controlled by passing a surface current through graphene due to

the spin-orbit torque effect.
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Figure 6.1 — XPS spectra of the C 1s (a) and Si 2p (b) core levels measured for ZLG
on SiC — bottom row, and after intercalation of 1.5 A Pt under ZLG on SiC — top row.

The photon energy is 1486.6 eV.

We consider the investigation results of a system consisting of graphene on
a SiC substrate with an intercalated Pt submonolayer to evaluate the effect of
corrugation at the nanoscale on the induced spin-orbit interaction in graphene. The
system was synthesized by intercalating Pt atoms under ZLG on 6/H-SiC(0001). In
contrast to graphene with an intercalated Au submonolayer (0.5 ML) [466], a single
ordered graphene phase was found in graphene on the intercalated Pt submonolayer.
For such a single-phase system it was possible to explain the results obtained by
different methods and to discuss the nature of the giant Rashba effect.

Initially, a zero layer of graphene on SiC(0001) was synthesized with a surface
reconstruction of (61/3 x 6v/3)R30°+(5 x 5). Figure 6.1 shows the spectra of the
C 1s and Si 2p core levels before and after Pt intercalation. A decomposition
of the photoelectron spectra into spectral components by the curve fitting method
is presented. The line shapes of the Si 2p and C 1s spectra were determined
using the Gauss/Lorenz product formula with mixing parameters of 0 and 0.5,
respectively [477]. The asymmetry parameter of the graphene peak was 0.12 when
approximating the C 1s spectra with curves. The measured data are shown in the
figures with circles along with the best fit curves, corresponding components and
background. The C 1s spectrum of ZLG (Fig. 6.1 (a)) has a characteristic shape with
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Figure 6.2 — Angle-resolved XPS spectra measured at emission angles of 0° and 60°

relative to the surface normal for (a) — C 1s, (b) — Pt 4f, and (c) — Si 2p core levels,
after Pt intercalation under ZLG on SiC. The photon energy is equal to 1486.6 eV.

three components: two components S1 (284.7 eV) and S2 (285.5 eV) corresponding to
the carbon in ZLG, and a bulk carbon component (labeled (B)) in the SiC compound
(283.8 eV). The Si 2p spectrum (Fig. 6.1 (b)) presents a single broad peak at a
binding energy of 101.7 eV, which is consistent with previous results [383; 385; 392].
However, the Si spin-orbit doublet (2p;/2 and 2p3/2) is not resolved, so a single
asymmetric peak is obtained during the fitting procedure. It should be noted that a
small amount of graphene monolayer was present for the initial ZLG (see the low
intensity component at 284.6 eV in Fig. 6.1 (a)). However, as will be shown later,
this part of the surface is inert to the intercalation process.

Changes in the XPS spectra are observed after adsorption of 1.5 A Pt onto the
zero-layer graphene surface on SiC(0001) and subsequent annealing at T = 1100 °C
for 1 h. First, there is a decrease in the ZLG and bulk components of carbon atoms in
SiC and an increase in the graphene component at a binding energy of 284.4 eV.
This implies the conversion of ZLG to graphene as a result of the intercalation
process. Second, the spectral components corresponding to Si and C atoms in bulk
SiC were found to be shifted by 0.9 eV toward lower binding energies. This effect
can be explained by the influence of Pt atoms on the surface bend bending of the
system [401].

Additional measurements of photoelectron spectra at different emission angles
were carried out to determine the depth of the near-surface layers. It is possible

to determine the location of the layers in depth relative to each other by
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Figure 6.3 — (a,b) LEED patterns of the initial SiC surface with a zero-layer graphene
(6v/3 x 6v/3)R30°+(5 x 5) and a small amount of graphene monolayer and after
intercalation of 1.5 A Pt, E, =100 eV. (c) ARPES intensity maps after Pt intercalation
measured along the 'K direction of the surface Brillouin zone and presented as the
second derivative of the intensity with respect to energy. (d,e) ARPES intensity maps
of the initial surface and after Pt intercalation, measured in the direction orthogonal to
I'K. The solid red lines show the fitting result of the momentum distribution curves
by two peaks with Lorentz functions. An enlarged view of the Dirac cone for the
initial surface is shown in the inset with inverted palette. (f) ARPES data from (e),
presented as the second derivative of intensity with respect to energy to distinguish

the main features more clearly. The photon energy is 40.8 eV (He Ilx).

studying the angular dependences of the intensities of the elements core levels (see
Paragraph 2.2.1). The spectra of C 1s, Pt 4f, and Si 2p measured at photoelectron
emission angles of 0° and 60° relative to the surface normal are shown in Fig. 6.2.
Comparing the intensity ratios I, /Ij> of the graphene component C 1s, Pt 4f and
the bulk component Si 2p (the numerical values of the ratios are shown in Fig. 6.2),
we can conclude that the graphene is located above the Pt submonolayer, with the
latter located between the graphene and the SiC substrate. This proves the successful
intercalation of Pt between ZLG and SiC.
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The LEED image in Figure 6.3 (a) shows the formation of ZLG on SiC with
reconstructions of (6\/3 X 6\/§)R3Oo and (5 x 5) [384]. The bright SiC reflexes are
clearly observed together with very pale graphene reflexes and a set of diffraction
reflexes characteristic of 64/3 or ZLG reconstruction. It is known that the diffraction
reflexes corresponding to the graphene inverse lattice slightly increase in intensity
when the first layer of graphene 1s formed [382]. Indeed, we observe such an increase
in intensity after Pt intercalation together with the appearance of fuzzy diffraction
reflexes of the moiré¢ pattern (Fig. 6.3 (b)). The diffraction reflexes of the ZLG
reconstruction are now not visible, which proves the successful intercalation of Pt
atoms between ZLG and SiC substrate. The observation of (1 x 1) SiC reflexes up to
high kinetic energies (~ 200 eV) indicates the good crystalline quality of the substrate
after intercalation. Notably, the superstructure period ~ (5 x 5) measured by STM
(~ 1.2 nm x 1.2 nm) is in a good agreement with that predicted for the 0° rotation
angle between the graphene and the Pt layer [219].

The ARPES intensity maps were measured before and after Pt intercalation
(Fig. 6.3 (c-f)) to analyze the changes in the electronic structure of the system. Due
to the fact that the electronic structure of ZLG does not have intense electronic states
near the Fermi level, even a small amount of graphene will contribute to the signal
in the ARPES maps. Thus, the initial surface was characterized by the presence of
a Dirac cone, typical of n-doped graphene on SiC, and the energy position of the
Dirac point about 0.42 eV below the Fermi level (see Fig. 6.3 (d)) [383]. However,
according to the analysis of the XPS data, the coverage of graphene was much smaller
than that of ZLG.

A new Dirac cone is clearly visible in the ARPES intensity maps in Fig. 6.3 (e,f)
after Pt intercalation. This cone is associated with the intercalated graphene formed by
ZLG transformation. The Dirac point is above the Fermi level (p-doping) due to the
intercalation of Pt. At the same time, the initial Dirac cone remains unchanged. The
band structure in the 'K direction is shown in Fig. 6.3 (c). Dispersions of graphene
7t and o states are observed, and d bands of Pt are visible near the Fermi level. At the
I', the 7t state has a binding energy of 8.2 eV, which is in agreement with the results
for graphene on Pt(111) presented in [15]. The Pt surface states observed in [15; 476]
are shown in white solid lines and coincide with the intense features of the ARPES
map. The dispersions of Pt d states may be less intense and resolved to a worse
degree due to the smaller amount of intercalated Pt compared to the investigation of
the Gr/Pt/Ir(111) system [476] and the formation of atomic chains and 2D Pt clusters
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under graphene. The quantization of Pt bands will be crucial in this case, as was shown
in the electronic structure study of pentacene molecules on the Ni(110) surface [478].

6.2.1 Electron spin structure

The electronic spin structure of the graphene/Pt/SiC system was measured using
the spin-ARPES method at k| values indicated by the blue arrows in Fig. 6.3 (c). The
spin-ARPES spectra for the Rashba spin component (S,) are shown in Figure 6.4. The
spin-resolved data were analyzed using a standard procedure (see Paragraph 2.2.3).
The spin polarization is shown in Fig 6.4 (b). The slope of the polarization curve and
the change in its sign in the energy localization region of the peak of 7t states indicate
the presence of spin splitting of this peak [479]. Next, the spin-resolved spectra in
Fig. 6.4 (a) were obtained using the polarization curve. The calculated data points

are shown together with the best approximation curves in Fig. 6.4 (a). In addition,
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Figure 6.4 — Spin-ARPES spectra with spin polarization (a,b) of the Gr/Pt/SiC(0001)
system measured at the quasi-wave vectors ki, ko, and k3 marked in Fig. 6.3 (c).
In (a), the projections of the electron spin of different sign on the axis lying in the
plane of the surface and directed perpendicular to the quasi-wave vector are indicated

in blue and red colors. The photon energy is 40.8 eV (He 11x).
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Figure 6.5 — (a) ARPES intensity map of Pt-intercalated graphene measured along
the TK direction of the surface Brillouin zone. (b) The same ARPES intensity map
presented as the second energy derivative. (c-e) EDC profiles taken from the ARPES

intensity map in panel (a) at different values of emission angles (k).

the polarization curves calculated inversely from the approximation curves of the
spin-resolved spectra are shown with solid lines in Fig. 6.4 (b). The procedure for
the approximation of the spin-ARPES data and the estimation of the spin splitting
will be described below.

Figure 6.5 (a) shows the ARPES intensity map of Pt-intercalated graphene on
SiC substrate similar to the map presented in Fig. 6.3 (¢), but without differentiating
the data. The energy distribution curves (EDC) taken from the ARPES intensity map
are shown in Fig. 6.5 (c-e) to visualize the change in the shape of the spectra with
increasing binding energy of 7t states (or the corresponding angle/quasi-wave vector).
Note that in addition to the main peak (labeled as 71), there are low-intensity peaks
on the left and right. One of them corresponds to a branch of the original Dirac cone
detected before Pt intercalation (denoted as 7'), and the second one can be related to
the d states of Pt according to the article [15]. As a result, the shape of the spectrum
becomes more complicated, and the its peculiarities were taken into account when

analyzing the spin-resolved data.



154

a b e
= B 2 k3
§_ 5 5 — Peak 1
o o o — Peak 2
w w (a]
0 0 W
= = =
& & &
= = =
']""l”"["”l""""'l"""' ”I””l””l““l”"‘l””]"”T” lilIllllllllllliIIIIIIIIPIIIIIIII
8 5 4 3 2 1 6 5 4 3 2 1 4] 6 -} 4 3 2 1 0
40 i 40 H 40 - H
= = =® .
® = 5 L
g | g — g —
5 0 *'v i“ 50 s 0
5] 5] =] V
g a o f H
glzo = d .5-20 = ‘3-20— G
w —— Experimental Polarization, w w I— Experimental Polarization, ?’u
= Polarization based on Fit data, = Polarization based on Fit data, %
-40 — ; -40 -40 }
II'|lllll!lIlIIIIilIIIIIII‘IIII‘! LB rIerITIIIIIIIPIIIYIIIIIIIIIIIIIII
5 5 4 3 2 1 6 5 4 3 2 1 0 6 5 4 3 2 1 0
d Binding energy, eV e Binding energy, eV f Binding energy. eV
Energy of |Energy of |A SO Energy of |Energy of |A SO Energy of |Energy of |A SO
ki Peak 1 Peak 2 splitting, k2 Peak 1 Peak 2 splitting, k3 Peak 1 Peak 2 splitting,
Spin up, Spin down, (eV Spin up, |Spindown, |eV Spin up, Spin down, |eV/
eV eV eV eV eV eV
Fit Fit Fit
i 3.48 3.30 0.180 tosils 21 1.91 0.200 b 1.26 1.06 0.200

Figure 6.6 — (a-c) Spin-ARPES spectra of Pt-intercalated graphene measured at
different emission angles (k|) along the T'K direction of the surface Brillouin zone —
the spectra are presented together with the best approximation results. The original
spin polarization curves and the curves calculated inversely from the approximated
spectra are presented below the spin-resolved spectra. Blue and red colors denote
electron spin projections of different sign. (d-f) Tables of the binding energies of 7

states and spin splitting values obtained from the approximation procedure.

Figure 6.6 shows the spin-ARPES spectra measured at different emission angles
(kj). To determine the spin splitting of 7t states of graphene, the spin-resolved curves
were approximated by several Gaussian peaks and a linear background. The results
of the best approximation for different k; profiles are also shown in Fig. 6.6. The
original polarization curves are shown below the spin-resolved data. Additionally, the
polarization curves were calculated inversely from the approximated spectra using

the following expression:

plit — ]1{]? B c{olfun (6.1)
= i .
5+ Lioun

where L{;t and [ g;olfm are the best-fit curves of the corresponding initial spectra. It

is worth noting that the original polarization curves have a strong deviation near

the Fermi energy because it arises from the division of small values (/; — Ir) and
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(I1, + Ir) due to the low intensity of the photoelectron emission signal near the Fermi
level (division by a value close to zero gives a large uncertainty).

Figure 6.6 (d-f) shows the energy positions of 7t states with spin-1 and spin-|
obtained by the approximation procedure. The spin splitting values are consistent
with those determined from the maxima of the spin-ARPES spectra because of the
high intensity of the 7t states compared to the additional states. Thus, a spin splitting
of 200 meV (£50 meV) is observed for all measured spectra over a wide range
of binding energies. The experimentally detected magnitude of the spin splitting
1s unprecedentedly large for both freestanding graphene and previously studied

experimental graphene-based systems.

6.2.2 Surface atomic structure

STM measurements were performed to obtain additional information on the
surface atomic structure. Only one well-ordered structure on large nanometer scales
was resolved, namely, the structure of periodic triangular-shaped defects (Fig. 6.7).
The periodicity of the superstructure is ~ (5 x 5) with respect to the graphene
lattice. The two-dimensional fast Fourier transform (2D FFT) image shown in inset
of panel (b) also contains reflexes from the superstructure. It should be noted that
the corrugation of the surface topography is about 0.2 — 0.3 A, which agrees well
with a previously measured value for graphene on a Pt(111) surface with vacancies in
the top layer (see Paragraph 5.2.2). The observation of a corrugation of comparable
magnitude after intercalation of an incomplete Pt monolayer indicates the formation of
a rarefied platinum layer with vacancies beneath the graphene. To show the presence
of corrugated graphene lattice, 2D FFT filtering of the image was performed and the
result is presented in a 3D view with illumination by a light source. The 2D FFT image
shows six reflexes corresponding to the superstructure, while the 3D image shows
the structure of graphene (see Fig. 6.7 (c)). The enlarged image, marked by the white
square, shows the curved lattice of graphene due to corrugation. The atomic resolution
of graphene is degraded in some regions due to the simultaneous contribution to the
tunneling current of the signal from different atoms of the corrugated surface, even

with a sharp tip achieving atomic resolution on a graphite surface.
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Figure 6.7 — STM images of the graphene/Pt/SiC system after annealing at

temperature T = 1100 °C. The image dimensions and measurement parameters are
as follows: (a) 30x 30 nm, V, = —-04 V, [; = 0.5 nA, (b) 11x11 nm, V, = —0.5V,
I; = 0.5 nA. The 2D FFT of the STM image is shown in the inset in panel (b). (c)
3D view of the image with 2D FFT filtering to visualize the graphene lattice. The

enlarged region is shown in the inset.

6.2.3 Comparison of experimental and theoretical results

To analyze the experimental data obtained and to understand the origin of
the giant spin-orbit Rashba interaction, DFT calculations were performed. It should
be noted that any published data on experimental spin-orbit splitting in graphene
with the magnitude higher than 100 meV could not be found. Similar experimental
values of splitting were obtained earlier, but only due to exchange and spin-orbit
interactions [6]. Moreover, the DFT calculations had significant differences from the
experimental results either in the magnitude of spin-orbit splitting or in the atomic
structure of graphene and the underlying layer. Because of the impossibility to take
into account in the calculations all the features of the structure of the real system and
the need to achieve experimental values of spin splitting, unrealistic surface models
are usually used. In our case of a single-phase system it was possible to perform
calculations of rather realistic simple unit cells, which could shed some light on the
complex nature of the observed giant Rashba effect. Having a single-phase system
with a rarefied Pt layer with voids, one can theoretically simplify the system as if it

were composed of single Pt atoms.
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Figure 6.8 — Gr/Pt interface model systems in the form of slabs: (8 x 8) with flat

graphene and Pt layer (a), (8 x 8) with large-scale corrugation of graphene (b), and (9
x 9) with Pt atom-induced corrugation of graphene (c). The corresponding unfolded
bands calculated by the DFT method near K points along the TKM direction of the
Brillouin zone of graphene are shown on the right. The size of the symbols and the
color palette denote the Bloch spectral weight of the carbon atoms for the unfolded

band structure.
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The first model in Fig. 6.8 (a) presents the Gr/Pt interface with flat layers. A
splitting close to 100 meV was obtained at a distance of ~ 2.8 A, which is smaller
than the equilibrium distance for the Gr/Pt(111) system (~ 3.3 — 3.4 A according
to Paragraph 5.2.2). Nevertheless, even this close distance is not sufficient to obtain
a splitting value comparable to the experimental one. It is worth considering that
further reduction of the distance between graphene and the Pt layer leads not only to
an increase in the splitting, but also to the destruction of the Dirac cone due to strong
hybridization with 5d states of Pt. In the second model, the effect of corrugation of
graphene near the average Gr — Pt distance ~ 2.8 A was verified. Corrugation was
obtained after optimizing the Gr(8 x 8)/Pt interface structure with an equilibrium
distance ~ 3.3 A. Since the splitting has slightly increased compared to the previous
case, and the carbon atoms now have different distances to the Pt layer, we can
conclude that the average distance between the graphene and the Pt layer plays a major
role in the Rashba effect. In order to reduce this average distance without bringing
graphene and platinum closer together, a point defect in the form of an additional Pt
atom under graphene was constructed and structural optimization of the system was
carried out. At the same time, due to the formation of a “hat-like” graphene structure
above the additional Pt atom, some carbon atoms have a small distance to the nearest
platinum atom (~ 2.3 A), which should increase the spin-orbit interaction induced
in graphene. It should also be noted that the structural optimization resulted in flat
regions even closer to the Pt layer (~ 2.5 A). As it turned out, such a defect enhances
the splitting up to ~ 170 meV. At the same time, the Dirac cone dispersion of graphene
1s not destroyed. Within the experimental resolution, we have good agreement between
this model and experiment. Thus, the essential features revealed for the first time in
the calculations are the possibility of corrugation of graphene in a large-scale unit
cell with a flat substrate and the effect of graphene convergence in the case of point
defects in the form of Pt single atoms under graphene.

Without any doubt, the unit cells used in the calculations have too small lateral
parameters, and the model of the system based on STM data should have a unit cell
of minimum size (15 x 15) with a periodic arrangement of voids and quasi-periodic
arrangement of Pt atoms between each other. For this reason, the performed DFT
calculations cannot fully account for the complex structure of the real surface, and
it is necessary to solve the difficult problem of calculating large unit cells in order
to finally establish the role of nanometer-scale unit cells in the giant Rashba effect.

However, despite the described limitations, the performed calculations of model unit
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cells give a fairly good idea of the possible cause of the giant Rashba splitting in the
considered system, which consists in the decrease of the average distance between
carbon and platinum atoms due to the appearance of an ordered grid of platinum

clusters and voids under the graphene.

6.2.4 Findings

Intercalation of noble metals leads to giant Rashba-type spin-orbit splittings of
electronic states in graphene. Spin-orbit splitting greater than 100 meV has not been
previously achieved in graphene on metal or semiconductor substrates. For p-doped
graphene obtained by intercalation of a Pt underneath zero-layer graphene on a SiC
substrate, a spin splitting of ~ 200 meV is observed over a wide range of binding
energies. Based on the analysis and comparison of the results of theoretical studies
of various models with the results of experimental studies by spin-ARPES, XPS,
and STM methods, it is concluded that not only a relatively close distance between
graphene and the Pt layer, but also the presence of corrugation of graphene caused
by the nonplanar Pt layer is necessary to obtain giant spin-orbit splitting. This allows
a compromise between strong hybridization and enhanced spin-orbit interaction. In
our case, the Pt submonolayer possesses nanometer-scale lateral ordering underneath
the graphene in the form of a rarefied Pt layer with triangular-shaped voids. A
theoretical model with additional platinum atoms under the graphene shows a decrease
in the distance between the graphene and the Pt layer atoms due to the convergence
effect under graphene corrugation at point defect sites. A more complex boundary
between graphene and the intercalated noble metal layer is assumed to underlie the
giant Rashba effect. Nevertheless, the synthesized system is a good candidate for
measuring the spin Hall effect because it is grown on a silicon carbide substrate and
the intercalation of an incomplete Pt monolayer minimizes the electrical shunting of

graphene by metal atoms.



160

6.3 Advanced graphene recording device for magnetoresistive

memory based on spin-orbit torque effect

Spin-orbit torque magnetoresistive RAM (SOT-MRAM) is a promising
technology to be realized in near-future computers because it has several advantages
such as non-volatile, high storage density, and scalability. Next, we consider a
graphene-based recording element model for a SOT-MRAM unit cell consisting of
quasi-freestanding graphene intercalated with Au and an ultrathin Pt layer located
between the graphene and the magnetic tunnel junction (MTJ). The graphene-
based recording element will result in faster memory operation and lower power
consumption when writing information by reducing the electric current required for
the writing. The efficiency of graphene-based recording element has been confirmed
by experimental results and theoretical calculations.

Modern development of computing and data storage systems requires
miniaturization of memory devices, increased performance and energy efficiency.
Magnetoresistive RAM (MRAM) has a number of advantages over other widely used
memory types in modern computers (DRAM, FLASH, SRAM). The most important
advantage of MRAM is the non-volatile behavior of its memory elements, due to
which information is stored not due to electric charge, but due to the magnetic state of
matter. In addition, MRAM has a higher speed of operation than DRAM or FLASH.
The memory element used in MRAM consists of two ferromagnetic layers: a “fixed”
layer (hereinafter referred to as the fixed layer) with constant magnetization and a
“free” layer (hereinafter referred to as the free layer) with changing magnetization,
separated by a thin insulating layer, and operating on the basis of MTJ [480—483].
The read process in MRAM is realized by measuring the electrical resistance of the
cell. The write process is a change in the magnetization orientation of the free layer
using a write element (or write line).

There are various methods to write data to a memory cell. The classical method
uses a pair of lines to write [484; 485]. An electric current is passed through them,
which induces a magnetic field at the junction, followed by a change in the orientation
of the magnetization of the free layer. Unfortunately, the described MRAM design

requires high power consumption, and the use of induced external magnetic field
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makes it difficult to reduce the size of the unit cell at the desired high density of
data storage.

A more efficient way to write information into an MRAM unit cell is based
on the spin transfer torque effect (STT-MRAM) [485; 486] or spin-orbit torque effect
(SOT-MRAM) [45; 485; 487; 488]. The fundamental difference between STT-MRAM
and SOT-MRAM is the control of tunnel junction. Writing and reading information
into the STT-MRAM unit cell occurs when currents are flowing perpendicular to
the tunnel junction. This causes the cell to wear out during the write and read
process, although the read currents are much smaller than the write currents. A SOT-
MRAM tunnel junction cell is written by passing current along the plane of the MTJ
rather than through all layers of the unit cell (Fig. 6.9 (b)). The switching of the
magnetization of the free layer occurs by a spin-polarized current due to the transfer
of orbital angular momentum from the lattice to the spin system. The geometric
change of the method of passing currents significantly reduces the wear of the cell
and increases the switching rate of the free layer [485; 487; 489]. In [487; 489; 490],
it 1s shown that the magnitude of the write current for a cell based on the spin-orbit
torque (SOT) effect is reduced compared to that for a cell based on spin-transfer torque
(STT). The results show that magnetization switching in the SOT device requires less
energy than that in the STT-driven device. Advanced magnetic memory based on the
SOT eftect is an excellent candidate for a versatile non-volatile memory that solves
the problems of MRAM and promises reduced write current, low power consumption,
high performance and high memory density. Therefore, finding suitable materials and
systems based on them in which the spin-orbit torque effect can be realized is an
urgent task. Devices based on the SOT effect can be used not only in memory cells
but also in spintronics logic elements.

The control of magnetization in nanomagnets using the spin-orbit torque effect
induced by currents has led to a growing interest in MRAM and the realization
of SOT-MRAM [457; 491; 492]. In some previous works, the idea of in-plane
injection of spin-polarized currents in non-magnetic materials such as topological
insulators [492] and Pt thin films [491] has been used to induce magnetization in
ferromagnetic layers on top of them due to the spin-orbit torque phenomenon. This
effect results in electron spin transfer from the bottom layer of topological insulator
or Pt to the ferromagnetic layer. Layers of Fe, Ni, Co, or permalloy have been used
as ferromagnetic. In the work [492], an insulating layer (e.g., MgO or AlO,) was

used between the topological insulator and the ferromagnetic layer to preserve the
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(b)
Figure 6.9 — (a) Model of graphene recording element. (b) A SOT-MRAM-type

magnetic memory cell using a graphene recording element. The layer designations

in the figure are as follows: substrate (gray layer), Au (brown layer), graphene, Pt
(green layer), free magnetic layer (1), dielectric layer (3), fixed magnetic layer (2).
Parts (1), (2), and (3) form the MTJ of the memory cell. The in-plane electric current
direction along the surface (J) is perpendicular to the magnetization orientation of the

magnetic layers.

electronic structure of the topological Dirac cone states, which plays a major role
in the formation of spin-polarized current. On the other hand, the use of Pt is very
promising since its contact with the ferromagnetic Co is known to exhibit high spin
transfer efficiency [491; 493—496]. An alternative way to switch the magnetization in
quasi-two-dimensional systems with strong spin-orbit interaction is the spin moment
induced by the spin Hall effect [497]. However, in this case, the directions of the
applied electric current and spin current do not coincide.

The application of graphene on nonmagnetic Ir and Ru substrates has been
proposed for magnetization switching in SOT-MRAM cell [498]. Graphene is a
preferred candidate for two-dimensional spintronics because of its long spin relaxation
length and efficient spin transport at room temperature [122—124]. Moreover,
graphene can be considered as a promising device element because it can withstand
very high current density [124; 499]. The unique properties of graphene provided by
its Dirac cone electronic structure promise to reduce power consumption and speed
up the operation of the memory cell [124; 500]. At the same time, graphene has
a weak intrinsic spin-orbit interaction, making it difficult to use in spintronics [501].
However, various approaches [12; 502—505] have been taken to enhance the spin-orbit
interaction in graphene. The induced giant Rashba spin-orbit interaction in graphene

in contact with some heavy metals (Au, Pt) discovered in this work increases the
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efficiency of spin-polarized current generation, which also improves the recording
properties. However, it should be noted that the use of graphene formed on substrates
of ferromagnetic metals (N1, Co) or some transition metals (Ru, Re) is inefficient,
because the contact of graphene with the above metals leads to the destruction of
the linear dispersion of 7t states, as was experimentally confirmed [14; 16; 108; 506;
507]. Near the K points of the Brillouin zone, the 7t state of graphene is significantly
modified due to hybridization with the substrate states. This is accompanied by the
loss of the unique transport properties of graphene and the impossibility of spin
moment transfer from the graphene layer to the free ferromagnetic layer of the
memory device. Thus, the contact of graphene with Ni, Co, Re and Ru cannot be
used as a basis for a recording element. To overcome this limitation, we consider
induced spin-orbit interaction in graphene on a ferromagnetic substrate followed by
Au intercalation for use in a memory cell. The advantages of using graphene in
a SOT-MRAM recording element will be discussed based on the experimental and

theoretical results obtained.

6.3.1 Device description

The proposed model of the graphene recording element is shown in Fig. 6.9
(a). The present device consists of a free magnetic layer and a recording element that
changes the magnetization of the free layer in two opposite directions. The recording
element is based on the spin-orbit torque effect and consists of graphene lying on an
insulating substrate, with an intercalated thin gold layer underneath and an ultrathin
platinum layer located between the graphene and the free magnetic layer. The free
magnetic layer is made of a ferromagnetic metal such as Ni, Co, Fe, or an alloy of
the mentioned metals, and the dimensions of the free magnetic layer and the ultrathin
platinum layer are about 50 — 200 nm in plane and 2 — 10 nm in height. Silicon carbide
SiC(0001) can be used as a substrate, on whose surface a graphene monolayer can
be synthesized. The width of graphene on the substrate is limited by the size of the
free magnetic layer, and the length exceeds the length of the free magnetic layer
by 2-3 times. One monolayer of gold atoms is incorporated between the graphene
and the substrate.
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Figure 6.9 (b) shows the realization of a SOT-MRAM magnetic memory cell
using the proposed graphene writing element. The magnetic memory cell consists of
a recording element described in Figure 6.9 (a) and a reading element above. The
reading element includes an insulating layer and a second fixed magnetic layer for
operating the MTJ. The magnetization of the free and fixed layers is located in the
surface plane. Information is read by measuring the electrical resistance of the cell.

Let us return to the consideration of the claimed recording device (Fig. 6.9 (a)).
The model uses a well-ordered epitaxial graphene monolayer synthesized on a
S1C(0001) substrate. However, it is known that the spin-orbit splitting of 7t states in
graphene on a silicon carbide substrate is very small, which makes it difficult to use
graphene as an active element of spintronics devices [468]. In contrast, intercalation of
various metals results in the separation of the zero-layer graphene and the formation of
quasi-freestanding graphene (Chapter 5 and [388; 508—512]). Au intercalation leads
not only to the formation of quasi-freestanding graphene, but also to induced spin-
orbit interaction in graphene and spin splitting of 7t states of graphene [512]. Spin
splitting of 7t states of graphene with magnitudes up to 100 — 200 meV was observed
when Au was intercalated under graphene on Ni(111) and Co(0001) (see Section
6.1 and Chapter 7). Thus, the use of Au-intercalated graphene will achieve a high
spin polarization efficiency for current flow through the planar graphene/Au/substrate
system.

When an electric current passes through the system graphene/Au/substrate, a
spin-polarized current (spin current) is created along the electric current direction
with spin orientation perpendicular to the current. When a reverse current 1s applied,
the spin orientation is also reversed. In this case, the silicon carbide substrate does
not shunt the spin current in graphene, which leads to an increase in device efficiency
and simplifies the implementation of the element in the design of a spintronics device.
The spin current can induce magnetization of the free magnetic layer of SOT-MRAM
cell due to the spin-orbit torque effect. In this case, changing the direction of the spin
current will switch the orientation of induced magnetization in the free layer.

An ultrathin Pt layer (1-2 monolayers) is placed between the graphene/Au/-
substrate contact and the free magnetic layer. On the one hand, the ultrathin Pt layer
will prevent the Dirac cone states of graphene from destruction upon contact with
the magnetic metal of the free layer, since the contact of graphene with Pt allows the
formation of quasi-freestanding graphene [15]. On the other hand, strong magnetic

anisotropy and spin moment transfer were found for Co and Pt multilayer structures
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[493]. The use of Co/Pt nanostructures to create induced magnetization in them while
generating spin current along the graphene surface improves the performance. The
publication [513] concluded that the closer in energy the d zone of noble metal to the
d zone of cobalt, the stronger spin-orbit torque effect observed in the system. Thus, the
use of Pt or its alloy with gold Aug 15Ptgs5 is more appropriate to observe the effect.
Only annealing and metal atom adsorption cycles (without cleavage, etching,
etc.) are required to form the described system, which can be accomplished on an
industrial scale, making the proposed device commercially attractive for realization.

6.3.2 Experimental results

A distinctive feature of the above model of the recording element is the
utilization of the unique characteristics of graphene and the induced spin-orbit
interaction in contact with Au. Figure 6.10 shows the dispersion dependences of the
Dirac cone 7t states of graphene on Ni(111) — (a) and on Co(0001) — (b) intercalated
with Au atoms, measured by the ARPES method in the vicinity of the K point of the
Brillouin zone. Graphene was synthesized by CVD on the surface of Ni(111)/W(110)
or Co(0001)/W(110) substrates in order to obtain well-oriented graphene on the whole
surface of single crystals. The thickness of the Ni or Co films was about 50 —
100 A. The intercalation of Au monolayer was realized by adsorption of gold atoms
onto graphene followed by annealing at temperatures of 450 — 600 °C. After Au
intercalation, quasi-freestanding graphene with a small p-doping (the Dirac point is
located just above the Fermi level) is formed. The linear character of the dispersion of
7t states determines the unique physicochemical properties of graphene. Spin-resolved
ARPES data are presented in Fig. 6.10 (c,d). Hybridization of 7t states of graphene and
d states of gold reveals induced spin-orbit splitting of 7t states. In the case of graphene
on intercalated Au on Ni(111), the magnitude of spin splitting is about 100 meV, and
in the case of graphene/Au/Co(0001), the magnitude of spin splitting reaches a giant
value of 150 — 200 meV near the K point of the Brillouin zone. Figure 6.10 (e) shows
the spin-split spectra of 7t states of graphene for the graphene/Au/Co system. It can
be seen that a giant Rashba splitting of the 7t states of graphene is observed up to
1.5 eV below the Fermi level.
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Figure 6.10 — (a) Dispersion of 7t states of Gr/Au/Ni(111) near the K point measured
along the k, direction (L T'K ) using a photon energy of 62 eV. (b) Dispersion of 7t
states of Gr/Au/Co(0001) measured as in (a) but using a photon energy of 21.2 eV. The
solid red lines show the result of approximation of the quasi-wave vector distribution
curves by two peaks with Lorentz shape. (¢, d) Spin-ARPES spectra of 7t states in
the vicinity of K points for Gr/Auw/Ni(111) and Gr/Au/Co(0001), respectively. The
green curves below the spectra show the corresponding spin polarizations. In panels
(c, d), blue and red colors indicate opposite sign spin projections on the axis lying
in-plane and directed perpendicular to the quasi-momentum. (e) Spin-ARPES spectra
of 7t states of graphene measured along the I'K direction at several k. (f) 20x20 nm?
STM image of Gr/Au/Co obtained at tunnelling current I; = 0.45 nA and bias voltage
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The origin of the giant spin splitting can be explained by the combination of
strong magnetism and strong spin-orbit interaction in the system. In the next chapter,
it will be shown that the strong exchange interaction induced by the Co substrate and
the spin-orbit interaction induced by Au are perfectly achievable in graphene all at
once. A kind of interface rearrangement between the Au and Co(0001) monolayer is
responsible for the transfer of the exchange interaction to graphene, resulting in the
realization of a “magneto-spin-orbit” version of graphene. Figure 6.10 (f,g) shows the
results of STM measurements for the Gr/Au/Co(0001) surface. First of all, a well-
ordered Au-intercalated graphene layer is formed on top of the Co(0001) substrate.
The results of STM measurements depend on the used bias voltage Vi. When the
bias voltage is lower (e.g., Vi=2 mV), a moir¢ structure is observed. And when
the bias voltage is increased to Vi=10 mV (Fig. 6.10 (f,g)), a triangular shaped
periodic feature pattern starts to appear. In the next chapter, it will be shown that
these structural features (loop dislocations) can induce magnetic exchange interaction
in graphene, which allows us to increase the spin splitting of 7t states up to 150 —
200 meV (Fig.6.10 (d)).

The electron spin structure of Au-intercalated graphene on SiC(0001) has been
studied in detail in [388; 468; 511; 512]. The formation of quasi-freestanding graphene
after Au intercalation under graphene on SiC is shown. The induced spin-orbit
splitting in graphene on Au/SiC(0001) is found to reach a value of ~ 70 meV near
the Dirac point [512].

To better understand the Au intercalation process and the thermal stability of
the graphene/Au/Co system, additional studies were performed: formation of a semi-
intercalated system and thermal destruction of fully intercalated graphene.

SEM images (Fig. 6.11 (a,b)) of the system annealed at 550°C for 20 min after
adsorption of 0.5 ML Au show intercalated regions of graphene in the light tone and
non-intercalated regions in the dark tone. Residual clusters are also visible, as full
intercalation requires higher temperatures up to 600 °C and longer annealing times
(up to 2 hours). The figure 6.11 (a) clearly shows that intercalation occurs more
efficiently at the step edges. Annealing the system at 670 — 700 °C leads to graphene
destruction, as only a small part of the surface is covered by graphene islands after
annealing, shown in Fig. 6.11 (c,d). This is accompanied by the absence of signal
from 7t states of graphene in ARPES, and only Au and Co states contribute to the
valence band spectra. Nevertheless, we observe a bright LEED pattern (Fig. 6.12 (b))
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Figure 6.12 — (a) LEED image at £),=63 eV for the Au/Gr/Co+Gr/Au/Co system
shown in Fig. 6.11 (a,b). (b) LEED image at £, =65 eV for the overheated Gr/Au/Co
system shown in Fig. 6.11 (c,d).

of the reconstructed Au/Co surface with dislocation loops, which has less intense
graphene/Co reflections compared to the semi-intercalated system.

To test the electronic structure at the Dirac point of n-doped graphene, Gd
adsorption onto the surface of the system was carried out. It was found that graphene
dispersion does not change upon Gd adsorption, except for a gradual shift of the Dirac
point below the Fermi level (Fig. 6.13 (a)) with increasing amount of adsorbed Gd
(up to 1 ML). At the same time, the Rashba spin splitting of ~ 80 — 100 meV is
observed for the non-magnetized sample (Fig. 6.13 (b)), which is the same for the
graphene/Au/Ni system. Moreover, there are no obvious signs of the opening of the
band gap at the Dirac point (value below the detection limit ~ 20 meV).

The observation of giant spin splitting in graphene at room temperature allows
us to design a device that works under realistic conditions. The effect of induced
spin-orbit splitting in graphene will be observed even after heating to temperatures
of 600 — 650 °C, providing the thermal stability of a real device, which is a standard
requirement for complementary metal-oxide-semiconductor back end of line (CMOS
BEOL) [490]. Adsorption of Gd atoms on graphene leads to a controlled change in
the position of the Dirac point depending on the amount of Gd. Graphene is promising
as an active element in devices because it can withstand very high current densities,
i1s mechanically robust and chemically inert [124; 499]. The experimental study of
graphene-based systems is expected to be useful for further device design as well as
for the control and management of memory cells.

The spin accumulation at the Gr/Au interface induced by the Rashba effect

can be regarded as an effective internal magnetic field capable of magnetizing or
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Figure 6.13 — (a) Dispersion of 7t states of Gr/Au/Co with adsorbed Gd atoms near
the K point measured along the k, direction using 62 eV photon energy. The solid
red lines show the result of the approximation of the quasi-wave vector distribution
curves by two peaks with Lorentz functions. (b) Spin-ARPES spectrum of 7t state in
the vicinity of the K point for Gd/Gr/Au/Co system. The green curve below the spin-
resolved spectrum shows the spin polarization. Blue and red colors indicate the spin
projections of different sign on the axis lying in the plane and directed perpendicular

to the quasi-wave vector.

remagnetizing the free layer of SOT-MRAM magnetic cell. This effective magnetic
field induced by the spin current in graphene leads to the magnetization of the
free magnetic layer. The effective magnetic field creates a torque acting on the

magnetization in the layer (e.g., Ni-Fe) defined by the expression [45; 488]:
fso = [M X ESO} (62)

In our case, the spin polarization vector is in-plane, so the most promising
MRAM cell design is an in-plane cell. Usually in this case, the free magnetic layer
does not have perpendicular anisotropy, but has some in-plane anisotropy due to
material properties or shape anisotropy. The hysteresis loops of the free layer of size
50 x 50 x 2 nm?® are shown in Fig. 6.14 (a) for different values of the magnetic
anisotropy constant. At the same time, the most popular design of a planar memory
cell 1s an elliptical quantum dot made of permalloy. In this case, the magnetostatic
interaction admits two equilibrium states along the large semi-axes of the ellipse.

Consider an elliptical free layer of size 100 x 160 x 4 nm?. The time dependence of the
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Figure 6.14 — (a) Calculated hysteresis loops of the free layer for different values
of the magnetic anisotropy constant. (b) The switching process in the case of an
elliptical (100 x 160 x 4 nm?) free layer. Taken from the article [18], calculations

were performed in the group of Prof. A. K. Zvezdin.

tunneling magnetoresistance (TMR) signal obtained from micromagnetic modelling,
which is the normalized scalar product of the magnetizations of the free and fixed
layers, 1s shown in Fig. 6.14 (b). The total resistance of the MTJ is expressed as
R = Ry + AR x Signal/2, where Ry is the average resistance of the MTJ and AR
1s the difference between the antiparallel and parallel states of the MTJ. The critical
effective magnetic field required to remagnetize such a device is about 100 — 200 Oe
(corresponding to current densities up to 1.6 —3.2x 10" A/cm?), as shown in Fig. 6.14.

6.3.3 Findings

Based on the conducted studies, a model of a graphene recording element for
a SOT-MRAM unit cell consisting of Au-intercalated quasi-freestanding graphene
and an ultrathin Pt layer placed between the graphene and the free magnetic layer
has been developed. A spin-polarized current is created when an electric current is
passed through the graphene as a result of spin splitting of the electronic states of
graphene at the Fermi level. The spin current has a spin orientation in the plane of

the quasi-two-dimensional system and perpendicular to the current direction. This
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induces magnetization in the free magnetic layer through the ultrathin platinum layer
on top of the system graphene/Au/substrate due to the spin-orbit torque effect. In this
case, changing the spin current direction will switch the orientation of the induced
magnetization in the free layer.

The use of the proposed recording element model in SOT-MRAM magnetic
memory devices will result in faster operation and lower power consumption when
writing information: the increase in speed is due to the use of quasi-freestanding
graphene, which has higher carrier mobility and higher electrical conductivity than
its analogues; the highest efficiency for spin momentum transfer due to the use
of magnetic layer contact with Pt; and lower energy consumption for information
recording due to the fact that the contact of graphene with gold is used to create spin

currents without the use of an external magnetic field.
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7. Magnetic proximity effect in graphene

Magnetic proximity is a promising way to implement exchange splitting in
material [87; 91; 150; 168; 170] that does not initially possess spin-polarized
electronic states. If the time reversal symmetry is broken without an external magnetic
field and the system still remains topologically nontrivial, the quantum anomalous
Hall effect is realized. Haldane’s model is the first example of a topological insulator
with properties far beyond the quantum Hall effect [91]. It shows that if the
topological index is not zero, all phenomena expected for a quantum Hall state will
be observed, including quantized Hall conduction and the existence of edge states.
Systems similar to the Haldane model are known as Chern insulators (characterized
by a mean magnetic field equal to zero and a strong lattice potential). Their topological
characteristics are well defined by the stability of single-directional edge states, non-
zero Chern number and quantized conductivity. It is shown that contact of graphene
with antiferromagnetic oxide leads to quantum anomalous and quantum valley Hall
effects depending on the orientation of the magnetization, perpendicular or along
the surface plane [93]. In the case of zero Chern numbers and opposite Berry
curvatures for K and K’ valleys, the circular dichroism Hall effect and the Dirac-
Mott insulator state in antiferromagnetic superatomic graphene have been theoretically
discovered [178].

The simplest way to make graphene magnetic is to synthesize it on magnetic
substrates such as Ni(111) and Co(0001) [108; 421; 422; 514; 515]. However, there
is a price to pay for this: the initial electronic band structure of freestanding graphene
1s strongly affected due to hybridization of the 7t state and surface states of the metal
under the graphene [108; 421; 422; 514; 515]. Another alternative way is to use
non-magnetic and relatively inert substrates, allowing to control the magnetization
of graphene by creating isolated vacancies [175; 516—519] or by adsorption of light
atoms [516; 520—522]. These methods have proven to be experimentally feasible,
although they require precise control of the vacancy/adsorbate distribution, which
seems to be a very challenging task. Despite all these efforts, significant spin splitting
resulting from the combination of spin-orbit interaction and induced magnetization

in graphene has not been measured.
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7.1 Ferromagnetic graphene (p-graphene)

In this section, we present the first experimental evidence for the quasi-
freestanding electronic structure of graphene characterized by the giant Rashba effect
and magnetic exchange interaction (magneto-spin-orbit graphene). Depending on
whether magneto-spin-orbit graphene is doped with holes or electrons, for simplicity
we will call it p-graphene and n-graphene, respectively. The different doping of
graphene is associated with different amounts of intercalated gold atoms. As we
will show below, the two types of graphene are characterized by different spin-orbit
interaction and different magnetic ordering on the carbon atoms.

Using angle- and spin-resolved photoelectron spectroscopy to study p-graphene
intercalated with Au on Co(0001)/W(110), a giant spin splitting (up to 200 meV)
of the Dirac states is found, the linear dispersion of which, however, is largely
preserved. Based on density functional theory calculations, it was found that the
splitting occurs as a result of the combined action of the exchange field due to the Co
layer and the Rashba spin-orbit interaction induced by Au. A distinctive feature of this
phenomenon is the strong asymmetry of the band structure relative to the center of
the Brillouin zone. Further measurements using scanning tunnelling microscopy show
that the transfer of the exchange field from the Co layer to graphene is facilitated by
a peculiar reconstruction of the interface between Au and Co(0001). These results
provide a striking example in which quasi-freestanding graphene simultaneously
exhibits strong spin-orbit and magnetic effects without external fields, opening up
promising possibilities for the implementation of graphene spintronics at temperatures

above room temperature.

7.1.1 Spin splitting asymmetry

We begin with the structural characterization of graphene on Co(0001)/W(110)
before and after the intercalation of gold atoms. The low-energy electron diffraction
pattern obtained for the graphene grown by CVD on Co(0001) 1s a perfect hexagon
with clear and bright reflexes (Fig. 7.1 (a)). It can be concluded that the synthesized
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graphene has high structural quality and is commensurate with the Co(0001) surface in
the structure (1 x 1) according to Section 5.2.1. It is known that graphene grows with
position of one sublattice on top of the Co surface layer atoms (“top” position) and
the other sublattice on top of the Co(0001) fcc hollow sites (“hollow” position) [174].
The bonds formed between the “top” graphene atoms and the underlying Co atoms
stabilize a commensurate structure with a slight lattice mismatch. However, despite
the chemical bonding between graphene and Co, it is still possible to intercalate the
gold layer [422]. As can be seen in Fig. 7.1 (b) showing the LEED pattern after Au
intercalation, an additional structure appears consisting of six reflexes surrounding
each (1 x 1) reflex, which can be identified as a ~ p(10 x 10) superstructure. A
similar p(9 x 9) periodicity was previously observed for gold intercalated graphene
on Ni(111) [12; 149].

Another reliable evidence of successful gold intercalation is the analysis of
ARPES spectra of the Gr/Co sample before and after intercalation. It is well known
that the electronic structure of graphene is strongly modified when interacting with
ferromagnetic 3d substrates [16; 149; 173; 422]. However, the intercalation of non-
magnetic metal atoms helps to recover the graphene band structure close to that of
freestanding graphene [12; 14; 523]. Indeed, in contrast to the Gr/Co case, the gold
intercalated system is characterized by a good linear dispersion of 7t states up to
binding energies of 2 eV, the Dirac point being ~ 100 meV above the Fermi level Ep
(Fig. 7.1 (c,d)). Important for the formation of the band structure of quasi-freestanding
graphene is that the d states of gold are located in the region of binding energies
2 — 6 eV, where deviations from linear dispersion due to spin-dependent avoided-
crossing effect are already observed (the region is marked by a large rectangle in
Fig. 7.1 (d)) [12; 14]. The absence of photoelectron spectroscopy signal in the second
Brillouin zone along the KM ||k, direction (see Fig. 7.2) indicates that the A — B
symmetry of the sublattices after gold intercalation is no longer broken [524; 525], in
contrast to the case of graphene/Co [16]. As further confirmed by STM measurements,
the superstructure p(10 x 10) does not cause A — B symmetry breaking. Thus, the
electronic structure of Au-intercalated graphene on Co(0001) appears to be much
similar to that of freestanding graphene with conservation of its linear dispersion,
with the p-doped Dirac cone and no clear sign of a band gap opening at the Dirac
point. However, as we will show below, there is a fundamental difference from the

case of freestanding graphene — a large spin splitting of the 7t band.
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Figure 7.1 — LEED and spin-ARPES studies of the crystal, electronic and spin
structure of Gr/Co before and after Au intercalation. (a,b) LEED patterns of
Gr/Co(0001) and Gr/Au/Co(0001), respectively, obtained at energy E, =113 eV. Inset
(b) shows the enlarged (1 x 1) reflex with six additional reflexes. (c) Dispersion of
7t states of Gr/Au/Co(0001) near the K point of the surface Brillouin zone measured
along the k, direction using a photon energy of 21.2 eV (solid white lines show the
result of approximating the quasi-wave vector distribution curves by two peaks with
Lorentz shape). (d) ARPES data for Gr/Au/Co(0001) measured in the TK direction
with a photon energy of 62.5 eV. (e,f) Spin-ARPES spectra measured in the valleys of
the K’ and K points, respectively (kv = 62.5 eV). The panels below the spin-resolved
spectra show the corresponding spin polarizations. The data obtained at & =1.7 Al
correspond to a signal predominantly from the 7t band of graphene near the Fermi
level, while Co d states are observed at kj=1.5 A~! (states near the edges of the
spin-polarized d bands and the local band gap). In panels (e,f), blue and red colors
denote projections of different sign of the electron spin on the axis lying in plane and
directed perpendicular to the quasi-momentum. Energy distribution curve (EDC) data
with spin resolution without smoothing of the spin polarization function are shown

by red and blue dots.
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£ 5. R
Figure 7.2 — ARPES intensity constant energy maps for graphene/Au/Co(0001) at
the K point.

Strong or even giant spin-orbit effects can be expected upon intercalation
of such a heavy element as gold under graphene [12; 14; 135; 136]. To verify
their presence in the Gr/Au/Co(0001) system, spin-ARPES measurements with spin
resolution were performed. Surprisingly, no noticeable splitting of 7t states near the
K’ point (ky =-1.7 A1) was detected within the experimental error of 20 meV, as
can be seen in Fig. 7.1 (e), which shows the spin-resolved spectrum at the Dirac
point of graphene. The spin-resolved spectrum at the K point (b = 1.7 A1) was
then measured, and in contrast to the measurements for the opposite K’ point, a
giant spin splitting of 7t states with magnitudes up to 150 £+ 20 meV was detected
(see Fig. 7.1 (f)). It should be noted that this measurement was performed after
rotating the sample 180° around the normal axis (hereafter referred to as azimuthal
rotation), as shown in the lower left corner of the figure. The reason for this
transition between opposite K points is to maintain the geometry of the photoelectron
experiment during measurements, i.e., the photon incident angle and photoelectron
emission. Measurements without azimuthal angle rotation were also performed and

the result obtained is in good agreement with the results shown in Fig. 7.1 (e,f). The
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asymmetry of spin splitting for % directions in the surface Brillouin zone suggests
that its mechanism goes beyond the simple Rashba model in graphene.

7.1.2 Combination of Rashba spin-orbit interaction and

exchange field

The main reason for the asymmetry of the electronic structure in the +k
directions 1s the violation of the time reversal symmetry. Considering the magnetic
nature of the Co substrate, it can be assumed that its magnetization plays a role in the
formation of the observed electron spin structure. In particular, this asymmetry can be
caused by the joint Rashba effect and exchange interaction, which was first observed
for rare-earth metal surfaces [106], but was later applied to graphene [108]. However,
the effect requires the magnetization vector to lie in the surface plane, while it is well
known that bulk Co in a hexagonal close packed structure has an easy magnetization
axis along the (0001) direction, i.e., perpendicular to the basis plane [526]. In contrast,
for a thin film system with the same surface, this axis lies in the plane of the surface
due to surface anisotropy effects [527; 528]. This is exactly what happens in the
Co(0001) layer grown on the W(110) substrate, for which the magnetization is known
to be oriented along the W[110] direction in films with thicknesses more than 3 and
up to at least 50 monolayers [527; 528]. Since the thickness of the grown Co(0001)
layer (~ 95 A or 46 monolayers) is close to the mentioned upper limit, the easy axis
direction was checked by spin-ARPES measurements. This was done by investigating
the d states of Co both near the K point (k) = 1.5 Al along k,) and at the T point
under normal emission. In the first case, the spin polarization along &, was absent,
while along k&, on the contrary was present (Fig. 7.1 (e,f)). Measurements with photon
energy of 120 eV at the I' point showed that the magnetization axis rotates with the
sample, proving that the Co(0001) layer is magnetized in the surface plane along the
[0110] axis (i.e., parallel to —k,).

To confirm that it is the joint influence of spin-orbit and magnetic exchange
interactions that leads to the spin splitting asymmetry effect, we performed spin-
ARPES measurements after the application of an external magnetic field first in the

[0110] direction and then in the opposite direction. We consider the spectra in normal
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Figure 7.3 —  Spin splittings in Gr/Au/Co(0001) after magnetization and

remagnetization by an external field. (a,b) Spin-ARPES spectrum of the Co d band
in normal emission geometry after application of an external magnetic field along
the [0110] (magnetization) and [0110] (remagnetization) directions, respectively. The
color designations are the same as in Fig. 7.1. (c-f) Spin-ARPES spectra of 7t states
of graphene at the K and K’ points after magnetization (c,e) and remagnetization
(d,f). The K’ measurements were performed after rotating the previously magnetized
(remagnetized) sample by 180° along the azimuthal angle R2. The spin-resolved EDC
data without smoothing of the spin polarization function are shown as thin red and
blue lines. (g) Spin-ARPES spectra of 7t states of graphene, measured along the K'T'
direction for several values of the k| quasi-wave vector after remagnetization. The
panels below the spin-resolved spectra show the corresponding spin polarizations. All

measurements were performed at a photon energy of 21.2 eV.
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at k=~ 1.6 A-! along k.. The topmost EDC in (a) has an asymmetric peak due

to the large FWHM of 7t states in the K’ the valley, and the proximity of the Fermi

level. A symmetric peak approximation can be achieved for the uppermost peak in (b)

because the FWHM 7t states in the K valley are smaller and the peak does not cross

the Fermi level. The spectra were measured after applying an external magnetic field
along [0110] (M1 in Fig. 7.3).

emission geometry to determine the polarization of the d states of Co after application
of a magnetic field. The results are shown in Fig. 7.3 (a,b). The photon energy of
21.2 eV was chosen deliberately for a clear comparison with the data in [528; 529],
and there 1s indeed a good agreement. It is important to note that by comparing the
two spectra shown in Fig. 7.3 (a,b), one can see a change in the spin polarization of
Co 3d states, indicating the remagnetization of the sample.

The analysis of changes in the electronic structure of graphene accompanying
the sample remagnetization shows the following. After applying a field in the —£&,
direction, we find a significantly increased spin splitting of 200 + 40 meV at the
Kpoint (Fig. 7.3 (c)) and a moderate splitting of 40 + 40 meV at the K’ point
(Fig. 7.3 (e)). To detect signatures of such asymmetry in the spin-integrated ARPES
spectrum, we analyzed the EDC in the K and K’ valleys. Figure 7.4 shows the spin-
integrated EDCs near the K’ (panel a, gold color) and K (panel b, green color) points.
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Measurements were made along the 'K and TK directions for the magnetization
directed along +k, ([0110]). At first glance, one can see that the peaks near the K’
point are significantly wider than near the K (the full width at half maximum of ~ 500
— 530 meV and ~ 410 — 450 meV, respectively), which is consistent with the fact
that the measured spin splitting in the K’ valley is significantly larger than in the
Kvalley. It should be noted that near the K’ point the FWHM decreases sharply,
which is due to the proximity of the Fermi level leading to a “truncated” shape of the
7t states peak (see the topmost EDC in Fig. 7.4 (a)). The approximation of the second
peak from the top gives two main components (shown in red and blue), which have
different energies of their maxima. These blue and red peaks can be easily identified
as spin splitting states based on the spin-ARPES data shown in Fig. 7.3: the spin
splitting near the K’ point is gigantic (200 meV, Figs. 7.3 (f) and 7.4 (a)), while
near the K point it is much smaller (40 — 50 meV, Figs. 7.3 (d) and 7.4 (b)). Note
that according to the EDC analysis, the full width at half maximum of each of the
two components of 7t states reaches a value of ~ 380 meV (Fig. 7.4), which does not
allow us to see spin splitting in the spin-integrated ARPES spectrum.

It should be noted that after magnetization (M{ in Fig. 7.3) the spin splitting
near the K point significantly increases compared to the splitting shown in Fig. 7.1
for spontaneous magnetization, which can be explained by the growth of domains
magnetized by the field in the [0110] direction. We emphasize that the observed
spin splitting has a record value of 200 meV for graphene with conservation of the
linear dispersion dependence and group velocity. Earlier it was found twice less spin
splitting for gold intercalated graphene on Ni(111) [12], which is explained by a pure
Rashba effect due to the 90° rotation of the easy magnetization axis at the transition
from Co(0001) layers to Ni(111) layers of the same thickness (magnetization in the
plane of the layer surface). Further, if we assume the mechanism of spin splitting as
a result of a combination of the Rashba interaction and exchange interaction [106;
108], then after remagnetization of the sample, the electron spin structure should
change symmetrically with respect to the center of the Brillouin zone, see Fig. 7.3
(d,f). Indeed, after remagnetization, the 200 meV giant spin splitting is now observed
at the K’ point, while the small splitting appears now at the K point. Moreover, as
shown in Fig. 7.3 (g), the spin splitting of 7t states lies in the range 120 — 200 meV
with an error of 40 meV along the K'T, at least up to k= -1.55 A~ which is in

agreement with ab initio calculations.
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We note once again that the measurements at the Kand K’ points of the
Brillouin zone of graphene were carried out by rotating the azimuthal angle by 180°,
as shown in the insets to Fig. 7.3 (c-g). The Co d band spectra at normal emission
(see Fig. 7.5) show that a rotation of the azimuthal angle by 180° is equivalent to
remagnetization. The majority and minority Co bands change places when the sample
is remagnetized (see the transitions in Fig. 7.5 (a) — (b) and Fig. 7.5 (¢) — (d)) in
the same way as when the sample is rotated by an azimuthal angle of 180° (see the
transitions in Fig. 7.5 (a) — (¢) and Fig. 7.5 (b) — (d)).

In order to check that the observed effect of spin splitting asymmetry is not
related to the summation of the signal in spin-ARPES data from spin-split states of
graphene and spin-polarized Co states (at the points Kand K’, see Fig. 7.1 (e,f)),
we simulated this situation. By summing the intensities of the spin-split states of
graphene and the spin-polarized d states of Co, a certain degree of splitting asymmetry
was found in the total intensity spectra, 70 and 120 meV for the K’ and K points,
respectively. However, this degree of asymmetry is very far from the measured
values shown in both Figs. 7.1 (e,f) (~ 0 and 150 £ 20 meV) and 7.3 (40 and
200 + 40 meV). Therefore, the asymmetric splitting cannot be explained by a simple
summation of the signal from the Co and graphene states, and the coexistence of
the Rashba effect and exchange splitting in graphene is necessary to explain this

phenomenon.

7.1.3 Exchange field transfer mechanism

DFT calculations were performed to explain the experimental data of spin
splitting asymmetry. If we neglect the formation of the Au-Co surface alloy at the
interface, the joint effect of the combination of spin-orbit and exchange interactions
turns out to be negligible. In fact, the inability of the theoretical flat-layer model
to describe the induced spin-orbit and exchange interactions may indicate a more
complex crystal structure of the synthesized sample. Therefore, prior to the theoretical
analysis, additional atomic structure measurements by STM were performed. It was
found that the STM images depend significantly on the bias voltage V;. As shown in

Fig. 7.6 (b), the well-known moir¢ structure of Au-intercalated graphene is observed
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at V; =2 mV [12; 149; 523]. However, if the bias voltage is increased, for example,
to 5 mV, a peculiar periodic pattern of triangular-shaped elements begins to appear
(Fig. 7.6 (a)). Using an intermediate value of V; equal to 3 mV, both moir¢ and
triangular patterns can be obtained in the same image — the lower and upper parts of
Fig. 7.6 (c). Figure 7.6 (d) shows a well-resolved STM image of the triangular-shaped
element structure obtained at V; = 10 mV and I; = 0.4 nA. The period of the structure
is ~ 24 — 26 A, as shown in the profile in Fig. 7.6 (e), which corresponds to the
superstructure p(10 x 10) determined using the LEED method (Fig. 7.1 (a)). Such
STM results were obtained at scales up to 100x 100 nm?. Note that a change in the
applied bias voltage from 2 to 10 mV is accompanied by a large (up to 3.5 A) change
in the probe-sample distance s, which confirms the change in the structural appearance
of the STM images shown in Fig. 7.6. Only when using sufficiently large values of s
(i.e., sufficiently large values of V') a triangular network of dislocations is observed,
although the exact threshold value of V; for its observation is rather low, only a few
mV. The physical explanation for these observations is that the Au/Co(0001) states
close to the Fermi level have a larger spatial extent perpendicular to the surface than
the graphene states, and hence only at sufficiently large distances between the probe
and the sample the triangular dislocation network is best measured with minimal
influence of the graphene states. Indeed, Fig. 7.6 (d) shows the best resolution for
the triangular dislocation network of the Gr/Au/Co(0001) system in the STM image
obtained at 10 mV, i.e., at the largest probe-sample distance, with a rather blurred
graphene structure on top of the Au-Co structure. At V; = 5 meV, enlarging the
STM image between the triangles allows the hexagonal lattice of graphene to be
resolved (Fig. 7.6 (f)).

Here it is worth noting that the observed moiré pattern indicates that the
superstructure p(10 x 10) practically does not break the A — B symmetry of graphene,
since the two sublattices are indistinguishable. This fact, together with the above-
described absence of the ARPES signal from 7t states of graphene in the second
Brillouin zone, indicates the absence of a band gap at the Dirac point of any origin.
In this case, the Au-intercalated graphene on Co(0001) has a quasi-freestanding
character.

To the best of our knowledge, triangular-shaped structural defects for Au-
intercalated graphene have not been discussed in the literature so far. Similar
structures have been previously detected by STM method for Au submonolayer

on Ni(111) with periodicity p(9.7 x 9.7) and were named “loop mismatch
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Figure 7.6 — STM studles of Gr/Au/Co(OOOl) atomic structure. (a,b) STM images of

9x4.5 nm? obtained for the same region using different bias voltages V;: V,=5 mV,

I;,=0.43 nA (a) and V;=2 mV, I, =0.43 nA (b). (c¢) STM image of 9x9 nm? obtained

at V;=3 mV and I,=0.4 nA. (d,e) STM image of 9.42x4.5 nm? periodic triangular

structure (V;=10 mV and I; =0.4 nA) with profile taken along the blue line. (f) STM
image of 1x1 nm? with atomic resolution (V;=5 mV and [, =0.4 nA).

dislocations’ [530]. It was found that a periodic grid of triangles, reflecting the
structure at the Au-Ni(111) interface, appears due to strain removal. In this case, the
formation of each triangle requires the squeezing out of several atoms from the Ni
interface layer, which appear to be incorporated into the upper Au layer, apparently
either as i1solated monomers or as clusters consisting of several atoms [530]. It
was found that the number of Ni atoms removed from the surface layer to form
underlying loop dislocations is equal to the number of Ni atoms incorporated into
the Au layer. Returning to the graphene/Au/Co system, we find that it shares several
similarities with the Au/Ni(111) system. First, the Co(0001) and Ni(111) surfaces
have hexagonal structure and close lattice parameters. Second, as evidenced by STM,
the periodicities of the superstructures are very close: p(10 x 10) and p(9.7 x 9.7),
respectively. A similar periodic network of triangles is observed for both systems.
Of course, there is a fundamental difference between these systems: the presence
of a graphene layer on top of Au/Co(0001). Taken together, these facts indicate
that the Au/Co(0001) interface under graphene is the same as the interface formed
in Au/Ni(111) without graphene [530], which, in particular, means the presence of
cobalt atoms incorporated in the Au layer. Unfortunately, the XPS analysis did not
reveal any noticeable energy shift (more than 0.1 eV) of the Co 2p core level after Au
intercalation. A similar situation at the Au/Co interface is described in [531; 532]. As
for the valence band states, the d peak of Co measured at normal emission broadens
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after Au intercalation, which can be explained by hybridization between the layers,
while no observable energy shift of the peak is observed. Note that the absence of
energy shifts of the Co core level and valence band states during Au intercalation (at
least within the experimental resolution) does not exclude the presence of a certain
number of Co atoms in the Au layer, as explained above using the example of the
triangular mismatch dislocation model [530].

To confirm that such an asymmetry of the 7t state splitting can indeed be a
consequence of the joint action of the exchange field and the Rashba spin-orbit
interaction, a DFT calculation with magnetic moment constraints on carbon atoms was
performed. Figure 7.7 (a,b) shows the calculated in K and K’ valleys band structure
of graphene with spin-orbit interaction only (i.e., for zero exchange field). In this
case, a Rashba-type spin splitting is expectedly found for the Dirac cone [152], with
the Rashba parameter Ap equal to 57 meV. Then, if we introduce an exchange field
parallel to the +£, direction, thereby fixing a magnetic moment ~ 0.002 up on each
carbon atom (inside the Wigner-Seitz sphere), the exchange splitting of the Dirac cone
1s ~ 140 meV, the asymmetric splitting is observed along the k, direction in good
agreement with experiment, reaching a giant value of 175 meV near K’ along I' K’
(Fig. 7.7 (¢)), and only 53 meV near the K point along the I' K (Fig. 7.7 (d)). On
the other hand, a giant (moderate) splitting along the I K (I' K’) direction is observed
upon remagnetization (Fig. 7.7 (e,f)). The band dispersion of 7t states shown in Fig. 7.7
1s in qualitative agreement with that obtained in the calculations within the model
Hamiltonian [454]. Note that although the graphene dispersion has local band gaps at
the K and K’ points, the fundamental band gap between the 7t and 7t* bands is absent.

It should also be noted that the choice of the graphene adsorption height
of 2.65 A and the magnetic moment value of 0.002 pp per C atom provides
calculated splitting values that are in the best agreement with the experimental ones.
This adsorption distance can be interpreted as the average graphene-Au distance
considering the corrugation shown in Fig. 7.6 (d,e). It is expected to provide
hybridization of Co 3d and C 2p states leading to magnetization of graphene. We
would also like to note that a magnetic moment of only ~ 0.002 pup per carbon
atom 1is required to achieve a giant splitting of 175 meV. This value is an order of
magnitude smaller than that induced on C atoms in graphene/Co (i.e., without Au).
Taking into account that under the graphene is located intercalated Au layer, such

magnetization value of carbon looks quite realistic, although at first glance suggests
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the Gr/Au system in the presence of Rashba spin-orbit interaction and exchange

field in the surface plane. (a-f) Spin- and valley-resolved band structure of graphene
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show the graphene bands in the K’ and K valleys. The thickness of the colored lines

and the degree of their transparency reflect the modulus of the =5, spin projections.
Theoretical studies were carried out by M. M. Otrokov.
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mainly ferromagnetic alignment of local moments of Co atoms included in the Au

layer.

7.2 Ferrimagnetic graphene (n-graphene)

In the previous section, we detailed the electronic and atomic structures of
magneto-spin-orbit graphene synthesized on Au/Co surface with loop dislocations.
It was shown that the exchange interaction in graphene with giant Rashba splitting
leads to asymmetry of spin splitting at opposite K and K’ points of the Brillouin zone
of graphene. The observation of giant Rashba splitting in Au/Co graphene agrees
well with previous experiments [12; 14; 150], but contradicts DFT calculations,
the results of which are presented in published articles [154—156]. On the other
hand, the giant Rashba effect is confirmed by DFT calculations of the Gr/Ni system
with intercalated Au clusters [466] and tight binding method calculations [467]. In
[154—156] it was concluded that significant spin splittings become giant (~ 60 —
100 meV) only near the band gaps formed as a result of the avoided-crossing effect
of dispersions. The authors of the work [156] state that the experimental values of spin
splitting can be determined by the magnetic interaction with the metal surface rather
than by the spin-orbit interaction. The reasons for the inconsistencies between the
theoretical and experimental results may be structural differences in the synthesized
and model systems and the additional influence of phonon oscillations on the spin-
orbit interaction in graphene [112; 533].

In this section, we address the long-standing problem of giant spin-orbit and
exchange splittings in graphene, related to the need for DFT calculations of large-scale
structures (including mismatch dislocations) to correctly describe the magnetization
of graphene and explain experimental data. Magneto-spin-orbit graphene has been
investigated using DFT applied to large-dimensional unit cells and spin-ARPES to
understand the mechanism of exchange field transfer to graphene at van der Waals
distances. We will also discuss the role that loop dislocations would play in exchange
field transfer and sublattice ferrimagnetism in a hexagonal lattice.

First, we turn to the experimental characterization of fully intercalated graphene

using low-energy electron diffraction and spin-ARPES measurements. Figure 7.8 (b)
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shows the LEED pattern with superstructure periodicity ~ (9x9) and diffraction
reflexes up to the second order. As we have found, the Au monolayer forms
a surface alloy with Ni or Co to form loop dislocations with lateral periodicity
(9-10)x(9-10) [534; 535]. Figure 7.8 (a,c) plots the ARPES intensity maps in the
'K direction of the surface Brillouin zone. The following characteristic features were
found: the opening of the band gap (E,) of 80 + 25 meV (Fig. 7.8 (c,d)) and the
asymmetric spin splitting of the 7t band near the K point for opposite magnetization
directions. The spin splitting is shown by the blue and red arrows in Fig. 7.8 (e)
and is 40 + 10 and 80 + 10 meV for the “up” and “down” directions of cobalt
magnetization, respectively. The magnetization is perpendicular to the 'K direction
(along the k, axis). Changing the magnetization direction by rotating the sample
by 180° around the surface normal is equivalent to remagnetizing the sample and
hence measuring in opposite K and K’ valleys. In this case, the magnetization of the
cobalt layer remains constant, only its direction in the surface plane is reversed.
The asymmetric picture of spin splitting with the same sign of spin polarization
(Fig. 7.8 (e)) suggests that spin-orbit splitting dominates over exchange one [536].
Otherwise, the polarization curve would change sign for 7t states, as well as for Co
d states with changing magnetization.

To explain the obtained asymmetry of spin splitting, DFT calculations were
performed for a large unit cell Gr(9 x 9)/Au(8 x 8). Figure 7.9 shows the structural
relaxation result of the unit cell with five missing atoms in the Co layer, which
1s consistent with the scanning tunnelling microscopy data shown in the inset to
Fig. 7.9 (c). Structural relaxation results in the formation of a mismatch dislocation
at the Au-Co boundary with displacement of Au atoms toward the Co layer at the
corners of the triangular dislocation, as in the case of Au on Ni(111) [534; 535].
Band structure calculations for this relaxed unit cell, shown in Fig. 7.10 (a), reveal
the formation of a band gap E, around 60 meV at the Dirac point. Comparing the
spin splitting near the K and K’ points, we can see the asymmetry of the spin splitting
(23 meV vs. 38 meV at a binding energy of 0.5 eV). However, it is smaller than
that obtained in the experiment, indicating a smaller spin-orbit contribution to the
spin splitting in the calculation. The value of spin-orbit splitting ~ 7.5 meV estimated
from the calculation results agrees with previously published values at the equilibrium
distance between graphene and Au ~ 3.3 — 3.5 A [12; 154; 156]. In Fig. 7.8 (e),
it can be observed that the spin polarization of 7t states is not reversed when the

magnetization is changed in the experiment. In this case, the spin-orbit splitting is
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Figure 7.9 — Relaxed unit cell of Gr/Au/Co structure with loop dislocation: top view
(a), side view (b) and isometric view of the Au-Co loop dislocation under graphene
(c). The loop dislocation is marked with a dashed line in panel (¢) and in the STM
image in the inset. The sizes of the arrows are proportional to the values of the
atomic magnetic moments on the gold and carbon atoms. The legends include arrows
indicating the maximum magnetic moments in two opposite directions for graphene
and the Au-Co loop dislocation. The direction of magnetization of the Co layer is to
the right.

about 60 + 10 meV and the exchange splitting is about 20 4+ 10 meV. One of the
reasons for the underestimation of spin-orbit splitting in the calculation results may
be spin-orbit splitting due to electron-phonon interactions [112; 533].

Surprisingly, ferrimagnetic (FIM) ordering is observed in graphene and Au

layers (the calculated atomic magnetic moments are shown by blue and red arrows
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and K points. The size and color of the symbols represent the Bloch spectral weight
for the spin component Sy. (b) The unfolded (9x9) band structure of graphene/Au/Co
without dislocation loop. Spectral weights were used for ARPES simulation in which
the bands were broadened using a Lorentz function with a half-width of 0.02 eV.
In both calculations, the cobalt layer was magnetized in a plane perpendicular to
the TK(K’) direction. Mg, T and Mc, | denote the magnetization directions of the

graphene and cobalt layers, respectively.

in Fig. 7.9). Despite the difference in the magnitude of the magnetic moments on the
gold atoms, the atomic magnetic moments on the graphene sublattices have a uniform
distribution with an accuracy of 0.001 pg.

To provide further evidence for the ferrimagnetic nature of the band gap
and the relationship between FIM ordering and the dislocation loop structure, DFT
calculations were performed for a unit cell (9x9) but without the dislocation loop
(Fig. 7.10 (b)). The unit cell was constructed based on the original cell with a Gr-Au
distance of 3.36 A. In this case, the band gap at the Dirac point (see spin-1 states
of graphene) is about half of that for the structure with dislocation loops due to the
suppression of sublattice ferrimagnetism (the magnetic moments on graphene atoms
of A and B sublattices have the same sign and are close to 0.002 and 0.007 pp).
At the same time, strong hybridization is observed for the states of graphene and
cobalt with spin-| in the Dirac point region. Such hybridization between graphene
and cobalt states was previously observed for the unit cell (2x2) of Gr/Au/Co [4].
The calculation of the band structure of graphene with the distance between graphene
and gold monolayer reduced by 0.2 A from the equilibrium distance also confirms
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the magnetic nature of the band gap. In this case, the values of magnetic moments on
graphene atoms decrease by two orders of magnitude and the band gap is closed.

In order to better understand the band structure of ferrimagnetic graphene, the
antiferromagnetic (AFM), ferrimagnetic (FIM) and ferromagnetic (FM) states have
been calculated with a tight binding model in graphene using DFT results. The
effective Hamiltonian can be written in the form:

H=—tY (cljathe)+UY (Riny + hynig)+
(i.5)e L

itR Z (éja [O“;’O‘/ X aw] éjo(/ — h.C.),
z

(i,5) o0

(7.1)

where i, j denote nearest neighbour sites in sublattice A(B), the fermionic operator
éza (¢in) creates (annihilates) electron at the i site with spin « (f,]), and the same
for the j site, ¢ is the hopping parameter, U is the repulsion force of electrons at the
site simulating the exchange interaction with the substrate, n;, is the spin density
operator (7o = é}aém) and n;, 1s the mean-field occupation number, ¢y is the Rashba
spin-orbit interaction constant, where d;; is the lattice vector pointing from site j to
site 1 (&ij 1s the corresponding unit vector), and o° is the vector of Pauli matrices.

With the model Hamiltonian, three cases of graphene magnetization are
possible, as shown in Fig. 7.11: AFM, FIM, and FM. Obviously, AFM ordering
leads to the opening of the band gap. On the other hand, the presence of non-zero
magnetization of graphene in the FIM phase leads to a decrease in the size of the gap,
which is completely closed in the FM phase, but exchange splitting increases with
increasing magnetization. The main difference between AFM and FIM phases with
Rashba interaction is related to the absence or presence of spin splitting asymmetry
near K(K') points. Figure 7.11 (d) shows the results of the tight binding method
calculations with weak and strong Rashba interactions, which are in best agreement
with the DFT and experimental results. Thus, we have competing contributions from
the Rashba interaction and the exchange interaction leading to an asymmetry of the
spin splitting with respect to the T' point.

Using the tight binding Hamiltonian with selected parameters, we calculated
the Berry curvatures and Chern numbers for the magnetization in the surface plane to
analyze the possibility of realizing the Hall effects [6]. Although the Chern numbers
are zero, the Berry curvatures for all bands have a dipole structure and opposite signs
for the valleys K and K’. The calculation of the Hall conductivity (Fig. 7.11 (e))

taking into account the probability of optical transitions showed the presence of a
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stable Hall effect when using light with circular polarization. This phenomenon is
related to the presence of the dipole structure of Berry curvatures near the K(K')
points and non-equilibrium photoexcitation in these regions.

Thus, we have shown the existence of ferrimagnetic ordering in n-graphene
on Au/Co surface with loop dislocations and with homogeneous magnetization on
graphene sublattices. Such magnetic ordering of the system is found to lead to the
appearance of a band gap in K and K’ points of graphene and asymmetry of its spin
structure. The results of tight binding calculations are in good agreement with the
spin-ARPES data, showing that the circular dichroism Hall effect can be realized.

7.2.1 Role of loop dislocations in the formation of ferrimagnetism

in graphene

This paragraph presents the study of the stability of ferrimagnetic ordering on
graphene sublattices located on Au/Co(0001) in relation to possible structural changes
in the real system: the formation of loop dislocations of different sizes under the
graphene and the appearance of additional cobalt and gold atoms near the graphene.
The necessity of investigating this subject is supported by the results of L. P. Nielsen
dissertation work [537], which discusses the presence of nickel atoms on the surface
alloy displaced from the top atomic layer of nickel during alloying and demonstrates
the formation of loop dislocations of different sizes for a monolayer of Au on Ni(111).
On the other hand, articles [18; 466] reported the presence of surface phases with
gold clusters under graphene and residual gold clusters on the graphene surface after
intercalation, which can affect the electronic structure of graphene. Thus, studying
the role of structural differences of the synthesized system from the model system
1s an urgent task.

Figure 7.12 (a) shows the LEED pattern with periodicity of the superstructure
~ (9 x 9). It is well known that monolayers of noble metals (Ag, Au) alloy with
transition metals (N1, Co, Cu) to form triangular-shaped loop dislocations [4; 535; 537,
538]. The size of a single dislocation depends on the number of displaced atoms from
the transition metal interface layer during its formation [535; 537]. As can be seen

in Fig. 7.12 (b), the loop dislocations formed under graphene are periodic over fairly
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Figure 7.12 — (a) LEED pattern of the Gr/Au/Co/W(110) system. (b) Scanning

tunnelling microscopy image of the surface. Loop dislocations of different sizes are
marked by circles with dotted lines. (¢) ARPES map in the KM direction of the

Brillouin zone and (d) its second derivative with respect to energy.

large areas of the sample, but can be of two sizes, with one and three gold atoms in the
center of the loop dislocation. As in [537], loop dislocations with three gold atoms in
their center are the most frequently observed dislocations on the surface. Figures 7.12
(c,d) show the ARPES intensity maps in the 'K direction of the surface Brillouin
zone. It can be observed that £, band gap is observed in the electronic structure of the
Dirac cone of graphene. In order to investigate the electronic structure of graphene and
analyze the magnitude of the band gap, theoretical calculations have been carried out.

DFT calculations of the electronic structure of the Gr/Au/Co(0001) system,
with period (9x9) and containing loop dislocations, have shown that graphene is
characterized by ferrimagnetic order on A and B sublattices. The computational results
are presented in Fig. 7.13. During structural optimization, the node gold atoms in the
dislocation are displaced closer to the cobalt layer, and their magnetic moments appear
to be co-directed with the magnetization of the cobalt layer. Most of the remaining
gold atoms around the perimeter of the cell and in its right part are magnetized against

the magnetic moments of the cobalt atoms. In the cell without a loop dislocation,
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Figure 7.13 — Unit cells of the Gr(9x9)/Au(8x8)/Co(0001) system without loop

dislocation and with loop dislocations of different sizes: (a) side view, (b) top view,

and (c) view of the Au-Co interface under graphene. (d) The corresponding unfolded

(9 x 9) electronic structure in the vicinity of K and K’ points. The size and color of
the symbols show the Bloch spectral weight for the .S, spin component.

based on a structurally optimized cell with a loop dislocation with Gr-Au distance
of 3.4 A, no ferrimagnetic ordering is observed in the gold layer (Fig. 7.13 (c)). In
this case, all the gold atoms have magnetic moments co-directed with the magnetic
moments in the cobalt layer. Now, if we consider the magnetic moments on the
graphene atoms for the presented cells, we can observe that ferrimagnetic ordering
in the graphene layer is present only in the cells with loop dislocations (Fig. 7.13
(a)). As can be seen in Fig. 7.13 (d), ferrimagnetic ordering in graphene leads to a
band gap in K points of graphene. In contrast, for the cell without loop dislocation,
strong hybridization with d states of cobalt is observed and the band gap is at most 30
meV. The obtained theoretical results are confirmed by spin-ARPES data, according
to which the magnitude of the band gap is 80 + 25 meV (Figs. 7.12 (¢) and (d)).
The interface (Au monolayer)/Co(0001) with periodic loop dislocations plays a
key role in transferring the exchange interaction to graphene, since it is the presence
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of dislocations in the model that fundamentally changes the picture of the electronic
structure of graphene, creating a band gap in it due to Hubbard-type interaction and

non-equivalence of A and B sublattices.

7.2.2 Model of a graphene-based infrared circularly polarized

radiation detector

The problem of detecting circularly polarized radiation i1s an actual task due
to the development of optical technologies, quantum computing and information
processing. At the same time, conventional infrared detectors require additional
use of polarizers to register polarized radiation, which complicates the design and
increases the cost of the device. Therefore, a more efficient way is direct detection of
circularly polarized radiation based on materials sensitive to this radiation. There are
materials and heterostructures sensitive to radiation with circular polarization. Due
to the features of the electronic structure of materials, the incident radiation leads
to the occurrence of electrical effects and optoelectric conversion, the registration
of which allows the detection of circularly polarized radiation. In this regard, the
study and synthesis of such promising materials is of great importance for the
purposes of optoelectronics and valleytronics. There are known works on the study of
chiral heterostructures based on CoPt, CuCly, Pbl, perovskites sensitive to circularly
polarized radiation in the visible range or near-infrared [539—541]. Also, it is
known technical solution [542], in which it is proposed to use materials based on
three-dimensional Weyl semimetals to generate photocurrent under circular-polarized
irradiation. The disadvantage of using these materials is low sensitivity to radiation
in the mid-infrared range.

The method of determining the sign of circular polarization of laser
radiation [543] based on the phenomenon of surface circular photovoltaic effect
in silver-palladium resistive film is known. This method allows to register the sign
of circularly polarized radiation by measuring the photo-EMF in the operating range
from ultraviolet (0.25 um) to mid-infrared (5 um). The disadvantage of this method

is the use of thicker films of expensive precious metals and photosensitivity of
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materials mainly in the ultraviolet and visible radiation ranges, poorly affecting
the mid-infrared region.

The prospects for the use of two-dimensional material graphene in
optoelectronic devices are due to the presence of unique electronic and optical
properties. Graphene has high mobility of charge carriers, optical transparency, as
well as flexibility, strength and environmental resistance. Because of this, applications
of graphene in solar cells, light-emitting devices, touch screens, photodetectors, and
ultrafast lasers have been developed to date [544; 545]. For the detection of circularly
polarized radiation, a technical solution using graphene is known [546], in which
it is proposed to use monolayers of graphene, which are almost transparent to
incident radiation, due to which there is an increase in the efficiency of charge
carrier transfer from the absorbing SiGe layer. It is also known that other quasi-
two-dimensional materials such as black phosphorus (allotropic modification of
phosphorus), monolayers of transition metal dichalcogenides of MX, type find
wide application in mid-infrared optoelectronics [547]. However, the application of
graphene as an active element in such devices has so far proved difficult.

Based on the results of the investigations, a device model of the infrared
detector of circularly polarized radiation based on n-graphene is proposed. The
essence of the proposed device model is illustrated in Fig. 7.11 (e). The theoretically
calculated dependence of the transverse Hall conductivity on the photon energy of
incident radiation with circular polarization is shown on the right. The upper curve
corresponds to the incident radiation with negative circular polarization, and the lower
curve corresponds to the incident radiation with positive circular polarization. A
rectangular shape with dE/Aw = 10% was chosen for the power spectral density
of the incident radiation. The dependence was obtained as a result of calculations by
the tight binding method with the choice of parameters to agree with the experimental
data. The maxima on the Hall conductivity curve are observed due to the inclusion of
new interband transitions with increasing photon energy. The total conductance curve
has several extrema and allows the Hall voltage to be recorded over a wide range of
mid-infrared radiation. In this case, the polarity of the Hall voltage determines the
sign of the prevalent polarization of radiation. Thus, in the claimed device model it
will be possible to register the middle range of infrared radiation with wavelengths

from 15 um to 3 wm (radiation energy from 80 meV to 400 meV).
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7.2.3 Influence of cobalt and gold adatoms

To analyze the influence of possible structural inhomogeneities on the electronic
and spin structure of graphene, DFT calculations were performed for the Gr/Au/Co
system with different variants of additional atoms. Let us consider three main cases.

1) A cluster of three cobalt atoms under graphene, which can be formed by the
formation of a loop dislocation of minimal size (see Fig. 7.14 (a)).

As can be seen from Fig. 7.14 (b), 7t states of graphene (marked by dashed
lines) are strongly hybridized with d states of cobalt, the Dirac cone appears to be
destroyed. At the same time, graphene is magnetized ferromagnetically with respect
to the cobalt layer, with magnetic moments on carbon atoms ~ 0.9 up.

2) Gold adatoms under graphene as a result of excessive intercalation (see
Fig. 7.14 (c)).

The electronic structure of graphene for this case is presented in Fig. 7.14 (d). It
is found that for this system ferrimagnetism is preserved in the graphene lattice with
magnetic moments ~ 0.010 = 0.011 pup and —(0.011 = 0.012) pup on the sublattices,
an additional gold atom in the cell leads to an increase in the Rashba splitting in the
Dirac cone region up to ~ 20 meV. The band gap width is ~ 60 meV and appears
as a result of antiferromagnetic interaction in graphene.

It should be noted that the value of the Rashba splitting in this case (~ 20 meV)
is still less than the experimental value (~ 60 meV). The corrugation of the gold layer
under graphene and the contribution of phonon oscillations of graphene can play an
important role in explaining the effect of giant Rashba splitting.

3) Gold adatoms on graphene remaining on the surface after intercalation (see
Fig. 7.14 (e)).

In this case, no increase in the Rashba splitting near the Fermi level is observed
and it is less than 7 meV. In contrast to the previous case, there is no spin inversion
with respect to the I' point, indicating a dominant contribution of exchange splitting
up to ~ 50 meV. At the same time, the ferrimagnetic order is conserved, but the
fraction of antiferromagnetic interaction decreases, which leads to a decrease in the
band gap width at the Dirac point to 40 meV. A similar decrease in the fraction of
antiferromagnetic ordering is also observed for the case of graphene approached to
the gold layer at 0.3 A from the equilibrium state.
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Figure 7.14 — Unit cells with additional atoms: cobalt under graphene (a), gold under
graphene (c), and gold over graphene (e). (b), (d), and (f) The unfolded electronic
structure in the vicinity of the K and K’ points corresponding to the unit cells shown
on the left. The graphene 7t band is marked by the dashed line in (b). The size and
color of the symbols show the Bloch spectral weight for the S, spin component.
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Based on the performed investigations, it can be concluded that graphene
on Au/Co loop dislocations of different sizes is characterized by ferrimagnetic
ordering on its sublattices. The presence of additional gold adatoms under graphene
enhances the induced spin-orbit Rashba interaction in graphene, but does not destroy
its ferrimagnetic ordering. Controlling the number of gold atoms above/below the
graphene can be used to find the optimal ratio between spin-orbit and exchange

interactions for the observation of the quantum anomalous Hall effect.

7.3 Comparison of p-graphene and n-graphene

It is important to note that the properties of graphene depend markedly on the
atomic density of the intercalated Au layer. To obtain n-graphene with the formation
of an ordered (9 x 9) superstructure, a smaller amount of gold was adsorbed and
intercalated under graphene than to obtain p-graphene. This led to the manifestation
of completely new properties of graphene, namely ferrimagnetism on the A and B
sublattices.

Let us emphasize the main differences between the two systems with
p-graphene and n-graphene:

1. less amount of deposited and intercalated gold in the case of n-graphene. To
obtain it, 3.1 A Au was deposited instead of 3.6 A, resulting in n-doping of
graphene after intercalation, instead of p-doping. The strong dependence of
the electronic structure of graphene on the amount of intercalated gold was
also demonstrated in [12].

2. different periodicity and crystal quality of the superstructure. For
n-graphene, the LEED pattern shows a periodicity of (9 x 9) instead of
(10 x 10) for p-graphene with diffraction reflexes of the superstructure up
to the second order, indicating better ordering compared to p-graphene,
for which only the first-order reflexes were observed. In addition, for
n-graphene, periodic loop dislocations are observed over rather large areas
of the sample (see Fig. 7.15). The increase in the spectral weight of
graphene Dirac cone with respect to the background is associated with a

better crystalline perfection of the synthesized system and a smaller amount



Figure 7.15 — STM images of the n-Gr/Au/Co(0001)/W(110) sample at different

scales, scanning parameters V; = 3 mV, [; = 4.5 nA for (a), V; = 7mV, [, = 5 nA
for (b).

of deposited gold. The spectral weight of graphene Dirac cone in the case
of p-graphene was smaller due to partial misorientation of graphene and a
larger contribution of Au states to the background. Smaller amount of the
intercalated gold and, consequently, the formation of periodic dislocation
loop structure with well-defined dimensions allowed us to obtain a new
system with ferrimagnetic properties.

3. different spin splitting asymmetry, induced by spin-orbit and exchange
splittings.

4. the absence/presence of the ARPES signal in the second Brillouin zone along
the KM direction for p-/n-graphene shows that in the case of p-graphene the
symmetry of A and B sublattices is not broken, and in the case of n-graphene
the symmetry breaking indirectly confirms the sublattice ferrimagnetism.

Figure 7.16 shows a comparison of the data for p- and n-graphene. For

p-graphene, a larger total magnetization of graphene and a larger Rashba splitting are
revealed, which lead to an increase in the splitting asymmetry. If we restrict the tight
binding parameters m 4 and mp to a maximum absolute value of 0.013 (obtained in
the present work), we can approximate the experimental data presented in Fig. 7.16 (a)
with the corresponding spin splitting asymmetry and only purely ferromagnetic phase
without opening the antiferromagnetic gap (£, = 0 meV). For larger values of

the parameters my and mp in modulus, a ferrimagnetic phase can be achieved in
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Figure 7.16 — ARPES data for p-graphene (a) and n-graphene (b) with tight binding
calculation results for different values of the band gap F,. The second energy
derivative of the data of panel (b) is shown in (c) for better visualization. The solid
green lines show the result of approximating the quasi-wave vector distribution curves

by two peaks with Lorentz functions.

agreement with the spin-ARPES data (my4 = —0.01797 and mp = 0.00515 for
E, = 50 meV, my = —0.02078 and mp = 0.00798 for £, = 80 meV). The
results of the tight binding calculation for different F, are presented on top of the
ARPES data in Fig. 7.16 (a). Nevertheless, the ferrimagnetic phase with a significant
increase of atomic magnetic moments on the carbon atoms of one of the sublattices is
not confirmed by DFT calculations, including the reduced distance between graphene
and Au monolayer. For this reason, we can assume that the ferromagnetic phase is

the most probable for p-graphene.
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7.4 Spectroscopic features of two-dimensional magnetism in

graphene and underlying gold monolayer

Topological surface states (TSS) have attracted much interest in the condensed
matter physics community in recent years. TSSs have been predicted and observed
in 2D and 3D topological insulators, in which spin and quasi-momentum are coupled
and form a helical spin texture in the Brillouin zone, similar to a Dirac cone. Another
class of materials — topological crystal insulators or semiconductors — can contain one-
dimensional topological protected states on defects such as step edges and dislocations
that connect bulk Fermi points in momentum space [548—550]. Features such as
high spin polarization, stability to magnetic perturbations and temperature make TSSs
suitable for spintronics applications. Recently, it has been shown in semiconductors
that the spin texture of one-dimensional topological states of a screw dislocation
exhibits a much higher degree of spin coherence than the two-dimensional state of
the Rashba/Dresselhaus spin-orbit interaction [548].

Metallic TSSs are observed on the surfaces of noble metals such as Au, Cu,
Pt, and Pd, which were previously thought to be the prototype of Shockley surface
states [551]. They exist in the bulk band gap due to the nontrivial Z, volume index.
Dirac cones of deep d orbital surface states have been observed in Ag(111) and
Au(111) [290]. Since they possess spin polarization of the upper and lower Dirac
cones, the topological character of the states was discussed with the possibility of
existence of yet undiscovered topological invariants. In addition to noble metals,
spin-polarized Dirac-like states have been found on the surface of single crystal
W(110) (Chapter 3). The made assumption about topological metallic states was
confirmed several years later in a theoretical article [263], despite further experimental
investigation of trivial states near the I' point [261; 262]. The existence of different
fermionic states in the same topological metal is not contradictory and was found for
Hf;Te, P with states characteristic of both strong and weak topological insulator [552].

Nowadays, the search and study of metal topological states is still an important
task. Recently, a linear energy dispersion of the Au surface state in the form of a
Dirac cone in 1IML-Au/Pt(111) has been reported [553]. This state is in the bulk
continuum of the Pt substrate bands, which makes it difficult to detect. On the other

hand, in the two-dimensional Fe/W(110) ferromagnet, a nontrivial topology of the
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Fermi surface was found to arise from a complex interaction between the ferromagnet
and the heavy metal with a strong spin-orbit interaction [102].

Graphene i1n contact with a quasi-two-dimensional layer composed of
ferromagnetic and heavy metals will also acquire topological properties, and in the
case of out-of-plane magnetization, the QAHE phase was theoretically predicted
in [451].

In this section, we will study the features of Dirac-like states at the
interface between Au and Co(0001) monolayer with loop dislocations, analyze their
modification for different systems, and establish a connection with two-dimensional
ferrimagnetism in graphene and the underlying Au monolayer. The existence of spin-
polarized states near the I' point, as well as the presence of an energy band gap in
the local density of states in graphene is strong evidence of sublattice ferrimagnetism.
An important confirmation of ferrimagnetism in graphene will be the comparison of
experimental STS curves and theoretical local density of states (LDOS) curves for
the magnetization perpendicular to the sample surface. It will be shown that only
one graphene sublattice can be measured for ferrimagnetic graphene by STM method,
and the presence of defects in the form of residual gold clusters does not affect the
ferrimagnetic state of graphene.

It will be shown that the observed conical states remain stable in contact with
graphene, but are not characteristic of the system without loop dislocations. The
presented experimental and theoretical results allow us to consider them as metallic

TSSs hosted in a surface alloy of Au and Co with a periodic loop dislocation structure.

7.4.1 Conical states at [ point

An experimental study of the synthesized Gr/Au/Co(0001)/W(110) system
revealed new features of the electronic structure at the I' point of the surface
Brillouin zone. Figure 7.17 shows the characterization of the synthesized system by
experimental ARPES and spin-ARPES methods using synchrotron and laser radiation.
Interface states with a linear cone at the I" point of the surface Brillouin zone (labeled
as “DC” 1in the figure) are found. According to the spin-resolved spectra, these conical

states are spin-polarized with the same spin projection as the cobalt majority spin band
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Figure 7.17 — Electronic structure of interface states at the I" point in graphene/Au/Co

measured with synchrotron (a-c) and laser (d-g) radiation. Spin-resolved spectra

measured for specific emission angles are shown in (¢) and (g). The photon energies
are 62 eV (a-c), 6.3 eV (d), and 6.39 eV (e-g).

(layer magnetization in the surface plane), but are located in the localization region
of the cobalt minority spin band. It should be noted that these states exhibit strong
linear magnetic dichroism. As shown in insets (d) and (e) of Fig. 7.17, it is rather
difficult to detect them in the ARPES intensity maps using s-polarization, while
the states have the maximum intensity at p-polarization. In contrast, the intensity
of the majority band is maximal at s-polarization and minimal at p-polarization. It
was found that dichroism is directly related to the direction of magnetization of the
system, which is determined by the magnetization of the cobalt layer and does not
depend on the crystallographic orientation of the sample relative to the photoelectron

emission plane. If the vector E of the incident photon is parallel to the direction of
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Figure 7.18 — Spin-resolved spectra of Co d states near the " point using synchrotron

(a) and laser radiation (b).

magnetization of the cobalt layer, the Dirac-cone-like states have minimal, almost
zero intensity, and if it is perpendicular, maximum intensity. It should be noted that
in addition to the spin-polarized cone of electronic states, the spectra show a spin-
polarized peak near the peak maximum of the cobalt minority band and with the
same spin polarization (marked as “HS”). Its dispersion has a smaller slope and
opposite spin polarization. In Fig. 7.18 we can see that this state is significantly
weakened for large values of k| outside the localization region of the conical states.
The spin-resolved measurements of the cobalt states (see Fig. 7.18) clearly determine
the direction of the cobalt layer magnetization, namely along the I'M direction, along
the 4/ axis. Thus, these measurements establish a precise spatial relationship between
the sample magnetization vector and the polarization vector of the incident radiation.
Next, we consider DFT calculations of systems with loop dislocations to discuss the
nature of the observed states.

The DFT calculations presented in Fig. 7.19 confirm the existence of Dirac-
cone-like states in both Au/Co and Gr/Au/Co systems. In panels (d) and (e), in the
region marked by a black rectangular box, states are observed that were not detected
in the calculation of a thin cobalt layer without a monolayer of gold and graphene
(solid lines in the figure, the boundary of the projected bulk cobalt bands is shown
by the green line). Obviously, the states are formed as a result of hybridization of
the d states of cobalt and sp states of gold. Due to the localization of the Dirac-like
state with a minority spin in the band gap for bulk Au(111) and Co(0001), the state

is a surface state with no dispersion with changing photon energy and a maximum
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Figure 7.19 — Unit cells of the systems after structure optimization: Au/Co with

dislocation loop surrounding the center of Au cluster of 6 atoms (a), the same cell
with graphene on top (b) and Au/Co with dislocation loop surrounding Au cluster of
zero size (c). The sizes of the arrows are proportional to the values of atomic magnetic
moments on the gold and carbon atoms. The legends include arrows indicating the
maximum magnetic moments in two opposite directions for graphene and the Au-Co
dislocation loop. The direction of magnetization of the Co layer is to the right. The
unit cell drawings were created using VESTA software [554]. (d-1) The unfolded
band structures in the vicinity of the I' point for the unit cells shown above. The
size and color of the symbol represent the Bloch spectral weight for the components
with spin-1 and spin—] (shown in the white-blue-black and white-red-black palettes,

respectively).

intensity relative to the intensity of the Co substrate states at about 60 eV. As can
be seen from Fig. 7.20, the electronic structure of the system with a residual amount
of adsorbed gold on the graphene surface after intercalation includes, in addition to
Dirac-like states, the well-known Au(111) surface states with parabolic dispersion. It

can be assumed that the appearance of Au(111) surface states is associated with the
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Figure 7.20 — Electronic structure of interface states at the I' point in graphene/Au/Co

after adsorption of 3.5 A Au and intercalation under graphene.

formation of ordered Au(111) islands on graphene. It should be noted that the interface
states are characteristic only for cells with loop dislocation and ferrimagnetic ordering
in the Au layer. Calculation for the cell without dislocation (see Fig. 7.21) showed
that ferrimagnetic ordering is changing to ferromagnetic ordering with non-uniform
distribution of magnetic moments on gold atoms in the left and right parts of the cell
due to a decrease in the distance between gold atoms and the nearest neighbor cobalt
atoms. At the same time, states with linear dispersion near the Fermi level are absent.
The shape of the state dispersion with minority spin projection becomes similar to that
of the bulk Co states (see Fig. 7.19 (d)). The state with majority spin projection is
shifted towards higher binding energies, which is consistent with the transition to the
ferromagnetic Au state. Thus, the presence of Dirac-like states near the Fermi level
confirms the ferrimagnetic ordering in the gold layer both with and without graphene.

To confirm the existence of interface states in Au/Co system without graphene,
a separate experiment was performed, the results of which are presented in Fig. 7.22.
2,3 A of gold was deposited on a 132 A Co(0001) thin film on W(110) with
subsequent annealing at 400 °C for 35 min. The diffraction pattern contains the
superstructure ~ (10 x 10). It is known that adsorption of 0.8 ML Au on Ni(111)
followed by annealing at temperatures above 150 °C should lead to the formation of
~ (10 x 10) loop dislocations. In the case of the Co(0001) substrate, we observe
a similar periodicity. As can be seen from the ARPES intensity map, Dirac-like
states were found in this system without graphene. Graphene is a protective layer for
the Au-Co surface alloy when exposed to the atmosphere. The electronic structure,
including interface states, can be recovered after degassing the sample in a chamber
at temperatures ~ 300 — 400 °C.
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Figure 7.23 — STM images of Gr/Au/Co system measured at different sample

temperatures and external out-of-plane magnetic field (perpendicular to the surface).
Images obtained by mapping in the STS mode are shown for different values of the

tunnelling voltage.

7.4.2 Dirac cone states at K point

As previously shown, sublattice ferrimagnetism in graphene leads to the
appearance of a band gap at the Dirac point. To study the local band gap and the
homogeneity of ferrimagnetic ordering on the graphene surface, STM/STS methods
were used. Figure 7.23 shows the measurements of the same system at room
temperature of the sample and upon cooling using liquid helium and in an external
magnetic field. In the STM image obtained at room temperature of the sample, two
sublattices of graphene can be distinguished. In this case, the magnetization of the
ultrathin Co layer (thickness 80 A) is in the plane of the surface. Measurements
at 1 K temperature in a 1 T magnetic field perpendicular to the surface show the
presence of one graphene sublattice situated in fcc hollows and magnetized in the
same direction as the Co layer. Although the DFT calculation shown in Fig. 7.24
confirms the ferrimagnetic state in graphene for the perpendicular magnetization of
the system (the band gap value is ~ 30 meV and the spin splitting near the K point
1s ~ 40 meV), we have a significant difference in the STM images. Mapping with
measurement of STS spectra at each point with disabling feedback also showed only
one sublattice on the cuts at different tunneling voltages. To explain the observed
effect, we simulated the STS spectra with peak broadening by a Lorentz contour
at the optimal distance ~ 2.3 A, at which a good agreement with the experimental
spectrum was found. Figure 7.24 shows the comparison of the theoretical spin density

curve with the total experimental curve over the whole STM image. The position
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Figure 7.24 — STS spectra of Gr/Au/Co system in comparison with theoretical curves

of the local density of electronic states. The electron density cut was taken at a height

of ~ 2.3 A from graphene.

of the graphene peaks and the size of the band gap are in good agreement with
each other. However, a band gap near zero energy is observed in the experimental
spectrum, which is possibly related to the opening of the superconducting band gap
in the system at ~ 1 K. On the one hand, cobalt thin films on a pure W(110) surface
are known to grow in hcp geometry, which is magnetic [555]. The magnetism of
the cobalt film is also confirmed by the spin-resolved measurements of d states of
cobalt presented above. On the other hand, only cobalt films in fcc geometry [556]
can possess superconductivity. However, not only the material geometry but also the
size factor affects the presence of superconductivity, as has been shown theoretically
in the case of CoOy monolayer [557] and experimentally in the case of CoSb
monolayer [558]. Moreover, it has been shown in recent works that the alloy of
gold atoms with plumbene [559], as well as the gold film itself in contact with
the superconductor [560], are superconducting. In our case, a near-surface Au-Co
alloy is formed, the superconducting features of which cannot be ignored and require
further investigation.

As it was shown earlier, gold clusters may be present on the surface after gold
intercalation, and the formation of clusters under graphene is also possible. Theoretical
studies have predicted the preservation of ferrimagnetic ordering in such cases as well.
Figure 7.25 shows an STM image in the region of gold clusters. One of the clusters
is intercalated under the graphene as the electron density varies continuously in the
cluster region, the other is located on the graphene and was captured by a tip during
STS map measurements at constant tunnelling current. As can be seen in Fig. 7.25,

inset A, the cluster has been moved from its former location, but the visualization of
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measured at the following parameters: T=1.2 K, B=1.5T, U;=—-30 mV, [, =53 pA.

Inset A is measured after removing the cluster from the surface and at the same

scanning parameters. Inset B is measured after reducing the tunneling current to
It =472 pA

only one sublattice of the graphene has been preserved. Importantly, the homogeneous
imaging of the electronic density of graphene is also found in the region of loop
dislocations of different sizes, confirming the great potential to utilize magnetism in
graphene even when the underlying interface is structurally imperfect. It should be
noted that the reduction of the tunnelling current by more than an order of magnitude,
which roughly corresponds to the tip withdrawal from the surface by ~ 1 A leads to
the visualization of two graphene sublattices in the image. Since the measurement was
made on the same surface area with a small intercalated cluster (inset B), a comparison
of the two images was made (graphene lattice shown in the images), confirming the
measurement of only one sublattice at closer distances to the surface.

The following conclusions can be drawn on the basis of the conducted studies.
Ferrimagnetism in graphene and the underlying Au layer manifests itself in the form
of spectroscopic features observed by ARPES and STS methods. At the I' point
near the Fermi level, Dirac-like spin-polarized states are observed. These states are
characteristic of ferrimagnetic ordering in the Au layer, which arises as a result of
the formation of loop dislocations. In a strong magnetic field, a band gap in the
electronic structure of graphene, characteristic of out-of-plane ferrimagnetic ordering,

1s detected. At the same time, only one sublattice of graphene is measured on STM
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images at certain parameters. The presence of structural defects in the form of an
intercalated gold cluster or gold cluster on the graphene surface does not affect the
measurement of only one graphene sublattice in the defect region. This indicates the
preservation of ferrimagnetic ordering in the region of structural defects as well.
Thus, the presence of ferrimagnetic ordering in the layers can be confirmed not
only by direct methods registering the magnetic properties of the system or the
spin projection of electron states, but also on the basis of observations made by
spectroscopic methods.

7.5 Findings

This chapter presents the realization of magneto-spin-orbit graphene on
Au/Co(0001) substrate with loop dislocations. The results of spin-ARPES, STM and
DFT studies show that the spin-orbit and magnetic exchange interactions induced in
graphene lead to spin splitting asymmetry at opposite K and K’ points. Intercalation
of less gold under graphene leads to a shift of the Dirac point of graphene from
the conduction band to the valence band, 1.e., a transition from p-doped to n-doped
graphene. The presence of loop dislocations under graphene is the main reason
for the ferrimagnetic ordering of magnetic moments on the carbon atoms of the
two sublattices of n-doped graphene and the opening of magnetic band gap in
the electronic structure of graphene, which is observed in both ARPES and STS
data. Additional evidence for intralayer ferrimagnetic ordering in graphene and gold
monolayer is the detection of spin-polarized states with conical dispersion near the
Fermi level. Due to the opposite sign of the Berry curvatures for the K and K’ valleys,
the synthesized system appears to be promising for the implementation of the circular
dichroism Hall effect.
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Conclusion

The dissertation presents the main results of the work on the development
of fundamental principles and practical approaches for the formation of high-
quality systems based on new quasi-two-dimensional materials (graphene, ultra-thin
metal layers, topological insulators and other systems with surface electron states),
in which unique properties that provide a joint enhancement of spin-orbit and
magnetic exchange interactions are manifested to the maximum extent. Using
a combination of integral photoelectron spectroscopy methods, local tunnelling
microscopy/spectroscopy methods and theoretical methods of density functional
theory and tight binding allowed us to establish the relationship between the atomic
structure of the studied systems and their unique electronic and magnetic properties.
On the basis of the developed approaches to the formation of high-quality systems
and a comprehensive study of their electronic, magnetic and crystalline structures,
effects suitable for practical use in spintronics devices have been discovered, such as
the giant Rashba effect in graphene, the giant two-dimensional photovoltaic effect in
topological insulators, the spin-dependent avoided-crossing effect in ultrathin metal
layers, the magnetic proximity effect in quasi-freestanding graphene, and the linear
magnetic dichroism effect in the Au/Co surface alloy, etc. Models of spin electronic
devices using unique properties and corresponding effects — graphene spin filter,
information recording device for magnetoresistive RAM (reversible spin current
magnetization switch) and infrared detector of circularly polarized radiation have been
developed. The inventions can be used in the field of spintronics and optoelectronics.

The following main points and conclusions of the work could be emphasized.

1. The electron energy and spin structure of W(110) and ultrathin Al and Au

layers on W(110) have been investigated. It is found that the atomically
pure surface of W(110) is characterized by spin polarization of surface d
resonances in the pseudogap of tungsten opened as a result of spin-orbit
interaction. The spin-polarized surface resonances of W(110) in the I'S
direction of the surface Brillouin zone exhibit linear dispersion and spin
structure characteristic of topological surface states. For thin Al layers on
W(110), spin-dependent hybridization effects between quantum well states
and interface states at the boundary with the substrate lead to anomalously
high spin splitting, which is not characteristic of freestanding Al layers. The
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possibility of transferring the strong spin-orbit interaction in the substrate to
quantum well states in an ultrathin Al layer up to 15 monolayers is shown.

2. A giant two-dimensional photovoltaic effect has been found in a
magnetically doped topological insulator. The analysis of measurement
results for topological insulators of different stoichiometric composition
showed that the magnitude of the effect depends on the position of the Dirac
point relative to the Fermi level and the edge of the valence band. It was
found that the photovoltaic effect has maximum efficiency for topological
insulators with high filling of the upper Dirac cone states and a Dirac point
located inside the fundamental band gap.

3. The electronic structure and magnetic properties of BiTel semiconductors
doped with magnetic metals have been studied. A non-monotonic character
of the change in the value of the energy band gap and the magnitude of
saturation magnetization with increasing concentration of magnetic impurity
atoms was found, which indicates the magnetic character of the observed
band gap modulated by the pairwise interaction between doped magnetic
metal atoms.

4. New methods of graphene formation at elevated temperatures by chemical
vapor deposition have been developed, which leads to the formation of
highly oriented graphene on Co(0001)/W(110) and on Pt(111), for which
it became possible to measure ARPES intensity maps near the K point of
graphene without contribution from additional graphene rotation domains.
The developed methods of graphene formation opened unique opportunities
to study the joint influence of spin-orbit and exchange interactions on
the electronic structure in the graphene/Au/Co(0001) system, to study the
electronic structure of quasi-two-dimensional catalytically active systems
based on graphene and platinum lanthanides, and to apply the graphene/Co
interface with high spin polarization of states at the Fermi level in
spintronics.

5. Intercalation of highly oriented graphene on Pt(111) single crystal by
gadolinium atoms allowed to obtain a well-ordered nanothin epitaxial layer
of Pt;Gd alloy under graphene. In this case, the atomically flat surface of
the alloy is terminated by an atomic layer of Pt with “kagome” structure.
It is found that the surface unit cell of the alloy is rotated by 30° relative

to the surface unit cell of Pt(111) and corresponds to the orientation of
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graphene. Involvement of a set of methods for the investigation of the
system (LEED, ARPES, XPS and STM) at each stage of intercalation
allowed us to determine the optimal conditions for the synthesis of an alloy
of high structural perfection and homogeneous composition. Changing the
stoichiometry of the alloy Pt,Gd under graphene is a way to control the
energy position of the Dirac point in graphene, and thus the concentration
of charge carriers. The method of synthesizing nanothin epitaxial layers of
Pt;Gd terminated by an atomic layer of Pt with a “kagome” structure opens
up great possibilities for cheaper production of catalysts.

. Systematic studies of spin splitting of graphene electron states on
ferromagnetics and nonmagnetic sp and d metals have been carried out.
The effect of giant Rashba splitting in graphene on Au monolayer, on
incomplete Pt monolayer and on Pt(111) substrate, which is absolutely
inaccessible earlier in freestanding graphene, was found. It is shown that
the contact of graphene with a metal with a high atomic number (Au, Pt)
in contrast to metals with significantly lower atomic numbers (Co, Ni, Cu)
leads to the effect of induced spin polarization of graphene states.

. Quasi-freestanding graphene obtained by intercalation of an incomplete
platinum monolayer under the zero-layer graphene on SiC(0001) is
characterized by the giant Rashba spin-orbit splitting of 7t electron states,
up to values of ~ 200 meV. It is shown that the observation of the giant
Rashba effect is related to the reduction of the distance between graphene
and platinum atoms during corrugation of graphene.

. Gold intercalation under highly oriented graphene on Co(0001)/W(110) leads
to n- and p-doping of the electronic structure of quasi-freestanding graphene
depending on the amount of intercalated gold. It is found that graphene is
magneto-spin-orbit, 1.e., it possesses strong induced spin-orbit and exchange
interactions.

. It is shown that quasi-freestanding graphene on Au/Co(0001)/W(110)
substrate with p-type doping exhibits magnetism in the surface plane in the
same direction as a thin Co(0001) film. The magnetization effect of graphene
1s observed in the form of asymmetric spin splitting of 7t electron states of
graphene in opposite K points of the Brillouin zone of graphene. Study of the

surface by scanning tunnelling microscopy revealed the formation of loop
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dislocations at the Au — Co interface, due to which the magnetic exchange
interaction is transferred to graphene.

It i1s shown that quasi-freestanding graphene on Au/Co(0001)/W(110)
substrate with n-type doping is characterized by homogeneous ferrimagnetic
ordering on its sublattices, which allowed us to predict the possibility
of observing the circular dichroism Hall effect in this system. The
experimentally measured value of the band gap 80 £ 25 meV in the
electronic structure of graphene is magnetic in nature and is related to the
Hubbard-type electron-electron interaction and the non-equivalence of A and
B sublattices.

In the electronic structure of Au/Co(0001)/W(110) and graphene/Au/-
Co(0001)/W(110) systems near the Fermi level and I point, a spin-polarized
interface state with conical dispersion is formed, which is a consequence
of ferrimagnetic magnetization in the gold monolayer. The photoelectron
spectroscopy spectra using laser radiation show a strong linear magnetic
dichroism effect for this state.

The presence of ferrimagnetic ordering in graphene and intercalated
gold layers can be confirmed by the results of measurements made by
spectroscopic methods without spin resolution, such as ARPES and STS. The
ferrimagnetic ordering is characterized by the appearance of a band gap in
the electronic structure of graphene in the ARPES/STS measurement results
and the observation of only one sublattice of graphene in the STM/STS
results (at certain scanning parameters determining the distance from the
STM tip to the surface).

Graphene on Au/Co loop dislocations of different sizes is characterized by
ferrimagnetic ordering on its sublattices. The presence of additional gold
adatoms under graphene enhances the induced spin-orbit Rashba interaction
in graphene, but does not destroy its ferrimagnetic ordering. Controlling
the number of gold atoms above/below the graphene can be used to find
the optimal ratio between spin-orbit and exchange interactions for the
observation of QAHE.

Graphene on the intercalated Au layer is thermally stable up to temperatures
600 — 650 °C. It has been established that graphene thermal destruction
occurs during its long-term annealing at temperatures ~ 670 — 700 °C, thus,

on the surface remains a surface alloy of Au with underlying transition metal.
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15. Step-by-step high-temperature annealing in an ultrahigh vacuum chamber
enables us to determine the exact parameters for achieving a high-quality
zero-layer graphene on SiC(0001) by analyzing the data obtained in situ
by LEED, XPS and ARPES methods. It is shown that high-temperature
annealing at 1150 — 1170 °C leads to the formation of a zero-layer graphene
with a reconstruction of (6v/3 x 6v/3)R30°4(5 x 5), preceding further growth
of the next graphene layer.

16. It is shown that intercalation of cobalt atoms under zero-layer graphene on
S1C(0001) leads to its transformation into graphene of monolayer thickness,
while ultrathin layers of CoSi and CoSi, silicides are formed under the
graphene. Adsorption of Co onto the surface of heated sample leads to more
efficient intercalation than in the case of adsorption onto the surface of the
sample at room temperature followed by annealing. It is shown that the
synthesized system possesses ferromagnetic ordering.

A significant result in the technical and methodical part of the work is the
organization on the basis of the resource center “‘Physical methods of surface
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investigation’” of an experimental research complex consisting of a number of setups,
including the unique scientific setup Nanolab.
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List of acronyms

AFM - antiferromagnetic;

ARPES - angle-resolved photoelectron spectroscopy;
CMOS BEOL - complementary metal-oxide-semiconductor back end of line;
CVD - chemical vapor deposition;

DOS - density of states;

DFT - density functional theory;

EDC - energy distribution curve;

EDM - energy distribution map;

EDX - energy-dispersive X-ray spectroscopy;

EHT - electron high tension;

EMF - electromotive force;

FC - field cooling;

fcc — face-centered cubic;

FIM - ferrimagnetic;

FM - ferromagnetic;

FFT - fast Fourier transform;

FWHM - full width at half maximum:;

GGA - generalized gradient approximation;

Gr — graphene;

HAADF-STEM - high-angle annular dark-field scanning transmission
electron microscopy;

hcp — hexagonal close-packed;

HRTEM - high-resolution transmission electron microscopy;
LDA - local density approximation;

LDOS — local density of states;

LEED - low-energy electron diffraction;

ML - monolayer;

MTJ — magnetic tunnel junction;

ORR - oxygen reduction reaction;

PAW - projector augmented wave method;

PVE - photovoltaic effect;

QAHE - quantum anomalous Hall effect;
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QSHE - quantum spin Hall effect;

QVHE - quantum valley Hall effect;

QWS - quantum well state;

SEM - scanning electron microscopy;

SOT-MRAM - spin-orbit torque magnetoresistive random-access memory;
spin-ARPES - spin- and angle-resolved photoelectron spectroscopy;
SQUID - superconducting quantum interference device;

STM - scanning tunnelling microscopy;

STS — scanning tunnelling spectroscopy;

STT-MRAM - spin-transfer torque magnetoresistive random-access memory;
TEM - transmission electron microscopy;

TI — topological insulator;

TMR - tunnel magnetoresistance;

TSS — topological surface state;

VP-QAHE - valley-polarized quantum anomalous Hall effect;

XPS — X-ray photoelectron spectroscopy;

ZFC - zero field cooling;

ZLG — zero-layer graphene.
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