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INTRODUCTION

In this thesis the externally induced Rashba effect and spliarigation in graphene is
studied with the aim of controlling its size in a very wide gan This problem is of major
scientific interest due to possible applications of grapherspintronics. Graphene is a
single layer of carbon atoms arranged in honeycomb latii&aphene is, in principle,
known for a long time: the graphene electronic structure, Weasexample, calculated in
1947 [1], on a Ni(111) substrate it was prepared already in the 1p0subsequently dif-
ferent methods of preparation were developed, and the grepélectronic structure was
studied on different substrates{L0]. For most of the time, it was calledggaphite mono-
layer and the terngraphenebecame popular only recently. Graphene became famous in
2004 after a micromechanical cleavage method for bulk graplas proposedLl]. "For
groundbreaking experiments regarding the two-dimensionalerial graphen&Andre
Geim and Konstantin Novoselov were awarded the Nobel Pnizhysics in 201012].
Due to a high quality and a lattice structure with two atoms yo@t cell graphene has
peculiar electronic, optical and mechanical propertiegpBene has a very high electron
mobility [13] and is promising for ballistic transistors and transpad]| for field-effect
transistors 11, 15|, transparent conducting electrodd$,[17], ultracapacitors 18] and
many other applications.

The Rashba effect is related to spin-orbit coupling and isoirtgmt for spintronics
applications because it creates spin polarization of leitt states in nonmagnetic sys-
tems. The effect was discovered by Emmanuel I. Rashba andspedlin 1960 19].
The Rashba splitting manifests itself first of all in the cabéam-dimentional electron
gas (2DEG) systems, like surface states of metals, quanteis,véemiconductor het-
erostructures, thin metallic films and grapheB@-6]. It appears in the presence of an
external electric field normal to the two-dimentional etentgas plane or in the presence
of a broken inversion symmetry because of interfaces ortgatbg19,27]. Spin-orbit cou-
pling can be utilized to achieve efficient spin filterir®8[29] and due to spin precession
it could be used in spin field-effect transisto88,[31].

In this thesis we combine the graphene and spintronicsg@pid study how is it pos-
sible to control the spin polarization of the graphene etett structure. The main idea
is to find ways to produce a very small and a very large spinrzaidon or Rashba-
type spin splitting in graphene by an external influence,ttlys which substrates are
suitable for growing a high quality graphene layer with vergall spin-orbit coupling
and which substrates could give us observable in expersreemd suitable to applica-
tions spin-polarization of Dirac fermions. Graphene foingpnics is very interesting,
first of all, because it consists of carbon atoms and has aweak intrinsic spin-orbit
coupling. Electrons have in graphene a very long spin coloereength at room tempera-
ture [32-35], a successful control of the spin current in a gate-tungtdehene spin valve



was shown36]. Graphene could serve as a source of spin-polarized efecf37] and as
material for spin-filters38] and spin field-effect transistor8(, 36]. Transport properties

of graphene with an externally induced spin-orbit splgthrave been intensively investi-
gated in recent years and important predictions have bede:ntize spin Hall effecty9],

the quantum spin Hall effecd, 41] and, with an additional exchange interaction, the
guantum anomalous Hall effect]]. The Rashba effect in graphene even enhances the
calculated Kondo temperature of adsorbed impuri#e. [

The Rashba splitting of metalic surface states is known, erother hand, for a long
time. The best experimental example is the Au(111) surféaie sneasured by angle-
resolved photoelectron spectroscopy first in 1928 pnd we will discuss this in detail
in section2.2.1 The observed large spin-orbit splitting of the Au(111)face state is at-
tributed to spread of the surface state wave function notorthe surface into the region of
nuclear charge and experiencing an influence of atomicatit-splitting; the model was
developed in 196644]. The substrate material nuclear charge role was later zgeim
when states with large spin-orbit splitting in a Au and Ag mlaryers on W(110) were
observed?6,45]. It was shown that the size of the splitting does not depemithe atomic
number of the Au or Ag overlayer but depends strongly on thstsate. Spin- and angle-
resolved photoemission study revealed that the stategatrehic structure of deposited
thin metallic layers acquire spin polarization throughsgependent overlayer-substrate
hybridization. The effect of induced by substrate spintasplitting was observed also
for guantum-well states in gold, silver and aluminium filnmsW(110) substrated, 47).

In the current thesis we will try to use this possibility talute spin-orbit coupling in
overlayers through contact with highsubstrates to produce a giant Rashba splitting of
Dirac fermions in the graphene electronic structure.

The thesis has the following structure. In Chagdteve discuss the main experimen-
tal techniques used to study the systems in question, naxagdly Photoelectron Spec-
troscopy (XPS), Angle-Resolved Photoelectron Spectrgs¢ARPES), Spin-resolved
ARPES (SARPES), Low-Energy Electron Diffraction (LEED) adlvas an overview of
the experimental stations at which experiments have bertucted.

Chapter2 contains overviews of the two main topics of this thesis, elgrithe graphene
and the Rashba effect. First each of these topics is intradacd then it is shown how
to combine them, i.e. how the Rashba effect in graphene staakdike. Then Chapter
3 is related to the electronic and spin structure of grapheowrmgon transition metal
ferromagnets. The discovery of intact Dirac cones is dsedsas well as the Rashba
effect and Dirac cone spin polarization. In Chapt@raphene on other low-substrates
such as silicon carbide and silver is treated, in some sensanitinuation of the previous
chapter. The main topic aim is to elucidate possibility tduoe spin-orbit coupling by
interaction with a lowZ substrate.

Chapters is the main chapter of this thesis. It is devoted to the giarshRa effect in
graphene induced by highsubstrates. The chapter is split into two parts: graphene on
gold and graphene on iridium. The first part concerns thetreleic and spin structure
and the observation of the giant Rashba effect in the grapharsystem. There are dis-



cussions from both experimental and theoretical sideso tkis atmospheric stability of
the graphene/Au system is shown. The second part is devmtbd graphene/Ir system:
protection of iridium surface states by the graphene laggjiant Rashba effect and its
control by rotational displacement of graphene domairetive to the iridium substrate.



CHAPTER1

EXPERIMENTAL TECHNIQUES

1.1 Introduction

Photoelectron spectroscopy is one of the most direct arehsxiely used experimen-
tal techniques in solid state physics for the investigatbithe electronic structure of
materials #8]. It is based on th@hotoelectric effecti.e.,emission of electrons as a con-
sequence of absorption of photons, first observed by Héirtiertz in 1887 49] and
explained by Einstein in 190%(]. Later such photoelectric effect developed into a vari-
ety of techniques which differ in the energy of photons ugatithe information about the
electronic structure they provide. We will consider in mdetail X-Ray Photoelectron
Spectroscopy (XPS), Angle-Resolved PhotoElectron Spemipy (ARPES) and Spin-
and Angle-Resolved PhotoElectron Spectroscopy (SARPES)ESRP a part of Ultra-
violet Photoelectron Spectroscopy (UPS) and is focusederdispersion of electronic
valence bands. SARPES additionally probes the spin potemzen one or several direc-
tions. Photon energies in UPS are relatively small, in theatdiolet range, 10-100 eV.
For XPS higher photon energies are used and main focus gémsatzed core-levels of
the system in study.

1.2 X-Ray Photoelectron Spectroscopy

When light is incident on a sample, it can be absorbed allowlagtrons to escape from
the material. They carry a certain kinetic energy, whichatednined by the electronic
structure of the sample and the incident beam enkogyThere are two main models of
such process: The one-step model of photoemission as ativarisetween initial and
final states consisting of wave functions that obey appad@ioundary conditions at the
surface as well as a rather simplified three-step model. Weavisider in this work only
the second one because it has proven to be rather succéskf®)[and gives enough
information on the processes in the systems which we study.
The three-step model of photoemission considers these ithdlependent steps:

1. Photoexcitation of electron by incident light;
2. Travel of the excited electron to the surface;

3. Escape of the electron through the surface potentialdoanto vacuum.

10



1.2 X-Ray Photoelectron Spectroscopy

Monochromatized light of energhw hits the sample and excites electrons from an
occupied initial staté; with energyE; to an unoccupied final staté; with energyE;.
In the one-electron approach the Schrédinger equatibh= ih%—‘f for the electron in
electromagnetic field with vector potentialis:

1/, e\2 0¥
{%(MEA) +V(r)] W= in= (1.1)
wherep = —ihl is the momentum operator and V(r) the potential in which tetecis

moving.

In the dipole approximation we consider the vector potéasamall and constant over
atomic dimensions, therefoféA = 0 and it is possible to express the hamiltonian by a
sum of the stationary state of the unperturbed system andiaripation: H = Ho + H’,
where

A2
A p A e LA e .
Ho=-——+V H =_—(A A) ~ —A 1.2
0= 5 +V(r) e AP+ PA) ~ —AD (1.2)
The transition rate is given by Fermi’s golden rule:
21 A, 2
Rf:%‘<wf‘H Wi > | 8(Ef — Ej — hw) (1.3)
Using commutator§p, Ho] = —iA0V and[r,H] = ixp/mone can write the matrix element

in the following form:
. [
< Wi|p|Wi >=imw < Wi |r|W¥; >:a)<LPf|DV|L|Ji> (1.4)

So, for a true free electron system witlv = 0 the photoemission process does not take
place. But at the surface of the sample or close to n@lgioz # 0 and a photoeffect
occurs p2]. The final state is defined by the band structure of unocup#tls, but for
rather high energies a free parabolic final band approxanaé most commonly used
[48].

The second step of the photoemission process is the trayelfithe excited electron
to the surface. Electrons may as well travel away from théasarand scatter several
times before reaching the surface. The inelastic scaftgnincess gives rise to a large
background of secondary electrons in the spectra whichusllyssubtracted or even
ignored. Probability of reaching surface without scatigiis determined by the inelastic

mean free path:
N d
No exp(—x) (1.5)

whereNp - initial number of excited photoelectrons,- number of photoelectrons which
reach the surfacel - distance to the surface. Thevalue depends in turn on the electron
energy and on the interaction strength for that energy witleroelectrons, phonons etc.
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1 Experimental techniques
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Figure 1.1: 'Universal curve’: inelastic mean free path versus electron kinetic gnédor
various elements4g, 53).

This dependence is about universal for all materials andosvs in Figurel.1[48,53].
There is a minumum ok around 50-60 eV kinetic energy, corresponding to an escape
depth of about 5 A. Therefore, ARPES and SARPES are surfacéigerischniques
which probe the band structure of the top one or two atomierapf material. Never-
theless, the initial state wave functid may extend into the bulk, allowing to probe the
bulk electronic structure as well. At higher energies treaps depth is larger, so that XPS
gives more information about the bulk of the material. Hogregurface components are
sometimes also present as shoulders near the main cot@éalkes.

The third step of the photoemission process is the escageedléctron through the
surface potential barrier into vacuum. This is possibleéfphotoelectron energy is higher
than the work functior. The electron kinetic enerdy,;, in the vacuum is then:

Elin = hw— |Eg| — @ (1.6)

whereEg is the binding energy of the initial state, i.e. initial egyiof the photoelectron
before photoexcitation relative to the Fermi enelgy= Er — E;. Electron then travels
through the vacuum to the analyzer. Sample and analyzerramded (Fig. 1.2(a)),
so that, they have the same Fermi level. The analyzer’'s wanktion @, is different
from the sample’s work functio® and, consequently, detected kinetic endfgy is also
different:

Exin = hw— |Eg| — Pa (1.7)

For a detailed picture for energetics of the photoemissiahdetection processes see
Figure 1.2(b), and for the structure of a typical XPS overview spectifeigure 1.3, In
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1.3 Angle-Resolved Photoelectron Spectroscopy

(a) (b)
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Figure 1.2: (a) A general schematic of experiment. Photons incident on the samyuleqe
photoelectrons which travel through vacuum to the analyzer. Sampleasad
lyzer are grounded. (b) Energetics of the photoemission and detecticagses.
E; and E are initial and final states and ®, are work functions of sample and
analyzer respectivly.

experiments with metallic samples, the binding endtgys usually determined from the
spectrum by a direct measurement of the energy separationtfre Fermi edge to the
peak of interest.

1.3 Angle-Resolved Photoelectron Spectroscopy

Angle-Resolved Photoelectron Spectroscopy (ARPES) is tist coonmonly used method
to study dispersions and other properties of the occupiettrehic states in the valence
band. Dispersions are energy versus wave vector depersdehtiee electron in initial
stateE; (k). The photon energiw of the incident light in ARPES in the general case is
in the vacuum ultra-violet range and its momentppgy = /w/c is very small compared
to the size of the Brillouin zone of the material under studigefefore, transfer of elec-
trons to the final state during photoexcitation practicaiiyppens without change of the
wave vectork s = kj. Itis useful to independently consider the componentsligata the
surface and perpendicular to the surface= k'H” +k'", because they behave differently
when the electron crosses the surface of the sample.

Due to the translational symmetry at the crystalline Slﬂrkaﬁi‘t = k'Hn + G, where'™
and°" denote inside and outside the samieis a reciprocal surface lattice vector. In
the following, we will consider only the first Brillouin zonemdk“"“t =k

I
Because of the sample’s work functidghand energy conservation, component of the

13



1 Experimental techniques
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Figure 1.3: Structure of a typical XPS overview spectrum. Down to about 10 eV balw
Fermi level there is the valence band. At smaller kinetic energigs(BRrger
binding energies ) there are discrete core levels. Closer to zero kinetic energies
there is a large secondary electron background.

wave vector normal to the surface changes during transifitime photoelectron from the

sample into vacuum:

- 2md
kOLUt =/ (K1) — K2

Knowing the kinetic energy and the direction in which the foletectron moves in vacuum
(defined by an angl@relative to the sample surface normal, see Figudéa,b)), we have:

(1.8)

2mEin
h2

KUt = [k°U|cog8) = cog0) (1.9)

kT = \/é—r;(Ekin . 0082(9) + D) (1.10)

For the component parallel to the surface:

K = KO = [k°U] sin(8) = 2”;;"” sin(8) = \/ Zm(h‘*’_ijszB’ —%a) gine)  (1.11)

If energies are given in units of eV and the wave vector insmitA, it is possible to write
the simplified equatiokh” ~ 0.512,/hw— |Eg| — ®4sin(6). Thus, as a result of measur-
ing the binding energies of bands for different angles omege full three-dimensional
Eg(k') dispersion relations for the electronic bands in the vaddrand of the sample. In
the case of two-dimentional systems like surface statea®atom thick films there is no
dispersion in the direction normal to the surface kﬁids enough.

In the experiments for the present Thesis hemisphericaggrenalyzers were used

14



1.3 Angle-Resolved Photoelectron Spectroscopy

(a) (b)

photomsource \ analyzer

ho

< sample | vacuum »

samp17$‘\~\ . \" ‘

Figure 1.4: (a) Geometry of the ARPES experiment. Analyzer detects photoelestnited
at an angled to the surface normal. Figure at the panel (a) is adapted from
Ref. b4]. (b) Scheme of refraction of the photoelectron at the sample surface.

[48], see Figurel.4(a). A hemispherical analyzer consists of electrostatis lmodule,
entrance slit, hemispheres, exit slit and detector. Edetdtic lenses focus incoming pho-
toelectrons to the entrance slit, through which electronsrehe space between the hemi-
spheres with a certain kinetic energy. Then, due to the patetifference between the
inner and outer hemispheres, electrons propagate on decitcajectory to the exit slit on
the other side of the analyzer. Only electrons which enteatialyzer with a specific ki-
netic energy can get to the exit slit, and that energy dependsltages on hemispheres.
Due to the small size of the entrance slit, the analyzer s&elaadly the electrons in a
specific direction. A finite angle divergen&e determines the angle resolution, usually
about 01° for the ARPES, 1 for the SARPES (to get higher intensity) and up t6 idr
XPS (usually there is no need in angle resolution for XPS).

Behind the exit slit of the analyzer there is a detector whichtiplies number of in-
coming electrons to measurable current. There are two rypéstof detectors in ARPES:
based on channeltron electron multipliers and based omelialates. With a channel-
tron type detector the measurement of only one angle and arievgies, depending on
the number of channeltrons, at a time is possible and an degkendence is measured by
changing angle between the sample normal and the analymegyespectrum is achieved
by scanning different energies in the needed energy re@ibannelplate-based detectors,
in turn, show angle and energy dependence directly in ongem&canning of voltages
is nevertheless needed to obtain data in a wider energymregio

Summarizing the above, it is possible to meaduEg;,, 0, @) specta of photoelectrons
from the sample, wheremeasured intensity proportional the number of photoebestr
andB and @ are angles between the sample normal and analyzer (se€ E{@)). By

15



1 Experimental techniques

(a) Entrance into spin detector (b) z ?—)
+ L.
Q
Transfer lens Z g
Front channels 2
Q
o
. Spin channel 4 >
Spin channel 1T —— (right detector) e
(left detector) 3
NL NR
Spin channel 3 Spin channel 2 60° ) 60°
(left detector) (right detector) left detector right detector

?

Figure 1.5: (a) General scheme of the Mott detect&5] and (b) its work principle. In-
coming electrons are accelerated by 25 kV and hit a target, part of tlaites
backwards (Rutherford scattering) and enter channeltron detectoasddat op-
posite sides. From the difference in measured currents from these dastdwto
spin polarization is determined.

Target +25kV

convertingEi, into Eg andk™ as was shown above, information about the dispersions in
the valence band of the sample is obtained.

1.4 Spin- and Angle-Resolved Photoelectron
Spectroscopy

Spin- and Angle-Rosolved Photoelectron Spectroscopy (SARRHRIsed when informa-
tion about the spin polarization of the electronic bandseursdudy is required. In the
general case the electron spin is preserved during the @migsion process, provided
that magnetic fields are absent, i.e., the detected spictidings the same as of electrons
inside the sample before photoexcitation. For detecticth@fpin polarization and spin
direction a conventional hemispherical electron energyyaer was used equipped with
a Rice University-type Mott detectobp, 56], Fig. 1.5. This detector works as follows:
After passing the exit slit of the hemispherical analyzeastpklectrons are accelerated by
a 25 kV potential and then experience spin-dependent Mattesing from a target witha
a high atomic number. Usually gold or thorium foils are usifter backscattering, elec-
trons enter into one of four channeltron-type detectoratied around the target at 9t
each other and 6Go the target surface normal, see Figb.

The Mott scattering is spin-dependent. DNgtandN; be the number of electrons with
spin up and down, respectively, hitting the target. A largeetion of these electrons
will be lost in the bulk of the target but a small amount willckacatter and enter the
detectors. Two opposite detectors will be sensitive to e guantization axis normal to
the scattering plane: with the counts in the left detebtof] 3 [N+(1+S) +N;(1—S)]

16



1.4 Spin- and Angle-Resolved Photoelectron Spectroscopy
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Figure 1.6: Principle of spin-resolved measurement for an ideal spin-split Gaes&:p(a)
result of measurement by left and right detectors; (b) correspandgymmetry
between left and right channels; (c) calculated shapes of spin up dndle/n
spectra; (d) corresponding spin polarization.

electrons and those on the right oNg O % [Nt(1—S)+N, (14 9)], where the constant
Sis called Sherman functiorand characterizes the efficiency of the spin detector, the
measured asymmetry between channels is:

B NL_NR_QNT_NJ,

AR= N TNR ~ NN,

—s.p (1.12)

whereP is the spin polarization of the photoelectrons enteringgpi@ detector. It is
possible to obtain the number of spin up and spin down elestimm measured counts
N_ andNg:

N, O %(NL+NR)<1+ALR/S) (1.13)
N, O 5N+ Ne) (1 Ae/S) (1.14)

In Figure 1.6 this data conversion is demonstrated based for the exarhle inleal
spin-split Gauss peak. The splitting is 0.1 in energy utits,FWHM is about 0.83 and
the dimentionless Sherman function is 0.112. In Hig(a) it is shown how the measured
spectra look like. The difference between the left and rigtectors measurements is too
small to see by eyes, but the asymmetry calculated by equati@and presented in Fig.
1.6(b) clearly shows the presence of a spin splitting. In Figd(c,d) spin up and spin

17



1 Experimental techniques
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Figure 1.7: (a) Example of spin-split band in the electronic structure of one monoplafye
gold on W(110). Red and blue lines are spin up and spin down spectrariean
surements together with their fits; dashed lines are fits of peaks after foacidy
substraction. (b) Corresponding spin polarization.

down peaks and the spin polarization are shown, calculatestjbationsl.13 1.14and
1.12corespondingly.

It is interesting to note that such spin-resolved measunésrere not limited by the
energy resolution of the experiment. Even infinitely smpihsplittings can theoretically
be resolved if the measurements could be performed witlegestatistics without any
noise. In reality, spin-resolved measurements take a Ergsunt of time and at the end
after the conversion still have rather large noise. Thistéirthe possibility to determine
exact values for splitting and polarization. In Figur&(a) an example of an experimen-
tally obtained spin-resolved spectrum of a spin-splitriigiee state from a monolayer of
gold on tungsten (110) is shown (details about this staters&ef. [26]). Noisy red
and blue lines represent spin up and spin down, respectiRelgt and blue lines without
noise are fitting results; dashed lines represent fits of paétker background substrac-
tion. In Figurel.7(b) the spin polarization is shown calculated directly asdffference
divided by the sum of spin up and spin down spectra. This ig&/presentation of
spin-resolved measurements results and here the spinzadian at the peak positions
is about 50-70%. It is, however, important to note, that iguFe 1.7(b) the polarization
of all electrons (peak and background) at a given energyag/ishTo determine the po-
larization of a certain band in the electronic structureg bas to fit the spectra and use

18



1.5 Low Energy Electron Diffraction

(a) (b) (c)
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electron gun ) \ sample ;
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Figure 1.8: Low Energy Electron Diffraction devic®&§] (a) and wire diagram explaining its
working principle (b). (c) Example of diffraction image obtained by LEErir
a clean Ir(111) surface (inverted colours); hexagon of dark spopsdguced by
diffraction of electron beam from the triangle grid of iridium atoms at the s@fac

for the polarization calculation instead of the electronris the area under the peak of
interest without background and unrelated peaks. In suptoaph, the spin polarization
of each of two components of the split peak of Figlirga) is about 100%, i.e. each of
these components in the band structure consists of only mnedgection. In the case
when there is no splitting, but a spin polarization is présene would see spin up and
spin down peaks at the same energy position, but having eliftentensity.

1.5 Low Energy Electron Diffraction

Low Energy Electron Diffraction (LEED) was used to study thuality of sample surface,
its crystallographic structure, the ordering of adsorlzdtens at the surface and for the
alignment of the sample in the photoemission experimepitsgatertain hight-symmetry
directions. An electron gun produces a beam of electrons hiw energy (about 20-
200 eV) which hits the sample surface, backscatters, passesal grids and reaches a
fluorescent screen at a +5 kV potential. If the surface hasdeared structure, diffraction
of elastically reflected beams occurs and is visible as amged structure of spots on the
fluorescent screen. Because of the small mean free path dfogle@t these energies
LEED is a surface sensitive technique with probing depthny 6-10A.

In Figure 1.8(@) a conventional LEED devicé&%] is shown. Figurel.8Db) is a sim-
plified wire diagram explaining its working principle. Thé&eED device consists of an
electron gun, grids and screen. Electrons are emitted froatheod under negative poten-
tial and are accelerated and focused in the direction ofahepte. After reflection from
sample surface involving diffraction, the electrons pass fyrids and hit the fluorescent
screen. Because of a special grounded contact inside ofeéb&ra gun after electron
acceleration, sample grounding and a grounded first gredeléctrons travel in zero po-
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Figure 1.9: (a) Real space picture. Incident electron beam hits the sample surtaneafly
and scatters in all directions. In certain directions constructive interfescmap-
pens and diffraction spots appear on the LEED screen. (b) Recipsumade
picture and Ewald construction - graphical presentation of equatibdg. Each
point of the 2-dimensional reciprocal lattice is an infinite rod in the third dimen
sion.

tential on straight lines inside the experimental chambée second and third grid are
for suppression of inelastically scattered low energytetes. The fourth grid is also
grounded and protects thre other grids from the +5 kV paéafithe screen. Other ways
of use are possible, but we don’t consider them in this woriguie 1.8(c) shows the
example of a LEED image obtained from a clean Ir(111) surfadee hexagonal struc-
ture of the LEED spots means that iridium atoms on the Ir(Eltjace are arranged in
two-dimensional hexagonal lattice.

The electron beam incident on the sample with momenpuoan be considered as
de Brogliewaves with wavelength = h/p = h/\/2mcE (whereh is Planck’s constant,
Me - mass of electron, E - electron beam energy). One can writealiBed equation
also as well:A[nm ~ /1.5/E[eV|. These waves scatter from the ordered structure of
atoms of the surface and interfere with each other. If in sdirextion distance between
atoms (or adatoms) on the surface ithen there are diffraction spots at angigselative
to the surface normal) given by tl&ragg equationwvhich describes the conditions for
constructive interference:

dsin(@) = nA (1.15)

From this equation it is clear that angle-distanges the LEED screen are inverse pro-
portional to the real distancek thus, reciprocal space description in LEED pictures
analysis is commonly used.

Let us consider a lattice of atoms at the surface defined byitore vectors §,b).
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1.6 Experimental stations

Primitive vectors of the reciprocal lattice are then:

*_2T[b><n » 2nmnxa

~ laxhb| - laxb| (1.16)

wheren is the unit vector normal to the surfacg7]. By the Laue condition incident
electrons of wave vectdy and scattered electrons of wave vedtabey the equations:

k| = [Kol ZZA—" kI =G, =ha" +kb* (1.17)

whereh andk are integers.

Graphically these equations can be presented as a so-Eali@d constructiorior the
case of a 2-dimensional latticgg], see Figurdl..9. A real space picture is shown in Figure
1.9(a) and the corresponding reciprocal lattice picture iswshim Figurel.9b). Both are
side view representations. Because scattering occursynawstie surface layer (which is
2-dimensional), the reciprocal space lattice is also 2edisional, but along the third axis

each point spreads infinitely like rods. Projecti@‘i are diskrete values depending on
integerh andk. The length of the scattered wave vector is the same as tlta¢ afcident
wave vector; its possible directions are such that the vecstart and end are both on
rods.

Note that there is inverse proportionality of distancesl@ltEED picture relative to
real distances at the surface. This leads to the effect/dhgtrange superstructures due
to adatoms or a moiré pattern are visible in the LEED pictaesmall superstructures
around main LEED spots.

1.6 Experimental stations

All measurements were done at the BESSY-II synchrotron, Befiectrons are emitted
by an electron gun and accelerated in a microtron and a syimohrto the energy of 1.7
GeV. Then electrons are injected into the storage ring wtierg live for 8 hours before
the next injection. During these 8 hours there is a currert130-300 mA due to mov-
ing electrons by approximately circular closed orbit in sherage ring. This orbit is not
a perfect circle, it consist of many straight parts amskrtion devicesuch asbending
magnetsaandundulators In bending magnets (also calledd@ipoleg electrons with hor-
izontal speed come into a vertical magnetic field. The Laréotce acts perpendicular
to both the magnetic field and the electron speed and deflectrehs from the straight
line movement, this leads to emissionsyinchrotron radiatiorby a tangent line as a re-
sult of acceleration due to the normal to electron movem@atton Lorentz force. In
undulators there are many bending magnets with oppositeetiadield direction and
the synchrotron radiation from each of them participatenterference. As a result an
emission angle is smaller and energy spectrum is narrowteintansity is much larger
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1 Experimental techniques

compared to the case when radiaton from each bending magdetectly added with-
out interference. Except the high radiation intensity nmmodendulators allow to control
polarization of the emitted synchrotron light.

After the bending magnets and undulators electrons comtioumove in the storage
ring but radiation goes by straight lines into many beansliamund the storage ring. In
beamlines radiation passes monochromator which selextettded photon energy and a
number of focusing mirrors. As a result, photons are focusathall focus points inside
preparation chambers which are located at the end of beasnliburing the work on
this thesis several BESSY beamlines were used, two branth#s-012 beamline, BUS
beamline, RGBL beamline.

Several experimental stations were used for experimehisniain are: 1-squarésta-
tion for high resolution angle-resolved photoelectroncsmescopy andPHOENEXSfor
spin-resolved measurements. The first odesquare station, is equipped with Scienta
R8000 p9] hemispherical electron energy analyzer and a 6-axes aézhtryomanipu-
lator. Energy and angle resolution were 6 meV and,0&spectively. ThePHOENEXS
station has a SPECS PHOIBOS 150 hemispherical electron eaeadyzer $5] coupled
to a Rice University Mott-type spin polarimetéid, 56| operated at 26 kV. Overall energy
and angular resolutions of the experiments were 80 meV an®étails about the work
principle of the hemispherical analyzers and the Mott-cterewere presented above in
sectionsl.3andl1.4. Scanning tunneling microscopy (STM) measurements werkenm
a separate station equipped with Omicron VT SF@ [ STM measurements were done
at room temperature with tungsten tips.

All mentioned experimental stations consist of ultra-higituum (UHV) chambers
with ~ 1019 mbar base pressure. In each of these systems there areicaljam-
ber (where measurements were conducted), preparatiorbengwhere the main sample
preparation procedures were conducted) alahd-locksystem (through which samples
were transfered between air and UHV). Each experimentabstaontains low-energy
electron diffraction (LEED) module (was discussed in s®tii.5), exchangeable evapo-
rators of different materials, quatz microbalance, leak« for controlled gas injection,
sputter gun, high temperature heater (up to 2@)@&nd wobble-sticks for sample trans-
fer.
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CHAPTER 2

GRAPHENE AND RASHBA EFFECT

2.1 Graphene

Graphene is a single layer of carbon atoms arranged in a bonmgycrystal structure. It
is a carbon allotrope similar to graphite but consists ofyanie layer, i.e., graphene is
two-dimensional. The carbon-carbon distance in-plarte=s1.42 A, but graphene has
two atoms in unit cell and, thus, the lattice constant of beme isa = v/3d = 2.46 A.

It is possible to grow graphene on many different substriayegarious methods, such
as:

1. segregation of dissolved carbon contamination fromubstsate bulk to the surface

[2;
2. crackingof hydrocarbons on hot surfacg];
3. intercalation of materials under the graphene laggf,[LQ];
4. thermal decomposition of Si®,[9];
5. micromechanical cleavage of bulk graphii&,[13].

In this chapter we will not consider the growth methods iradet they will be discussed
in the corresponding chapters specifically to the systenwuastion. The history of
graphene, its peculiar properties and possible applicatiave shortly been discussed
in the introduction. We will focus here on the theoreticaschgption of the electronic
structure of a free ideal graphene layer, because the langber of its properties is due
to its peculiar electronic structure.

We will consider the graphene electronic structure frormpof view of the tight bind-
ing approximation, where the electronic band structuralswated using a set of wave
functions made of superpositions of wave functions forasad atoms. In graphene the
carbon 2 and 2 orbitals undergo & p?-hybridization and for each carbon atom form
three in-planesp? bonds and one out-of-plan® bond. In the graphene electronic struc-
ture they form three and onert band. For the peculiar graphene electronic properties,
mostly thertband plays a role and we will consider at this stage onlyrthand disper-
sion.
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Figure2.1: (a) Graphene layer: layer of carbon atoms in honeycomb arrangn{elhMag-
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nified view and (c) explanation of the crystal structure. Unit cells arek®adr
with dashed lines; arrows show unit vectors. Each unit cell contains aoon
atoms marked as 'A’ (red) and 'B’ (blue). Number of red and bluevegdorm
two hexagonal sublattices.



2.1 Graphene

Let X(r) be a normalized wavefunction for the2orbital of an isolated carbon atom
of the graphene layer. By Bloch’s theorem and because the gmapayer consists of two
sublattices A and B (see Fig.1(c)), we have [, 61]:

Y=o+ (2.2)
Qo= \/_;explk rajX(r—ra) (2.2)
@ = \/_ gexp[lk rg)X(r—rg) (2.3)

where N is the number of unit cells in the crystal.

Substitute2.1in the Schrodinger equation

Hy=Ey (2.4)

multiply by ¢} and@; and integrate over all volume. As a result we get:

Hi1+AH12=ES1+AES? 2.5)
Ha1+AH22 = ES1+AES: '
where
Hij = /(H*Hq’jdf Sj=J@edt (2.6)
The atomic wavefunction¥(r) are normilized in such a way that:
/X*(r)X(r)dT —1 2.7)

In this case hold$;1 = S = 1. We assume also, that there is no direct overlap between
atomic wavefunctions of neighbour atoms, théig,= $; = 0. From the definition oH;;
follows thatHio = HJ;.

It is possible to present equatioR$in a matrix form:

Hi1—E Hi2 1)\
(R B i g)(y)-o (2.8)

The solution is:

1
E = 5 {Hll—i— Hoo + \/(Hll— H22)2+4’H12]2} (2.9)
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2 Graphene and Rashba effect

Assuming from the symmetry that; 1 = Hoo, we get
E =Hi14 [Hio| (2.10)
We omit exchange integrals between atoms that are not naigb However, only

atoms of sublattice B are the neighbours of atoms of subdatiand vice versa. In this
case the exchange integrals between atoms of the sametisetda¢ zero and we have

Hllz/X*(r)HX(r)dT: Eo (2.11)

Thus, for the graphene energy dispersion the main role wilplayed only by théd;»
term, so we will skipEg and write for simplicity:

E= :|:‘H12| (2.12)

There are three neighbour atoms near any selected atom¢tloedinates are:
(a/\/l_%, o) (—a/2v/3,a/2) (—a/Z\/§, —a/2> (2.13)

wherea = 2.46 A lattice constant of graphene (shown by black arrows gn Eil(c)).

Inserting coordinate®.13into 2.2and2.3and simplifying trigonometrical expressions
we obtain the energy dispersion:

E(k) = iy\/1+4co§(gky) +4cos{gky) cog \/Sakx) (2.14)
wherey ~ 2.8 eV is the nearest-neighbour hopping energy:
y:/X*(r —p)HX(r)dt (2.15)

andp is the vector to nearest neighbours.

The energy dispersiol.14is shown in Figure.2 There are occupiett and unoc-
cupiedrt* bands touching each other at 6 so-called Dirac points |dcattéheK points
of the graphene Brillouin zone. A magnified view near Koint is presented in Fig.
2.2(c), where the dispersion looks like a cone. For ideal feeeting graphene, the Dirac
points are exactly at the Fermi level. Therefore, graphs@eziero gap semiconductor or
semimetal. To prove that the dispersion is in fact a cone canecalculate the dispersion
behaviour near thK point by insertingk = (kx, ky) = K + q into equatior2.14 whereq
is a momentum relative t and has a small magnitudg( << |K|). Using sin(x) ~ x
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2.2 Rashba Effect

0
k(A"

Figure 2.2: Graphene Brillouin zone (a) and electronic structure (b). Top (bluejdia T*
unoccupied band, bottom (red) is occupeband. AtK points they touch each
other at the Dirac points located at the Fermi level. At (c) magnified viethef
K point is shown, the so-called Dirac cone.

and co$x) ~ 1—x?/2 one gets:

V3
E(q) ~ +—5-valq| = ur|q| (2.16)

Thus, near th& point there exists a linedE(q) dispersion. ug ~ 1 x 10° m/s is the
corresponding Fermi velocity.

The linear energy dispersion is very unusual for the eleatrstructure of materials. It
is a distinctive feature of relativistic Dirac fermions titero rest mas4 f], as it appears
to neutrinos. Fermi velocity here plays the role of an effecspeed of light.

2.2 Rashba Effect

2.2.1 Rashba effect in case of 2D electron gas

The Rashba effect is very important for spintronics and o#pplications, because it
creates a spin polarization of electronic states in non@iggsystems. The effect was
discovered by Emmanuel I. Rashba and published in 126D [The Rashba splitting
manifests itself predominantly in the case of two-dimemiioelectron gas (2DEG) sys-
tems, like surface states of metals, quantum wells, serdigtinr heterostructures, thin
metallic films and graphen2(-26)].

It is known, that a magnetic field affects electrons and leadgoms to the so-called
Zeeman splittingdf spin up and spin down electron states. Surprisingly, dtisgl of
electron states appears also when the electron moves innzagoetic field, but in a
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2 Graphene and Rashba effect
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(a) Laboratory rest frame (b) Electron rest frame

Figure2.3: Travel of an electron in perpendicular electric field seen in (a) laborat@st
frame and (b) electron rest frame. In the latter case an effective magredtc fi
Berf appears.

non zero external electric field. In this case #féective magnetic fielglays a role,
which appears from the electron’s point of view (electrost feame), Figure2.3. If in
the laboratory rest frame the electron moves with veloeity a perpendicular external
electric fieldE, then the effective magnetic field is:

1
Bef :?EXV (2.17)

Based on the Dirac equation it is possible to extend the hammh for the case of
spin-orbit coupling:

M8

G(EXP):—W

eh

wherepg is the Bohr magnetom the mass of electrom the electron momentum, and
0 = (0y, Oy, 07) the vector of Pauli matrices, which is directly related te $ipin operator:

S=1lg.
Oy = (2 (1)) oy = (? 6') 0, = ((1) _01) (2.19)

The last part of equatioR.18is the effective magnetic field discussed above.

NI

When electrons move in a 2-dimensional plane with momerguavik = A(ky, ky, 0)
and the external electric field = (0,0, E;) is normal to that plane, then the hamiltonian
2.18transforms into:

hg 0 ky + ik
HSO = WEZ(GXK}/ — Gka) = GR(Oxky — Oykx) =0R <ky . |kx Y 0 X) (220)

The constantir is also calledRashba parameteand depends linearly on the electric field
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Figure2.4: (a) Spin-splitting of free electron parabola to two components with opposite sp
red - spin up and blue - spin down. (b) Same, but shown in fwdirkentions.
Arrows on top show spin-directions at different points, spin rotates whergoes
around E axis. (c) Experimental observation by ARPES of spin-splittddce
state bands of Au(111). Figure (c) was taken from 1&2] [

E; normal to the surface or in other words, on the potential igrad- aq;gz)_ Eigenvalues
aretar,/k2+ k§ = +aRk|

Due to this dependence of the Rashba parameter on the pbtatizent normal to
the surface, the Rashba effect appears under nonsymmaetoieditions. Time rever-
sal symmetry demands th&i(k,1) = E(—k,|) [22], inversion symmetry means that
E(k,}) = E(—k,]). Together these equations gi#k,1) = E(k,]), i.e., in a system
with inversion symmetry spin up and spin down bands degémeta two-dimentional
planes like surfaces and interfaces when different maseara present or their conditions
differ on different sides of the plane, a potential gradi@mpears, the Rashba parameter
becomes nonzero, aitk, 1) # E(K, ).

In the case of a two-dimentional free electron gas, the hllitson is represented by
two parabolic bands with opposite spins shiftedkpyrelative to each other, see Figure
2.4

H2Ke
E:t(k||) = 2— + GRkH (2.21)
These parabolas have minimadsity with energyko:
2
MeOR MO

The energy splitting between spin up and spin dowhEsk| ) = 2agrkj, i.e., has a linear
dependenck, and reverses witk.

Figure2.4(a) shows a model of Rashba-split free electron paratigldk) and Fig.
2.4(b) shows a three-dimentional view on these. Arrows at tipestoow how the spins
rotate abouk = 0 and transform from spin up on one side to spin down on the sttle.
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2 Graphene and Rashba effect

Figure 2.4(c) was taken fromg2] and shows the experimental observation of spin-split
Au(111) surface states by angle-resolved photoemission.

As was discussed above, the electric fiEldnormal to the surface or interface plays
the main role for existence and size of the Rashba effect. eTdéwer several possibilities
for their origin:

1. applied external electric field
2. workfunction step at the sample surface or interface eéetwwo materials
3. high nuclear charge.

The workfunction step leads to splittings of the order of 4@V on the Fermi level
[22]. This is much smaller than the experimentally observedesbn surfaces of high-Z
materials. For example, the energy splitting of Au(111jaue state close to the Fermiis
~0.1eV [21,62.

The nuclear charge explains the large spin-orbit splittirtge case of high-Z materials.
The surface state wavefunction is not perfectly two-dinmred, but spreads normal to
the surface into the region of the nuclear potential, whsgbroportional t& and is much
larger than size of the workfunction step. More detailed etddkes atomic spin-orbit
splitting into account. In the case of gold, the spin-orpiiténg of the 6p level is 0.47
eV [63]. The Hamiltonian for spin-orbit coupling modifies t44, 64):

H/SOC: %LO- (223)

where¢ is of order of atomic spin-orbit splitting. Then energy #pig is:

and gives result close to experimental values for high-Zennals.

2.2.2 Rashba effect in case of graphene

To discuss the case of graphene properly, we must sepaeapitirorbit coupling effects
into intrinsic andextrinsicones. Intrinsic spin-orbit coupling is related to the grapd
layer itself without influence from the environment, suchsabstrate or external fields.
The intrinsic spin-orbit coupling in graphene is very weakwsplittings of the order of
0.05 meV or even les$p, 66]. For spintronics such weak spin-orbit coupling is advanta
geous because it leads to a long spin coherence lengthl &2um [32-34]. Theoret-
ically, the spin coherence length could even be 10 times higf# and, therefore, there
is still room for future implementation of graphene as a gmeslement in spintronics
devices. An externally induced spin-orbit splitting coolctur if the graphene layer is in
contact with a specific substrate or there are impuritiesran the graphene?,67]. A
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(@ 4E (b)

Figure 2.5: (a) Dirac cone of free graphene without spin-orbit interaction. (b,c) Tesd
three-dimensional view of the graphene band structure neaKtip®int in the
presence of extrinsic (Rashba) spin-orbit coupling.

large spin-orbit coupling in graphene could open the wayfaphene as active element
of spintronic devices such as the Datta-Das spin field-effaasistor B0]. Recently, we
observed that a large Rashba-type spin-orbit coupling candueed in thin metal films
due to interaction with a higl- substrate 45, 47] and that this works for graphene as
well [7]. In the present thesis and in the corresponding publind68] we discuss the
observation and the origin of a giant Rashba splitting of thha@®cone when the graphene
layer is located on top of gold or iridium substrates.

In the case of a conventional two-dimensional free electfas the Rashba effect is
observed at th€ point of the Brillouin zone as & shift of parabolic bands of different
spin in opposite directions. Therefore the energy spitiitepends linearly on thig
value. In the case of a spin-orbit split graphene Dirac cbieeet are many differences.
First of all, the Dirac cones in the graphene electroniccstme are located far away from
thel point, i.e., at siXK points as shown in Figur2.2. Secondly, the split bands resemble
nearK the peculiar band structure of bilayer graphe@@[with an energy gap between
upper and lower branches of one spin and no gap between lesotthe other spin7].
And finally, the energy splitting between spin up and spin nida&nds for the case of
graphene is constant, i.e. there iskjadependence of energy splitting. Such behaviour
was calculated in Ref70] based on a 4 4 Hamiltonian of graphene with extrinsic spin-
orbit coupling from Ref. 40Q:

1
H :hUF(o'k)+§)\(0xs)z (2.25)
Here,uf is the Fermi velocity) is a spin-orbit coupling constans, are Pauli matrices

for the pseudospin, arslare Pauli matrices for the real spin.
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2 Graphene and Rashba effect

The resulting equations for the band structure aroundtpeint are [70]:

Eyu(k) = "—2“ ( A2 1 (2ugk)2 — w\) (2.26)

wherep = +1 corresponds to spin and= +1 to chirality. The spin-orbit splitting is
AE = |\| and is constant. Spins are in-plane and rotate abouKtpeint. A graphical
presentation of this solution is shown in Fig@é. In panel (a) there is the Dirac cone
of free graphene without spin-orbit interaction. In pan@&psand (c) there is the Dirac
cone for the case of an externally induced spin-orbit spijttThe panel (b) shows this in
a two-dimensional cut view and the panel (c) in a three-dsm@ral view. Pure blue and
red colours denote spin directions towards the viewer araydmwm the viewer, normal
to the image surface. It has been found that the photoemigsaress could be affected
by interference as due to the A—B sublattices influencingti@oemission intensity and
the observed spin-polarization directionl]. For the valence band electrons the main
influence of such interference is in tA& direction but beyond thK point. Spin-resolved
photoemission measurements are usually conducted inditleetions and the giant spin
rotation effect proposed in RefZI] has not yet been observed experimentally.
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CHAPTER 3

GRAPHENE ONFERROMAGNETS

3.1 Introduction

We discussed in the previous section that the Rashba effpehds strongly on the po-
tential gradient normal to the surface and that there arerakpossible sources of such
gradient such as: (i) applied external electric field, (iprifunction step at the sample
surface, (iii) nuclear potential of high-Z substrate atorifshe grapheneat band wave
function spread into the location of substrate atom wavetfans, a contribution from
the potential gradient around the nuclei of the substratmsatoecomes possible. This is
possible by hybridization between the grapheneand and substrate bands. For mate-
rials with higher atomic numbet the effect will be larger than for materials with low
atomic number, thus, for low-substrates under the graphene layer we can straightfor-
wardly predict the absence of a Rashba effect and spin-gpididin the graphene band
structure. Despite this reasoning, several experimedtsating the opposite appeared in
the literature. In graphene on nickel a large energy shiftoups5 meV of the graphene
1 band was observed by angle-resolved photoemission whemalggetization of the
graphene/Ni(111) system is revers&d][ In graphene grown by thermal decomposition
on SiC an anisotropic spin splitting of thieband of up to~200 meV was observed by
spin- and angle-resolved photoemissi@f]|

In order to study ways to externally induce and control thie gplarizaton and spin-
orbit splitting of the electronic bands in graphene we neeeiiamine these effects. We
conducted a number of experiments by means of the spin- agid-aesolved photoemis-
sion of graphene on different substrates, both Iband highZ. Results of our study
concerning of giant energy shift Ref/J] were presented befor&4, 75. In the current
chapter we will investigate graphene on ferromagnets éhi@ikd cobalt) in various ways
regarding their electronic and spin structure.

3.2 Preparation

Several methods of graphene preparation are known witbrdiit methods more or less
suitable for different substrates. The graphene monolagdxi(111) was already pre-
pared and studied in the 1970s by segregation of carbon d&omghe bulk to the nickel
surface ], later by the so-calledrackingprocedure 37,10, 76] and by thermal decom-
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Figure 3.1: Procedure of Propylene Elg) cracking and the resulting structure of graphene.
In the inset, larger substrate atoms indicate the top Ni (Co) layer, smalles on
the second layer, and the third layer atoms are hidden under the cartoomsa

position of SiC B, 9, 77]. Later a micromechanical cleavage method using bulk graph
was shown11,13].

We used the cracking procedure to grow graphene on nicketabadlt surfaces due
to the simplicity of this method and the large scale high iqparaphene layers that are
obtained as a result. This method is shown schematicallygar&3.1 The sample is
heated by the electron bombardment method-t800 K and propylene ga£{Hg) at
pressures around 10 mbar is introduced into the vacuum chamber for 5 min. Propy-
lene molecules in contact with the hot Ni or Co surface breakngbthe carbon atoms
assemble to form the graphene layer. This process is satirlg and only one graphene
layer grows due to the fact that Ni and Co atoms on the surfave se catalyst for the
cracking of theCzHg molecules. So, after the first graphene layer is formed,rinoa
catalyze the formation of a second layer. There is still thesphility that more graphene
layers could form at the interface between Ni or Co and thelgrap layer due to carbon
atoms segregating from the bulk of nickel and cobalt but éigemperatures and longer
heating time are needed for this to happen. The self-limitadf the graphene growth
is an advantage of this method over other graphene growthaadetsuch as the thermal
graphitization of SiC.

The structure of the resulting graphene layer is shown atig¢f side of Figure3.1
Carbon atoms are on top of the Ni atoms; the second Ni layerssémenunder the centers
of graphene hexagons. This structure is based on the LEEDSy analysis made in
Ref. [78] and confirmed directly by STM for graphene islands on top ofd001) [79].

Due to technological reasons and better structural quidayNi(111) and Co(0001)
substrates were 15— 20 monolayer thick films grown on W(110) crystal surface. Tung
sten was cleaned by cycles of oxygen treatments 800 K andflashes(short heating
to ~ 2000 K) to remove carbide and to remove adsorbed oxygenectgely. Nickel
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Co/W(110) Graphene/Co/W(110)

Figure 3.2: Low-Energy Electron Diffraction images from (a) W(110), (b) Cobalt film
W(110) and (c) graphene/Co(0001)/W(110).

and cobalt films were deposited from electron beam evaparaiod were subsequently
annealed.

The quality of the tungsten surface, the nickel (cobalt)giand of the resulting graphene
layer was checked by LEED and photoemission (ARPES and XRfrds3.2(a-c) show
LEED images from the clean W(110) surface, a Co(0001) film aachfgraphene on
cobalt, respectively. Tungsten has a body-centered culstat structure, the LEED
image from its clean (110) surface appears like a hexagdns Isireched-out in one di-
rection. In XPS the cleanliness of the tungsten surfaceeisrbyl visible by the presence
of surface components of the W 4ore levels, see Figui&3. In the presence of carbide
there is an additional complicated structure of spots inLBED image, in the presence
of oxygen there is a cled® x 2) reconstruction. Near the Wf4core levels additional
peaks at higher binding energies appear and surface comisdma&ve smaller intensity
or fully disappear. Nickel has a cubic close-packed crystaicture, cobalt has a hexag-
onal close-packed crystal structure, but both Ni(111) an(D@ail) surfaces which are
obtained by growing nickel and cobalt on the tungsten (11@ase have a hexagonal
atomic arrangment and the LEED patterns are hexagons.

There is only a small mismateh 2 % between the graphene lattice constant and surface
lattices Ni(111) and Co(0001). Thus, graphene on thesecagigrows with high quality
and in registry with substrates. The orientation of the Qesye layer is fully consistent
on the whole sample area and from experiment to experinmtast,dlated to the direction
of the underlying W crystal. In the LEED image from graphenecobalt (Figure3.2(c))
there are additional circle segments which correspondetptésence of rotated graphene
domains, but these segments are weak meaning that the nambize of the rotated
domains is small.

The Scanning Tunneling Microscopy (STM) characterizatbgraphene/Ni(111) and
graphene/Co(0001) shows good quality of graphene layeuy&83j4. STM images show
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Figure 3.3: Tungsten WAf core levels measured abhk=110eV photon energy. Such spec-
trum is very useful for the check of the W(110) surface quality. If the caiita
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Figure 3.4: STM from graphene on Ni(111) (a) and on Co(0001) (b). Tunnelimgrpaters:
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3.3 Electronic structure and intact Dirac cones
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Figure3.5: (a) Open and filled circles denote the experimental band structure of
graphene/Ni(111), broken curves indicate bulk graphite dispersiahdashed
areas near the Fermi level show Ni d states. Figure (a) is from df.dhoton
energies are W= 21.2 and 40.8 eV. (b) Angle-resolved photoemission data of
graphene/Ni(111) and (c) of graphene/Co(0001). Photon energy 62 eV.

also that there is no sixfold symmetry as would be expecteé fioee graphene layer,
but a threefold symmetry is observed. This is evidence farmegtry breaking between
A andB graphene sublattices, i.e., carbon atoms of one graphétegtste are on top of
the nickel or cobalt atoms and carbon atoms of the other Hidelare on top of the third
layer atoms of the substrate (see RBdl).

3.3 Electronic structure and intact Dirac cones

The electronic structure of graphene on nickel is charee@rby a large shift of the
graphenert band to higher binding energy as compared to the electrdnictare of
the free graphene layed,[7, 76,80]. Figure 3.5a) shows the experimental band struc-
ture of the graphene/Ni(111) system obtained by photaelectpectroscopy with He |
(hv =212 eV) and He Il fiv = 40.8 eV) excitation sources. The Figure is from the first
investigation of this system in Ref4][ In the present work the electronic structures of
graphene on Ni(111) and graphene on Co(0001) systems weliedand results are pre-
sented in Figur&.5 panels (b) and (c), respectively. The presented measutsmwene
performed in thd”M and 'K directions of the graphene Brillouin zone. One can see Ni
(Co) d states near the Fermi level and two graphenigands dispersing from 5 eV to
higher binding energies. The graphemband reaches from 10 eV at thd™ point up to

~ 4.5 eV at theM point, and up to~ 3 eV at theK point. After crossing of the Brillouin
zone border at th& point, the graphena& band hybridizes with Ni (Coll states. The
strong shift of the graphermeband by~ 2 eV as compared to the case of free graphene
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3 Graphene on Ferromagnets

and graphite (dashes in Figugeb) and clearly visible effects of hybridization with Ni
(Co) states indicate a strong interaction of the grapherer laith the substrate.

From first sight, there is no apparent Dirac-cone-type d&pe around thé point
and for a long time it was believed that the Dirac cone is dgstl in these systems
due to strong graphene-Ni (Co) interaction and a resultirgaing of the symmetry
betweenA andB sublattices ¢, 81]. Density functional theory (DFT) and tight binding
calculations also showed a large gap atkhmoint [38,82]. Despite this, a thorough view
at the experimental data, both ours and that published bgr gjfoups, shows that the
graphenatband crosses th¢ point without any break or detectable gap there. To study
such unexpected behaviour, we conducted a full angleveggihotoemission mapping
of the region around th& point for both graphene on nickel and graphene on cobalt
as well as and high-resolution angle-resolved measurentierdugh the< point in the
direction normal td K. The results are published83] and shown in Figure3.6(a-d). The
measurements were conducted at various photon energiesibiaiom temperature and
at low temperature to improve the energy resolution andsbtte effect of the thermal
lattice expansion on the electronic structure. The intacadcone is visible with an
intense Dirac point at 2.84 eV binding energy. The enhanog¢wfeintensity exactly at
the Dirac point tells us that there is no gap. In Figude&e-f) the same structure of the
intact Dirac cone is observed for the case of graphene ontcoblae Dirac point is at
2.82 eV binding energy. The measurement direction is scheafig shown in panel (g).
The reason why the Dirac cone is not observed in the dispeisithe K direction is
a destructive interference of photoelectrons from two gesye sublattices. This effect
has been studied in graphit@4]. At the crossing from the first into the second Brillouin
zone in the K this interference has the effect that in the first Brillouonz (before the
K point) only the graphena branch is visible and th&* branch is not visible, but in the
second Brillouin zone after thi€ point the opposite happens. Due to this effect in the
'K direction Dirac cone is not recognized, but only one grayhleand which ist before
the K point andrt* after. In the measurements normal to € direction both sides of
the dispersion are in fully symmetrical conditions, so thath 1t and 1t* branches are
fully visible and the Dirac cone and Dirac point are observite presence of this strong
interference effect indicates that the observed Diraedike band structure is from the
graphene layer, not from the nickel (cobalt) substrate. Masanrements of these systems
in such symmetrical direction were done before. A samplirth@Dirac cone at different
photon energies as presented in Figle€-d) shows an energy shift of the nickel states
with the photon energy or, in other words, shows a dispersionickel states in the
k, direction. But at the same time the Dirac point and Dirac cop&tipns and shape
are preserved confirming the two-dimensional nature. Ttist@nally proves that the
observed Dirac-cone-type band structure originates fraplgene and not from the bulk
nickel (cobalt) states.

Thus, our measurements clearly show the presence of inieat Dones in systems
where the symmetry betweeh and B graphene sublattices is broken. Also a strong
n-doping of graphene with the 2.82-2.84 eV shift of the Dirainp to higher binding
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Figure 3.6: Experimental band structure normal to th& direction through theéK point for
(a-d) graphene/Ni(111) and (e-f) graphene/Co(0001). The pteseband struc-
tures were measured at room temperature in the case of graphengbait and
at low temperature< 40 K) in the case graphene on nickel. In panels (a,b,d,e)
the second derivative of photoemission intensity over energy is pres@ateels
(c) and (f) show line cuts (energy distribution curves, EDC) of raw datanfr
panels (b) and (e). The intact Dirac cone is clearly visible in all of the @nésd
figures. (g) Schematic view of the measurement direction.
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3 Graphene on Ferromagnets

energies is observed. A giant hybridization gap is in fasp @bserved, but it is located
at binding energies lower than 2 eV (see Figu8&gb) and (e)) and away from the Dirac
point. Note that this gap is a common hybridization effedt retated to the effects of
sublattice symmetry breaking and opening of a gap at thec[pioint.

3.4 Absence of Rashba effect

As mentioned above, in graphene on nickel a large energy ghito 255 meV of the
graphenet band was observed by angle-resolved photoemission as la oéseversal
of the magnetization orientation of the graphene/Ni(1YyEteam [72]. The results were
interpreted as showing a Rashba effect in a ferromagnet andstsupposed that the
graphenatstates become spin-polarized due to hybridization witiNihgubstrate. Con-
trolling of the spin of electrons in graphene by the extemagnetic field which switches
the magnetization of the nickel could be important for spinics applications, but the
measurements of Ref7?] do not include a direct proof by spin-resolved photoenoissi
of the presence of spin polarization or spin-splitting ie traphene. To check that the
observed energy shift has some relation to the electronwpiconducted such spin-
resolved experiments and showed the absence of any deéeegpat-orbit splitting of the
grapheneatband. Those results were publish@d][and discussed in a PhD Thesi&].
In the current chapter the subject will be discussed verythoecause it it is necessary
as starting point for the discussions of the spin-resohagd ah the following chapter.
Figure3.7shows a direct measurement by spin- and angle-resolvedglbotron spec-
troscopy of the grapherreband ak = 0.7 A~ along the™ M direction, i.e., the position
where the large shift was observed in R&2][ Blue and red lines are spin up spectrum
(1M and spin down spectruni), respectively. The spin polarization was calculated as

-

=1 (3.1)

and is presented at the bottom part of the Fighii® There is a strong spin polarization
of the nickel 3l states which are located close to the Fermi level, but atedglno spin
polarization or spin splitting of the graphendand. Thus, the effect reported in Réf2]

is neither the Rashba nor an exchange interaction effect.

Magnetic moment and exchange splitting of the ates of cobalt are- 3 times
larger as compared to nicke83, 86]. Thus, if the exchange or Rashba-type splitting
of the graphenet band take place in the graphene/Co(0001) system, they sheulét-
ter visible than in the graphene on nickel case. Based ondinmlar experiments with
graphene/Co(0001) were done. As was discussed above, geoamet electronic struc-
tures of graphene/Ni(111) and graphene/Co(0001) are vemjasi But due to the fact
that the easy magnetization directions in these systems@ted by 90 relative to each
other, experiments in boffK andI"M directions were done. The result is same as for the
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Figure 3.7: Spin- and angle-resolved photoemission of graphene/Ni(111) nexhauitv =
S6eVatl =07 A~1 along thel'M direction. Blue and red spectra correspond
to opposite spin orientation, the bottom panel shows the spin polarization. The
sample was remanently magnetized and the Ni was an epitaxial film on W(110)
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Figure 3.8: (a) ARPES measurement of graphene/Co aroundktheoint of the graphene
Brillouin zone normal to thé K direction. (b) First derivative of intensity over
energy of the data from panel (a). The measurement was done ahitheasd
angle-resolved photoemission experimental station and the dashed life}y in
show where spin-resolved spectra were measured. Photon enetgpheV.

case of graphene on nickel, i.e., absence of the Rashba are&hype spin splitting of
the graphenetband.

As a final remark it is worthwile to mention that the discussédence of a Rashba
effect in graphene on nickel and cobalt is in agreement withexpectations. In any
case it remains possible to use both systems for spintrasiessource of spin-polarized
electrons B7], for spin-filters B8] or as a substrate for graphene on other metals like
gold [6], copper BQ], iron [87] and others with their own peculiar spin properties. We
will return to this point and pick two prominent examples mapterst.3and5.1

3.5 Dirac cone spin polarization

The above mentioned investigations of the spin splittindpefgraphenaband in graphene
on ferromagnets were done before we discovered the preséitise intact Dirac cone
in these systems. The measurements were done &t puént and other points in the
graphene Brillouin zone along different directions. Howetre main focus was ok
wave vector values around half the distance ffoto K andM , because exactly there the
maximum effect was predicted in Re¥.g]. After our discovery of intact Dirac cones in
graphene on nickel and cobalj we expanded our search for possible spin-related ef-
fects in these systems to the region of the Dirac cone and/tiredization of the graphene
1t band with the nickel (cobalt)Bstates. Due to the fact that magnetic moment and ex-
change splitting of the@states of cobalt are 3 times larger as compared to nickel we
selected and studied the graphene on cobalt system.

In Figure3.8data from the spin-resolved photoemission experimerda#ibstis shown,
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3.5 Dirac cone spin polarization

measured near tH€ point of the graphene Brillouin zone in the direction nornwalK .
This spin-integrated measurements are required to makdlsairthe spin-resolved spec-
tra probe the Dirac cone. The data as presented as measypadeh(a) and as first
derivative over energy in panel (b). At thepoint the graphene Dirac point is clearly vis-
ible as a bright spot at 2.9 eV binding energy. The enhanced intensity at the Diractpoin
is reproduced and means that graphar®ands cross at this point without a detectable
gap. Dashed lines in Figu@8b) show where the spin-resolved spectra were obtained.
We measured the spin-resolved spectra for two opposite @tiagtion directions of the
sample (both magnetizations along kel ([1100] of Co) direction) and for two light
polarizations: linear horizontal (predominangiytype) and linear verticak(type). In the
presented dispersion of Figused(a,b) we can clearly follow how the graphemband go-
ing from high to low binding energies and after passing th@a®point starts to hybridize
with cobalt 31 states which are located in the region~o0 — 2 eV binding energy. These
cobalt states are known to be spin polarized. Note that sipgirpolarization must reverse
when the sample magnetization is reversed. Presence ef¢pespolarized cobalt states
when the graphene layer is on top is by itself interestingfantronics devices due to the-
oretical possibility of using these states in spin filterides B88]. However, the graphene
Dirac cone was believed to be destroyed and its possiblgspanization or spin splitting
were not studied. From another point of view it would be verympising to detect a spin
polarization or spin splitting of the Dirac fermions, besauheir high mobility could be
maintained, especially with the possibility of an exteroahtrol by electric or magnetic
fields. As we discussed before there is no detectable spttirgplor polarization of the
graphenatband from the™ point up to~ 2/3 of thel'K distance.

Here we focus on the spin-resolved measurements oftth@nd around th& point.
They are presented in Figur8s9, 3.10 3.11 The Figure3.9(a) shows spin-resolved
spectra measured at tfe point of the graphene Brillouin zone. The red line shows
the spin up (majority spin) spectrum, the blue line showssthia down (minority spin)
spectrum. There are:

1. Alarge spin polarized background (spin down in panel (a))

2. At ~ 5.2 eV binding energy a trace of the graphanband dispersion around the
M point visible in thelK direction due to rotated domains. The peak itself is not
spin polarized (if one removes the background spin poladza

3. In the region~ 2.4 — 3 eV binding energy the graphene Dirac point with dominant
spin up polarization is located.

4. From~ 2 eV and up to the Fermi level there are spin polarized colobdt&tes.

The observed strong spin polarization of the graphene [Pioat is of significant interest
here both from a fundamental point of view and for possibke insspintronics devices.
The nature of this spin polarization will be the topic of fet verification and discussion
in the remainder of this section.
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Figure 3.9: (a,b) Spin-resolved spectra at tKepoint of the graphene Brillouin zone. (a) and
(b) were measured for opposite magnetization directions. (c) Asymmetee
shown from panels (a) (blue) and (b) (gren). The zero asymmetyikeshown
as dashed line. (d-f) Same 88> away fromK point.

At the Figure3.9(b) spin-resolved spectra similar to the spectra from péaghre

shown, but measured after reversal of the magnetizatioect&pin panels (a) and (b) are

identical, but with spin up and spin down electrons exchdnda particular the Dirac

point spin polarization has reversed together with thahefdobalt states. In panel (c)
the spin asymmetries for both magnetization directionshosvn. This is required since

the background spin polarization as well as the absolutegparization of other peaks
depend strongly on the correct determination ofzbm asymmetrievel. From a single
spin-resolved measurement it is usually not known wherezére asymmetry level is

located, and the measurement of both magnetization directfter one another solves

this problem in our case as it is visible in panel (c): the zsgpmmetry level is located

at the symmetry line of both spin asymmetries, or in otherdsppasses through the

points where the asymmetry value does not change after thplsas magnetized in the

opposite direction. Figure3.9(d-f) display the same measurements as (a-c) but for an

emission angle 23from theK point. There only the cobaltBstates close to the Fermi

level visible with which the grapheneband hybridizes. Other angles were measured as

well and show a smooth transition from the Dirac point inte tobalt 8 states (spectra

not shown here).

As was seen in Figur@.8the dispersion and photoemission intensities are symoaétri

relative to theK point. We checked if there a reversal of spin polarizatibamy of the

observed bands. The results are presented in F§d@ Spectra for two opposite an-
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Figure 3.10: Comparison of spin-resolved spectra for two symmetrically located paehts r
ative to theK point: (a,b) for +3° and (d,e) for+9° from theK point. (c,f)
Comparison of asymmetries for corresponding opposite points. Spactia
asymmetries are identical.

gles relative to th& point look identical and their spin asymmetries as wellisTheans
that for both cobalt and graphene the spin polarization msrsgtrical relative to th&€ K
direction. As was shown in sectidh2.2 concerning the Rashba effect, a Rashba-type
spin-orbit splitting leads in graphene to the inversionh& $pin polarization for two op-
posite sides of thK point. Our observation of absence of such reversal meas there

is a Rashba-type splitting it is very small, and the measupedolarization is a ferro-
magnetic one with the origin in the cobal 8tates. Via spin-dependent hybridization the
cobalt 3 states polarize the graphenstates.

The graphene band intensity in the photoemission is very sensitive tditiie polar-
ization due tgp;, origin of thettband. For the measurement close toKimint the sample
has been rotated by a polar angle out of normal. With a lineazdntal (predominantly
type) light polarization we reached a minimum angle betw&em orbitals and the elec-
tric field vector of the incident photon beam thus giving theximumTtband intensity in
the photoemission due to matrix element effects. When tln pglarization is changed
to the linear verticalg type), thert band intensity drops significantly and this helps to
separate graphene and cobalt contributions. The compasfsspin-resolved spectra for
the two polarizations is shown in FiguBll In panels (a) and (c) the linear horizontal
polarization is presented and in panels (b) and (d) theldiwegical one. In the case of
vertical polarization the graphemepeak intensity drops down significantly as expected
(panel (b)). Such approach makes a preliminary fit of the omealsdata possible. The
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Figure 3.11: (a,b) Measurements at th€ point for two light polarizations: (a) standard
linear horizontal polarization and (b) linear vertical polarization at wich the
graphenert band intensity is suppressed. Solid lines are fits of the measured
spectra. The fit was conducted at the same time for both polarizations, with
identical resulting peaks positions, but different intensities. (c,d) Sam&3for
away fromK point.
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Figure 3.12: Comparison of dispersions near tKepoint for (a) graphene on cobalt and (b)
bare cobalt. Energetically close to the graphene Dirac point there is a cobalt
state with dispersion to higher binding energies. The energy differenoebe
the Dirac point and the cobalt statefs~ 0.4 eV.

fitting procedure was conducted at the same time for both hedarizations, the peak
positions and widths for two polarizations were kept the sdut peak intensities were
allowed to change. In Figu@11the fit result is shown by solid red and blue lines. The fit
could allow to discuss spin polarizations of all the bandsigipating in the fit indepen-
dently, but due to several possible fit solutions we refreamfdoing this here and leave
it to further study. The main result of the fitting attemptshat possible solutions have
additional cobalt components near the Dirac point. Fromeartiktical point of view in
literature there is information confirming this conclus[@8]. It must be determined how
the cobalt components contribute to the spin polarizatidher peak in the spectrum

To experimentally prove additional cobalt states in regibthe graphene Dirac point,
studies of the Co(0001) without graphene were done exactheisame geometry as for
the graphene/Co(0001). Results of the angle-resolved pidigsi®mn measurements are
shown in Figure3.12 In panel (a) the case of graphene on cobalt is shown and at the
panel (b) the case of cobalt without graphene. Aroun2l4 eV binding energy there is
a cobalt state with dispersion to higher binding energiesn@aing to Ref. $9] one can
conclude that there are contributions of both a minorityy g band and non-dispersing
a minority spind band. The peak position at tlkepoint is shifted compared to the Dirac
point by A ~ 0.4 eV. There are also much more intense cobalt states clossna Fevel
as compared to the graphene/Co case. Note that when the solfatte is covered by the
graphene layer, the photoemission intensity of all the nteskcobalt states drops down.
Thus, a contribution of the cobalt state close to the Dirantgo the graphene/Co spectra
at theK point should be visible maximally as a small shoulder.

To study the influence of the cobalt state on the spin polaoizaf the Dirac point in
the graphene/Co system we conducted spin-resolved measteat the Co(0001) and
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Figure 3.13: Spin-resolved spectra at th€ point for graphene on cobalt (solid lines) and
cobalt itself (dots). In this figure the spectra were normalized to the satie b

ground level.

compared them to the graphene/Co(0001) for the same geométg/results are pre-
sented in Figur&.13 Solid lines represent graphene on cobalt and dots represkalt
without graphene. To see relative intensities of peaks #udround spin polarization
was removed in this figure by normalization. In the spectréi@a(0001) there is a fully
spin-polarized peak at 2.4 eV binding energy. 100% spin polarization of this peak doul
make a strong influence to the spin polarization of the Dimiatpvhen graphene is on
top of cobalt. There are two possible ways:

1. Direct hybridization with the graphemebands which form the Dirac cone.

2. Superposition of independent photoemission interssitan this peak and the graphene
Dirac cone.

Direct hybridization of this cobalt band with the graphertgand does not happen because
in the angle-resolved measurements presented on Fig@asd3.12there is no apparent
hybridization gap at the corresponding place. In case ofitigation the graphene dis-
persion should break, like it breaks further away frisrwhen hybridizing with cobalt 8
states atv 1 — 1.5 eV binding energy. Superposition of photoelectron integsshould

in any case occur. The question is for the relative impadi@fbbalt state spin polariza-
tion on the spin polarization of the Dirac point. Looking dr tFigure3.13such impact
should be considered small, because:

1. The total spin up photoemission intensity at the Diracipii the case of graphene
on cobaltis larger than in the case of cobalt without graph@&is is clearly visible
in figure 3.13where the background spin polarization was removed, bstatso
valid if one considers the true measured count rates.
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3.5 Dirac cone spin polarization

2. After the graphene layer is put on top of cobalt, the pHetdmon intensity of the
peak in question becomes even smaller.

3. The first derivative in Figur8.8(b) displays the flat Co state under the graphene
while in absolute intensities of FiguB8(a) its contribution cannot be seen in com-
parison with the intence Dirac point.

So, the observed spin-polarization of the Dirac cone couotdoe explained fully by the
cobalt peak spin polarization under the graphene layer.eilasless it plays a role of
up to 1/3 of the size of the observed Dirac cone spin polarizatione ftain part, as
was discussed already, originates in the hybridizatioh sfiin polarized 8 cobalt states
more close to the Fermi level.

The main conclusion of the presented discussion is thatdéhrerhagnetic substrate
induces a spin polarization into the peculiar graphenedi@ne. By applying a mag-
netic field this spin polarization could be reversed. Sudh pplarized Dirac fermions
are interesting from a fundamental point of view and as aatthl possibility for using
graphene in spintronics.
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CHAPTER4

GRAPHENE ON LOWZ MATERIALS

4.1 Introduction

In graphene on silicon carbide (SiC) an anisotropic spiitbhthertband of up to~200
meV was observed by spin- and angle-resolved photoemi§g8nThis finding lacked

a clear explanation and contradicts the expectation thatdar to induce a spin splitting
in graphene by the substrate, the substrate should be aZhngaterial. Both silicon
and carbon of the SiC substrate are |dvatoms and have a small intraatomic potential
gradient to produce a detectable spin splitting of the geapm band. The potential
gradient due to the workfunction step is also not enoughue gse to the spin splitting
[22]. After submission of the present result [] the interpretatof thearXiv publication
[73] in terms of a Rashba-type spin splitting of the grapheneand was revoked by
the authors in their second preprint version leaving thestijore for the size of the spin-
orbit splitting in graphene/SiC explicitly opeB(]. Here the results for graphene on SiC
and graphene on silver obtained by means of spin- and aagdved photoemission are
presented in a more general context and with the followingailons: 1) to directly check
by experiment if the Rashba effect can exist in such systejts,check the performance
of the spin detector when applied to systems without subatapin-orbit splitting, 3) to
characterize the graphene/SiC and graphene/Ag systemisrfioer comparison of their
electronic and spin structure with other systems, like lgezye on gold and iridium.

In Chapter3.2 two examples of lowZ substrates under the graphene layer were al-
ready discussed: nickel and cobalt. The measurements dhrmwRashba-type spin-orbit
splitting in these systems in agreement with our expectatibut the presence of a ferro-
magnetic spin polarization of the graphene Dirac cone wssogiered. Now we will con-
tinue to discuss lowZ substrates, the graphene/SiC system in detail and theemaphg
system briefly.

4.2 Graphene on SiC(0001)

4.2.1 Preparation

We discussed the cracking procedure to produce a graphenelager on nickel and
cobalt surfaces. For graphene on SiC another method islysis&d - the thermal de-
composition of silicon carbide8[9, 77,91]. When heated to high temperatures, a silicon
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4.2 Graphene on SiC(0001)

carbide surface evaporates silicon atoms leaving on tHacgigraphene layers. By con-
trolling temperature and heating time it is possible to gne@nolayer graphene as well as
multilayer graphene and graphite. There are several Si§talrgolytypes and the main
ones are BG(B) cubic silicon carbide, ¥ and 61(a) hexagonal silicon carbides. The
hexagonal B-SiC(0001) surface can be of two types: Si-terminated SiC{p@ad C-
terminated SiC(00D) [91]. On the Si-terminated surface graphene grows of high tyuali
and in registry with the substrate, but on the C-terminatkcbsi carbide the graphene-
surface interaction is smaller and graphene grows in rdt@denains which lowers unifor-
mity of the graphene layer. In our study we prepared and ckeniaed graphene on both
cubic and hexagonal SiC, but in the present thesis only thehgree on Si-terminated
6H-SiC(0001) will be discussed.

At first, the substrate was by our collaborators at Erlangeneysity etched in molec-
ular hydrogen at a pressure of 1 bar and a temperature of C5&0remove polishing
damage. A surface covered by a silicate adlaget forms. Then by annealing of the
sample at a temperature of 1680in 1 bar of argon a sequence of low-energy electron
diffraction image occurs showing the following transfotioas [8]: (v/3 x v/3)R3(,
(6v/6 x 6/6)R30° then(1 x 1) one monolayer graphene structure together W16 x
6v/6)R30° reconstruction and finally thél x 1) graphite structure. Figuré.1 shows
the typical LEED image for the case of close to monolayer caye. The structure
(6v/6 x 6/6)R30’ is also calledzero layeror buffer layergraphene, it is often used as
a starting point of experiments when a pure graphene moaotaymultilayer is grown
or graphene is intercalated by other atoms like g8 {s formed. Graphene monolayer
grows on top of this zero layer phase and its interaction thighsubstrate is rather small
because the zero layer serves as passivation layer for@hsubstrate and decouples the
graphene monolayer from ®4ff]. For the present samples the thermal decomposition pro-
cedure was stopped whenl graphene layer was formed. The coverage was confirmed
by x-ray photoelectron spectroscopy (XPS). Several sasnwze then transferred in air
from Erlangen to the spin- and angle-resolved photoemissetup and cleaned situ by
annealing to temperatures below 1000

4.2.2 Electronic structure

The formation of the electronic structure of the graphel@(®01) measured by angle-
resolved photoelectron spectroscopy i and "M directions is presented in Figude?2
taken from Ref. 94]. Panel (a) shows the zero layer graphene and panel (b) famrbm
layer graphene on top of the zero layer. The most strikinigiihce between their elec-
tronic structures is that the zero layer graphene systerarisgtallic and there is no
band, as characteristic of graphene. Thstates are clearly visible and this means that
the atomic structure of this layer is very similar to that loé¢ tgraphene monolayer, but
thetmtband is destroyed due to strong interaction with the sulesti&hen the graphene
monolayer is formed on top of the zero layer, the intact atehisertband is clearly visi-
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4 Graphene on lovd- materials

Figure 4.1: Low-energy electron diffraction (LEED) image of close to monolayee@me of
graphene on SiC(0001).

(a) (6V3x6v3) (b) graphene
i M<«——T

K M

binding energy (eV)

30 20 10 00 10 20 30
k, (A1)

Figure 4.2: The band structure iifK and "M directions of (a) zero layer graphene and (b)
1 monolayer graphene/SiC(0001) measured by means of angleadguhotoe-
mission. Photon energywh= 50eV. This figure is taken from Re@4].
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4.2 Graphene on SiC(0001)
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Figure 4.3. Graphene/SiC(0001) Dirac cone. Measurements done by angle«esohotoe-
mission near thé& point of the graphene Brillouin zone in the direction normal
tolfK athv =62eV.

ble (Figure4.2(b)). It approaches the Fermi level at tkgoint of the graphene Brillouin
zone as expected for the graphene layer.

Due to the destructive interference of photoelectrons fiteertwo graphene sublattices
[84] theTK direction is not ideal for seeing the graphene Dirac cordgeirils. To do this,
measurements near thepoint in the direction normal td K were done and the result
is shown in Figure4.3. Then-doped B, 95| intact Dirac cone dispersion characteristic
of massless Dirac fermions is clearly visible with the Dipasnt ~ 420 meV below the
Fermi level. From the photoemission, no gap is visible aDhac point but it should be
mentioned that in the literature there was a long discussiothis topic P1,93,96).

4.2.3 Absence of Rashba effect

The determination of the spin-orbit splitting by spin-reed photoemission is princi-
pally possible with very high accuracy due to the fact thatghotoemission spectra are
counted by separate counters. In particular, the measusabtting is not limited by the
energy resolution but by the acquired statistics and syatierarrors. Because not only a
giant spin splitting but also a strong anisotropy of it wasdicted varying between >200
meV and zero splitting73], we sample a substantial numbeikepoints in different direc-
tions around th& point. Because spin-resolved measurements are time camguwe
limited the acquisition time for each measurement to allowstatistical and systematic
errors below 10 meV. Two samples of monolayer graphene or08@1( were studied by
spin- and angle-resolved photoemission at a photon endrgy & 55 eV, we will call
them sample A and sample B. The overall energy (of electrodghatons) and angular
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4 Graphene on lovd- materials
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Figure4.4: Spin- and angle-resolved photoemission from three different points in the
graphene Brillouin zone for two perpendicular spin quantization axes) &an-
ple A, pointk, on thelK line. (c,d) Sample B at poirk, where the maximum
splitting was predicted in Ref7B]. (e,f) Sample B at poinks where 200 meV
splitting was reported in Ref7B]. No splitting of the graphena peak is seen.

resolution of the experiments were 80 meV afdThe base pressure wasi® ° mbar,
and experiments were done at room temperature.

Figures4.4(a,c,e) and (b,d,f) display data for the two perpendicutam sjuantization
axes in the graphene plane which the present measuremdagsprparallel to thé& K
direction kx) and normal to it. Panels (a,b) show data from sample A at tiet 1 of
the graphene Brillouin zoné&{ position is shown in Fig4.5). Panels (c,d) show data
from sample B at poink,, where the maximum splitting was predictet8] but which
has not been probed before in experimétd][ Panels (e,f) show a measurement from
the sample B at poirks where 200 meV splitting was reported at first. Only thpeak
is measured here but with improved statistics. No splittngeen. Figurd.5shows as
crosses all the points in the graphene Brillouin zone aroba&tpoint where our spin-
resolved measurements were conducted. The thick blackdiaecalculated constant
energy surface- 0.8 eV below the Dirac point. The spectra have been analyzetdy t
procedures which will be explained in the text below and Aidts was observed with
the confidence limit being of the order of 10 meV.

Each individual measurement, i.e., e&epoint, gives four spin-resolved spectﬁ@E),
Ii(E), IJ(E), andl&(E), wherekE is the binding energy. For each measurement, the spin-
orbit splittings of therrbandAsqx andAsqy for spin quantization along (|| TK) andy
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4.2 Graphene on SiC(0001)
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Figure 4.5: Region near th&K point of the graphene Brillouin zone with a black thick line
showing a calculated constant energy surface{&8 eV below the Dirac point).
Crosses denote points where the spin-resolved measurements wete Toe
upper limit of the spin splitting of each measuremexj_(in meV) is given at
each measurel point separately for spin quantization axes (a) along| XK)
and (b) along y ( FK).

(LTK), respectively, have been determined as follows: As theshiape in angle-resolved
photoemission is not defined as straightforwardly as, eingore-level photoemission,
we decided not to fit the-peak shape but to calculate the centroid (geometric ceotter
the r-peak for each spin independently after subtraction of #ekgroundB(E), i. e.:

5 [E-(%(E)—B(E))]

E(Ientx = 4.1)
> [IX(E) — B(E)]
where the sum is over all data points in the peak. The regudfifittings are then:
ASQX = Egent,x - Eéent,x (4.2)
Asqy = Egem;y - Eéent,y (4.3)

An alternative approach for determining the splitting hesrbused as well, it is shown
schematically in Figurd.6. In this case the splittingsox (analogous foy) is an average
over spin splittingg); for every data point on the sides of the peak= EiT — Eﬁ. EiT and
E' are determined from the conditidp(E;) = I (E") by linear interpolation in order
to assure a one-to-one correspondence between data poih&sspin-up and spin-down
spectra. Both approaches gave the same resulidsiefor all k-points. The statistical
erroray has then been calculated as the standard deviation of the vakseAsqy.
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4 Graphene on lovd- materials
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Figure 4.6: One out of several ways to determine the spin splitting of the grapheeak.

We found thatoy and oy become so small that they are smaller than the systematic
errors of the experiment. The systematic error of the spsolved photoemission spec-
trum results mainly from the sample alignment for an indimbdmeasurement, and it
changes for each nelpoint since each new-point requires a new sample alignment.
One possible way to control this systematic error is to s¥éhe spin splitting by sub-
sequently comparingk with -k as we will do for the Rashba-type spin-orbit splitting in
of graphene/Au in chaptéds. This is not possible in the present experiment because we
do not observe a Rashba splitting. In each measurement wdeshegifferentk-point,
therefore we cannot reduce the systematic edfgyo below the measured value for the
spin splitting, i. e.0Aso= |Asg|. Therefore, the upper limit of the spin splitting at each
k-point isdy| x = |Asox| + Ox.

We took particular care to sample both suppos&igreas of large and small splitting.
Our seven probe#-points are marked in the Figure5 by yellow crosses. The upper
limits of the spin splittings are shown there near the crossparately for the two spin
quantization directions in the graphene plang| F'K, Fig. 4.5a)] andy [LTK, Fig.
4.5(b)] which the present experiment probes. The upper linmésraeach case 20 meV
or less.

The anisotropy of the Rashba splitting was in R&8][supported by theory. To rees-
timate the size and anisotropy of Rashba-type spin-orhitisgl for graphene on SiC in
view of our experimental results density functional thecajculations in the generalized
gradient approximation using the full-potential lineadzaugmented planewave method
were performed for us by G. Bihimayer at Julich. He assumedomgéy matching a
p(2 x 2) graphene unit cell to &/3 x v/3)R30° unit cell of B4-SiC(0001), similarly to
the model employed in Ref9}] with two carbon layers on the SiC. The substrate was
modeled by a film of six bilayers of SiC where the dangling I®ofithe lower surface
were saturated with H. This avoids coupling effects throtighfilm. The structural pa-
rameters were taken from Ref7]. Although the structural model can be refiné]|
it is reasonable to assume that the present model captwespih-orbit effects in this
system quite well.

Three different SiC terminations, a Si- and a C-terminatex] aawell as a C-terminated
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4.2 Graphene on SiC(0001)
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Figure4.7. Lower panel: Dirac cone of graphene on a C-terminated SiC substrateawith
C-deficient interface layer. k= 0 indicates theK -point, negative kvalues
signify the direction toward§ , positive k values towardsvl . Upper panel:
Spin-orbit splitting of the upper (blue) and lower (red) branch of the Bicane
formed by the pband. At theK point, the splitting reduces to aboR6ueV, at a
band-crossing at aroun@.15A~1 it can reach more than 0.1 meV. Calculations
courtesy of G. Bihimayer (Julich).

substrate with a C-deficient interface layer were compardatigse calculations. In all
three cases the Rashba-type spin-orbit splitting of thenealdand part of the, bands
at theK point was far below the resolution limits of our experime@light variations
come from the different surface terminations, ranging fre®2 meV for the Si- and
C-terminated surface t0.@6 meV for the C-deficient one. According to the model of
spin-orbit splitting in graphenesp, 70, 99| this value is the Rashba contribution, i.e. the
part that is induced by the substrate. In addition, thessutations also give the intrinsic
spin-orbit splitting for the graphene, which are of the saraer of magnitude, 2peV,
in good agreement with previous calculatio®$,[99]. In addition, a dangling bond is
observed above the Fermi level which cannot be accesseddtgeshission. Where this
flat band crosses the Dirac cone, locally an enhancemenedptim-orbit splitting by a
factor 5 - 10 occurs. Finally, the anisotropy of the spldtimas investigated, i.e., the fact
that the spin-orbit splitting of the occupied branches e differently alongKT” and
KM.

The spin-orbit splitting is found to vary up to 50%: Figur& shows the Dirac-cone on
a C-terminated SiC substrate with a C-deficient interfacerldgdeed, the branches show
a different evolution of the spin-orbit splitting in the dation KT (negativek values)
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Figure 4.8: (a) Band structure of graphene/Ag in th& direction. In the region of 4-7 eV
binding energy the flat dispersion of Agd states is seen. (b,c) Spin- and angle-
resolved photoelectron spectra showing the absence of a detectablerbjiin
splitting of the graphena band.

andKM (positive k| values) that is, moreover, dependent on the branch oftthand.
The upward dispersing brancati shows a rather constant splitting of 5G0ueV until

it crosses another band atl8A~1, where the splitting gets significantly enhanced. The
downward dispersing branch starts at—0.17A~! with a large spin-orbit splitting of
100ueV, which drops to 3feV in the directiorKM.

We discussed above that there is no sizable Rashba effeetéxpleriments of graphene/
Ni(111) and graphene/Co(0001). The present results forhgrag/SiC(0001) are also in
agreement with our conclusion that a sizable Rashba spglittirgraphene requires the
proximity to a heavy element such as AQ.[ We will discuss this in chaptes using a
Ni substrate and Au intercalation. As a outlook, it has dbtuzeen demonstrated that
the system graphene/SiC(0001) can be intercalated with a@uolayer P3,100. This
would be a promising semiconductor system for achieving &aBasype spin-orbit split-
ting at the Fermi level in graphene.

4.3 Graphene on Silver

Graphene on silver was prepared by thiercalationprocedure where a silver (or gold,
copper etc.) layer is put on top of graphene/Ni(111) and yiséesn is annealed for5
min at a temperature around 600 K. During annealing the digbmetal goes under
the graphene layer and decouples graphene from the s@bstrais procedure will be
discussed in detail in Sectidnl.1for Au layer. The intercalation procedure of gold is
schematically shown in Figu® 1, for the case of silver the procedure is the same.

The electronic structure of graphene/Ag is shown in FiguBga). It is rather similar
to the free graphene electronic structure, but there aoesalgeral substantial differences:
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4.3 Graphene on Silver

1. The full graphenetband is shifted to higher binding energy byl eV in average
and reaches 9 eV binding energy in fheoint.

2. This corresponds te-doping and the Dirac point is at 0.6 eV binding energy.

3. We observe a gap at tiepoint of the graphene Brillouin zone, i.e., at the Dirac
point.

The graphena band crosses silver bulk states in the 4—-7 eV binding enegjpmn with-
out apparent hybridization between them. However, thencedlatd band at 4 eV could
indicate a hybridization with the graphemeband. Due to destructive interference of
photoelectrons from two graphene sublattic®4 jn the TK direction only parts of the
graphenatandT bands are visible around thépoint: In the first Brillouin zone only
thettband is visible, in the second Brillouin zone only thieband is visible as a small
intensity spot close to the Fermi level.

Spin-resolved measurements are presented in Figudsb). They were measured
athv = 62 eV photon energy at sevetapoints close to thé& point. Similarly to the
graphene/SiC case which we discussed in Secti@nthere is no detectable spin-orbit
splitting of the graphen& band. This result is fully expectable since Ag is I@ma-
terial. The absence of a sizable spin splitting in graphenéw-Z materials is also a
perfect test for the functional calibration of the spin débe, the correctness of which is a
precondition for the proper characterization of spin eéffeéc graphene on high spin-orbit
materials.
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CHAPTERD

GRAPHENE ON HIGHZ MATERIALS

5.1 Graphene on gold

As it was mentioned before in the Thesis the intrinsic spimtacoupling in graphene
is very weak. The splittings are of the order of 0.02 meV aschated in sectiort.2
an agreement with previous calculatio6,[99]. For spintronics such weak spin-orbit
coupling is good because it leads to a long spin coherengghleri the size of~1.5-2
pm [32-34]. We also mentioned in the introduction that an externaidtjuiced large spin-
orbit coupling in graphene could open the way for grapherie@ashannel material in the
Datta-Das spin field-effect transist@(]. The element gold is often used to demonstrate
large spin-orbit coupling effect®], 101). There are spin-split surface states at fhe
point in the region of the Fermi leveR]]. We have discussed these surface state as an
example of the Rashba-type spin-orbit splitting in secdh1[21,102 103. The band
dispersion of graphene with broken up-down symmetry regufor the Rashba effect
was calculated in Ref.7p] and was discussed in secti@®.2 see Figure.5. In zero
magnetic field, the band topology was predicted to be simdathat of the unbiased
spinless bilayer graphene but with an additional spin texthich is tangential to the
circular constant-energy surfaces.

Previously we studied the graphene/Au/Ni(111) system byg-sgnd angle-resolved
photoemission and published the observation-df3 meV spin splitting of the grapheen
mtband [7]. This splitting is due to the influence of the Au and is thregeos of magnitude
larger than the- 0.02 meV intrinsic spin-orbit splitting in graphene. In the@nt chapter
we will show that the spin splitting can be further enhancgdiborder of magnitude. We
will discuss the spin- and angle-resolved photoelectr@tispscopy characterization of
the graphene/Au/Ni(111) system and shevt00 meV splitting. The value of splitting is
nearly constant at different points of the graphene Dirax@@nd reverses with reversal of
the wave vector in full agreement with the calculated Raslffeatdor graphene. Because
this splitting is so large compared to the case of the freptggae layer, we call it &iant
Rashba effect

The graphenet band dispersion is linear as for freestanding grapheneeawhes the
Fermi level. The splitting extends to the Fermi level as wedl., the Fermi surface is
spin split and spin polarized, keeping in mind that the smlapzation vanishes when
integrated over k. We will show that a spin-dependent hyhaittbn of the graphena
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5.1 Graphene on gold
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Figure 5.1: Schematic view of intercalation of gold between graphene and nickel .t A&
monolayer of gold is deposited on top of graphene and subsequentwleadn

band with gold 8 states is a source of the observed giant Rashba effect indpéaegnme.
The observation of different superstructures of gold utigegraphene layer as well as the
results fromab initio calculations will be discussed. Based on #feinitio calculations,
the giant spin-orbit splitting is attributed to dilute Auoats that are very close to the
carbon atoms, i. e., closer than the Au atoms in an ideal Auatager in contact with the
graphene.

5.1.1 Preparation and electronic structure

To prepare graphene/Au/Ni(111) we used the procedure piypgne CsHg) crackingto
make a graphene/Ni(111) system first. This procedure andahwle characterization
were discussed in sectid12 and schematically shown in FiguB1l The result of the
cracking is a large-scale high-quality graphene layer akeali After that, a gold layer is
inserted under the graphene layer by the intercalationgoha®. The mass equivalend of
about 1-1.5 monolayer of gold is deposited on top of the ggapNi at room temperature
and the system is subsequently annealed at about 700 K5anin. The intercalation
procedure is schematically shown in Figérd. It is important to note that the intercala-
tion of Au is self-limited at a concentration of about 1-1.2 Mf more Au is deposited,
STM and ARPES show that exceeding material remains on topaghgmne and forms
large 3D islands. We characterized the graphene/Au/N)($%§&tem with a number of
experimental techniques: LEED, STM, photoelectron spsctpy of core levels (XPS),
high resolution angle-resolved photoelectron spectims(ARPES) and by spin-resolved
photoelectron spectroscopy (SARPES). A part of this charaettions was published in
Ref. [7]. STM and LEED from graphene on gold show a large scale umifgraphene
coverage with a moiré superstructure which is caused by &l fattece mismatch be-
tween layers. In the present Thesis new data is reportedleArgolved photoelectron
spectroscopy measurements were done in different directiothe graphene Brillouin
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Figure5.2: Electronic structure of graphene/Au/Ni(111) measured by anglevred@hoto-
electron spectroscopy avh= 62 eV. (a) Large angle and energy range overview
in thel'K and"M directions. (b) Magnified view of the Dirac cone region mea-
sured normal to thé K direction. (c,d) Directions of corresponding measure-
ments. Horizontal axes in both (a) and (b) panels are in-plane wavengelout
in (a) they are measured relative to thepoint and in (b) relative to th& point.

zone, at different photon energies and polarizationsgifit concentrations of gold, dif-
ferent temperatures and other preparation conditionsuré2(a) shows a large angle
and energy scale overview of the band structure of grapAerdi(111) measured at a
photon energyw = 62 eV in thelK and "M directions. The graphereband extends
from ~ 8.2 eV binding energy at thE point to ~ 2.6 at theM point and to the Fermi
level at theK point of the graphene Brillouin zone. It crosses gotiisfates in the 2.5-6.5
eV binding energy region. The energy at fhigoint compared to the graphene/Ni case
is by ~ 2 eV shifted to lower binding energies. FigueXb) shows a magnified view
of the region near th& point measured in the direction normalf& to observe both
branches of theband at the same intensity. There, the dispersion is thalirdar Dirac
cone with the Dirac point close to the Fermi level (slighphgdoped). Such dispersion is
the peculiar property of a freestanding graphene layer. Bwtlenergy position at the
point and the presence of an intact Dirac cone show that taecadated gold layer decou-
ples graphene from the nickel substrate and transforms#phgne band structure into a
guasifreestanding one. These observations are in fuleaggat with previous studies of
this system,7,95,104.

5.1.2 Giant Rashba effect in graphene

Figure5.3shows the spin- and angle-resolved photoemission measuatsif graphene/Au/Ni(111).
Panel (a) shows ttrband with its linear quasirelativistic dispersion, andsses indicate

where spin-resolved photoemission spectra (b—d) have ineasured. The splitting be-

tween spin-up spectid (E) (upward triangles) and spin-down speditféE) (downward
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Figure 5.3: Giant spin-orbit splittingAge of the graphenetband. (a) Angle-resolved photoe-
mission near th& point of the graphene Brillouin zone of graphene/Au/Ni(111).
Crosses indicate where the Dirac cone of the graphestates is probed by (b—d)
spin- and angle-resolved photoemission spectre£62 eV). Blue and red lines
in panels (b—e) are spin up and spin down spectra. (e) The spin splittiegses
with the sign of k. In panels (a) and (b) the directions in the graphene Brillouin

zone where corresponding measurements were done are showgess in
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triangles) is clearly visible and amounts near the Fernellew90 meV ak = 1.65 A1

and—105 meV ak| = —1.65 A~1. Apparently, the sign of the splitting reverses with the
sign ofk; as expected for a Rashba effect (see panels (d) and (e)). ihtssgin splitting

is the central experimental result of the present Thesise Nat the splitting exceeds also
the room-temperature broadening, and together with thetiat it extends to the Fermi
energy, it becomes directly relevant for transport appitbee. In fact, transport properties
of graphene with an externally induced spin-orbit splgthrave been intensively investi-
gated in recent year89,41,42] and important predictions have been made: the spin Hall
effect [39], the quantum spin Hall effect, 41] and, with an additional exchange inter-
action, the quantum anomalous Hall effe¢®][ In brief, the spin Hall effect describes
spin accumulation, the quantum spin Hall effect can be de=stias the quantum Hall ef-
fect with the external magnetic field replaced by the effecthagnetic field of Figurg.3
and is the two-dimensional version of a topological insardadnd the quantum anomalous
Hall effect combines the spin-orbit splitting with an exoga splitting of similar size.

To establish the connection between our previous 13 meVatatdhe new 100 meV
data, we undertook a closer inspection of the spin-resapedtra of Figuré.3. They
reveal that the system is inhomogeneous and the highisglphase £ 100 meV) and
the low-splitting phase~ 10 meV) are present simultaneously. Line fits and spectral
decompositions (Figur.4) show that the high-splitting phase makes up between one
third and two thirds of the spectral weight. Note that thetphmission experiment aver-
ages over a macroscopic sample region of abouf.2®@ 200um so that the two phases
roughly share this area. Returning to Figérd, the decomposition is possible due to the
energy shift between the two phases with the low-splittihgge observed at about 200—
500 meV higher binding energy. The fit of the spectra was deneuthe most simple
assumption: in addition to the spin-up and spin-down corepts(here at lower binding
energy) we allow for a non-split component (as an approxondb the small splitting of
13 meV) (green line). Because the four displayed spectra stemthree measurements
with slightly different ratios between the coexisting pesgheir ratios are allowed to vary
in the fit as well. The negative wave vectgr=-1.65 A1 shown in panel (d) can only
be reached by a large change in the electron emission anigig clfanged also the light
polarization conditions and an additional component tghiyimodel the appearance of
the Ni 3 state at the Fermi energy (yellow line) had to be introducdtiis case. Finally,
it should be mentioned that the giant magnitude of the spiitand the distribution of the
spectral weight between the high-splitting and low-spliftphases ranging from 1: 2 to
2 : 1 have been reproduced in experiments in seversitu preparations and at different
beamlines.

5.1.3 Hybridization as the source of the giant splitting

We want to discuss the electronic origin of this stronglyaamded spin splitting including
the reason for the two phases of low and high splitting and¢keion to our previous
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Figure 5.4. Fit of the spin-resolved spectra from FiguBe3 revealing contribution of the
phase with low spin orbit splitting to the spin-resolved spectra. The non-split
component at higher binding energy (green) modelsihd meV spin-orbit split
band observed in our previous studg.|
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Figure5.5: (a) Scanning tunneling microscopy and (b) low-energy electron diftrador
1.1 ML of gold under the graphene layer witl®a 9 moiré-type superstructure.
(c) Angle-resolved photoemission (first derivative of the intensity avergg).
Hybridization between the band of graphene andd states of Au is emphasized
by the dashed red lines. White dashed lines denote thvallkes for which the
spin-resolved spectra displayed in (d) were measured={62 eV). (d) Spin-
resolved measurements in the region of hybridization between the grajinel
gold bands. It is seen that the spin-sptistates develop directly out of a large
spin-orbit splitting of AuSd states. Blue and red triangles denote spectra for
opposite spin.

results. Direct probing as well as controlling of the Au nhdger as the likely source
of the giant Rashba splitting are challenging because mateoAu atoms are located
underneath the graphene layer. Basically, we can only dotfteonominal amount of
Au deposited on top of the graphene/Ni before intercalatibich typically exceeds the
subsequently intercalated amount. While graphene and Ni(idve a lattice mismatch
of only 1.2%, the mismatch between the graphene and Au(¥Imuch larger{ 14%).
Therefore, the intercalated monolayer of Au cannot reaelséime atomic density as the
Ni. Probing of the resulting interfacial structure is ptésiby STM and by LEED as is
shown in Figures.5a,b) for 1.1 ML of gold under the graphene layer with a 9 moiré
superstructure. The moiré effect reveals the supersteituough the periodic beatings
developing because of the mismatch between the grapheice Etd the Au monolayer.
Note that in Ref. T] this structure was roughly assigned as<100.

Unfortunately, the core levels do not allow to draw any casins about the structure
of gold under the graphene layer as the shape and the enesdipps of the 4 states
of Au do not change during the intercalation process. Theh@vn, as an example, for
graphene on Co(0001) in FiguBe6. The Au 4f spectra before and after intercalation
do not show a core-level shift which could be used to identiiy sites of Au atoms.
While Au 4f does not visibly change, the G §pectra show a shift indicating successful
intercalation.

We argue that for observing the spin-orbit splitting of theesof 100 meV in the
graphene/Au system, the spin-resolved ARPES measurenrentscuired because the
ARPES spectrum without spin-resolution as presented inr€i§w(a) reveals only a
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Figure 5.6: Characterization by core-level spectra of gold intercalation under tlapbene

(a) Spin- and Angle-resolved measurements
L

on Co(0001). After synthesis of graphene (black) thesAL% ML) is deposited
at room temperature (red) and subsequently intercalated by annedling)( The
data shown are for Co(0001) instead of Ni(111) but are otherwise eoahyte.
The spectra have been normalized to equal maximum intensity.

(b) Fitting of ARPES peak
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Figure5.7: Consistency of spin-resolved and non-spin-resolved ARPES reezsuts. (a)

Dashed blue and red lines denote spin-up and spin-down spectra fromn sp
resolved ARPES setup. The green dashed line is a sum of experinmgntal s
up and spin down spectra. The thick blue line shows experimental datatfeom
high-resolution ARPES setup. (b) Blue and red dashed lines to modé&Dthe
meV spin splitting wittBB00 meV FWHM peaks. The thick red line shows a sum
of blue and red dashed lines. The thick blue line shows the same hightieso
experimental data as in panel (a).
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Figure 5.8: Comparison of +k; = 0.6 A=l (+10°) and —k, data (-10°) for
graphene/Au/Ni(111). The behavior of the spin polarization $p
(I+ = 1y)/(I+ +1;)] shows an almost vanishing spin polarization gt « O,
as expected for a Rashba effect, and a rather clear reversal—ﬂq‘r if we
take into account that the spin polarization of Au 5d states is also subject to
spectroscopic effects such as the linear dichroism of Au 5d emisEd&hyhich
do not reverse with the sign of .k This means that the Rashba-type spin-orbit
splitting of the graphener states is accompanied by a Rashba effect on the Au
monolayer itself. Such effect has similarly been observed for Au/W[26@].

sharp peak without any apparent splitting. The summaticth@fspin-up and the spin-

down spectra gives a broad peak (dashed green line) in pandD( the other hand, the
ARPES data [solid blue line in (a)] is sharper due to highetergsolution of the angle-

resolved photoemission setup. Therefore, in (b) we havalated the summation of two

peaks split by 100 meV for the case of better angular reswiun the angle-resolved

experiment. It is seen that also in this case no splittingpoi-tntegrated peak appears
and it is not possible to distinguish a spin splitting at shobadening and splitting sizes
without direct spin resolution.

Figures5.3(a) and5.5(c) show that the graphene electronic structure resemidg ot
the freestanding graphene. The Au layer prevents any ceradile carbon-Ni hybridiza-
tion which would modify the dispersion of thireband near the Fermi energy as discussed
in section4.3. Nevertheless, also in the quasifreestanding phase wailstiDirac cone
(Figure5.5(c)) several hybridization points between thstates of graphene and States
of Au are revealed at the binding energies between 4 and 6.Bad/is also much clearer
than for the Ag intercalation in Fig4.8. In addition, replicas of the graphemeband
shifted to smaller and larger values of the wave vektare observed (orange arrows in
Figure5.5(c)). Their shiftink; amounts to betweeryT and %9 of thelK distance. The
STM image in Figuré.5a) shows a moiré pattern of a similar periodicity. The otsér
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superstructure can be identified by the LEED more accuraitely by STM as a & 9
(Figure5.5b)). This is in good agreement with the periodicity of thentbaeplicas in
the photoemission spectra. Dashed lines in Figusg) show where we probed the hy-
bridization points by the spin-resolved spectra (Fighif#€d)). These spectra reveal that
the giant~ 100 meV spin splitting of thet band smoothly merges into an even larger
spin splitting ¢ 0.6 eV) of the Au %l states. This provides a strong indication that the
spin-dependent hybridization of the carbmistates with thel states of the heavy Au is
the origin of the giant Rashba splitting in graphene. For piglif the spin splitting of
the Au is also of Rashba type, spin-resolved measuremenisdaypposite directions of
the in-plane wave vector were performed, and the resultstayen in the Figur®.8. It
is seen that most features of the spin polarization showexrsal

Interestingly, when a larger nominal amount of Au is demkibn top of graphene
prior to intercalation, it forms after intercalation a $iity different 8x 8 superstruc-
ture. Figures.9and5.10show the characterization by STM, LEED and ARPES of the
graphene/Au/Ni(111) system after intercalation of deéf@ramountsof Au in which the
transition from the % 9 to the 8x 8 superstructure manifests itself. In Figus&(a)
graphene on bare Ni(111) shows a pronounced 3-fold symrnre®§M and (e) a clear
p(1x 1) pattern in LEED which means that graphene is perfectly irstagto the Ni sub-
strate. In panel (b) graphene on Ni(111) intercalated watfious submonolayer amounts
of Au is shown. Underneath of the graphene, the Au forms dlan various dimensions
and shapes. STM scans of these islands exhibipfBe< 9) moiré superstucture. This
superstructure is attributed to the lattice mismatch betw&u and Ni. The interatomic
distances are in bulk Au 2.88 A and in bulk Ni 2.48 A. Since tiides of graphene and
Ni(111) match exactly, it is not surprising that 1 ML Au/Ni(1) also forms g(9 x 9)
structure at room temperatur@(e6 107]. We find that underneath the graphene, this
structure is rather stable independently of the exact aimolimtercalated Au. These
p(9 x 9) islands always co-exist with areas which resemble clusteerdattices (marked
with green arrows). Those areas can be attributed to theattwmof an interfacial al-
loy between Ni and Au under the graphene. Such surface adsybkeen observed for
Au/Ni(111) after annealinglf0g. However, these clusters cover only a minor part of the
sample surface and were not found relevant to our resulesfddt that we do not observe
large areas of alloyed Au under the graphene is understendtalvas shown and demon-
strated for carbon monoxide that the presence of anoth@iespesverses the process
again (de-alloying) 108 so that the graphene layer is expected to prevent the atioyi
of Au with Ni. In Figures5.9(c,f) graphene on Ni intercalated with a full Au monolayer
(nominally 1.1 ML) demonstrates in STM and LEED a perfectyipdic moiré pattern.
A quantitative analysis is easier by the LEED than by the STiMdesthe LEED super-
structure can be evaluated relative to the distance bet{@e@rand (1,0) spots without the
need for any calibration. Our data reveals that the moiréiéstd ap(9 x 9) superstruc-
ture. On panels (d,g) itis shown that further increase ofth@amount leads to p(8 x 8)
structure which is less ordered in STM but clearly distis¢pable in LEED. When the
Au is deposited as a wedge, scanning the sample during LEBWssa clear jump from
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Figure5.9: (Figure is located on two pages.) Characterization by STM, LEED and ARRE
the graphene/Au/Ni(111) systems intercalated by increasing amounts dfh&
first column shows results for graphene/Ni. The second column sleswiss for
various submonolayer amounts of Au. The third column shows grapbrei
intercalated with a full Au monolayer (nominally 1.1 ML) wlh 9 reconstruc-
tion. The fourth column shows that a further increased amount of gold lesa
8 x 8reconstruction and an additional hybridization around 3 eV binding eyperg
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Figure5.10: Raw ARPES data from Figu29. Raw intensity (top) and first derivative of
intensity over energy without (middle) and with coloured lines emphasiisag d
persion of hybridized bands (bottom).
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Figure 5.11: Comparison of spin-orbit splittings of(p x 9) and p8 x 8) superstructures.
The spin splittings are approximately the same and large in both cases.

the p(9 x 9) to the p(8 x 8) structure at a certain nominal concentration of Au close to
1 ML. In panels (h-k) the corresponding development of therityzation of graphene
with Au states from such a wedge-type sample is shown. p{Bex 8) phase leads to an
additional hybridization around 3 eV binding energy. Hoevather surprisingly this
hybridization does not further enhance the giant spintegiitting as is seen from Figure
5.11 This indicates that the differences between the®Pand 8x 8 superstructures play
no role for the giant spin-orbit splitting.

Now we turn toab initio theory in order to clarify the origin of the giant spin spi.
The calculations were again kindly performed by G. Bihimaydodelling the 9x 9 or
8 x 8 superstructures of the graphene/Au/Ni system would asgehe unit cell by two
orders of magnitude as compared to graphene. Moreovemitriscessary because both
superstructures show a similar spin-orbit splitting.pAL x 1) structure with an on-top
position for graphene on the Au monolayer has been chostrathas is shown in Figure
5.12a). The Au monolayer was assumed to be pseudomorphic [mgafl x 1)] also
to the Ni(111) substrate which results in a compressed Aarlayhe important Au-
graphene distance has been chosen in Fi§ut&a) based on the Fermi-level position
from the experiment and in agreement with R&Dg asd = 3.3 A.

The distance between graphene and the Au monolayer is a p@aai an enormous
influence on the spin-orbit splitting in graphene as is shiowfigure5.13 This finding is
in line with calculations for pure metal surfaces Au(111)l &g(111) where the surface
and nuclear potentials were found to contribute multipiedy to the Rashba splitting of
the surface state2p, 110 111]. In Fig. 5.13the Fermi energy varies with the graphene-
Au distance which allows us to make connection to the exparm The sign change
from n- to p-doping between d = 3.34 and 3.41 A is in agreement with cafimrs for
R-(v/3 x v/3) graphene/Au(111) which give an equilibrium graphenedistance of 3.31
A[109. In addition, the behavior of the staggered potenthg))(is shown. The staggered
potential is induced by the Au lattice which breaks the egjence of A and B sublattices
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Figure5.12: (a) Results of ab initio calculations (open circles) showing the 9 meV Rashba
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split Dirac cone for graphene on a gold monolayer in the on-top position at
the equilibrium distance of 3.3 A. In the inset a magnified view near the Dirac
point is shown; Lines depict the dispersion as predicted from the analytical
model by Rashba/]. (b) The Au monolayer is laterally moved to the graphene
hollow sites and can now be pressed into the graphene to the non-equilibrium
distance of 2.5 A without breaking the Dirac cone but enhancing the spin-o
splitting to 70 meV. (c) Improved model with the Au atoms still sitting in the
graphene hollow sites but diluted to 0.25 ML Au in @ 2) geometry and at
the equilibrium distance of 2.3 A. Here, a spin-orbit splitting-050— 100meV

and intact Dirac cone are achieved in equilibrium. Blue and red lines in [sane
(a-c) denote spin up and spin down bands. Atomic structures are sticatty
shown at the bottom of each panel. Calculation courtesy of G. Bihimayer.
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Figure 5.13: Band topology and distance dependence of doping and spin-orbit splittafg
comparison of the analytically calculated Rashba-type band topology (solid
lines) calculated by Rashba/()] to the calculation of Figure5.12a) (sym-
bols) [p(1 x 1) on-top geometry] in the vicinity of the Dirac point finding full
agreement. The line color gives the chirality) @nd the symbol color (red and
blue) the spin polarization. The spin-orbit splittidgoc amounts to 9 meV. For
this structure the graphene-Au distance is varied as shown on the rigit sid
graphene-Au distance dependence the Fermi energy, staggetedtinband
spin-orbit splitting. Calculation courtesy of G. Bihimayer.
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Figure 5.14: Hybridization as the origin of the spin-orbit splitting in the graphene. Calcula-
tions without spin-orbit interaction reveal anticrossings and hybridizatiaps
which are due to orbital symmetries (see pink circles). (The spin-optiit s
ting lowers the symmetry further and introduces additional anticrossindse) T
model is §1 x 1) graphene on a Au monolayer in the on top geometry as in
panel (a) of Fig.5.12 Since therband is made of porbitals, the observed
hybridization with ¢ and d orbitals is determined by symmetry. Calculation
courtesy of G. Bihimayer.

of the graphene if one sublattice is in the on-top positidaties to the Au as shown in
the geometry sketch of Figukel2a). This effect from the staggered potential causes a
splitting of the Dirac cone of a few meV for large graphenedistances but it increases
strongly for short distances breaking the Dirac cone.

The experimental Fermi level corresponds with its sligtatoping to the distance 3.3—
3.4 A in the theoretical model, and data for the distance 8f/8is shown in Figure
5.12a). This is also the equilibrium distance calculated beflar graphene/Au(111)
[109. According to analytical prediction, the band topologypisculiar around thé
point with two pairs of bands as was seen in Fighrg This analytical modelq0, 71]
does not assume any specific surface configuration. The bandso far been confirmed
for freestanding graphene in a supercell geometry by dehsiictional theory calcula-
tions for an applied fieldE = 4.0 V/nm [66]. In the ab initio calculations this fiel®E is
realistically created by the interface to Au. This was daonEigure5.12a) which shows
the spin-orbit split bands at the Dirac pointkaffor the on-top geometry. In the inset,
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theseab initio results (symbols) are magnified near the Dirac point and epeapto the
dispersion of the analytical model (solid line), which iglyuiconfirmed. The spin-orbit
splitting is 9 meV in Fig.5.13for d = 3.3 A. A similar value of 8 meV was calculated
recently P9].

In agreement with the experiment, @by initio calculation reveals @-Au d hybridiza-
tion as the source of the spin-orbit splitting in the gragherhe grapheng-band (o, or-
bitals) hybridizes indeed with the deeper Adilkands ofd,. anddy, type because of their
matching symmetry. Despite the large distance of 3.3 A thmitlization is strong which
has not been considered in the literature in connection grtiphene-noble-metal inter-
faces. This is best seen on Figird 4 after the spin-orbit coupling is turned off. This
leaves only gaps caused by hybridization. We determineidiigtion gaps of widths
Ey 2 ~ 0.8 eV andEgy, ~ 0.5 eV. Their absolute binding energies do not compare well to
the experiment revealing the limitations of the Au monoftegemodel substrate. This sit-
uation improves largely and the mainr€Au d hybridization moves from- 3 eV to~ 4
eV belowEr when the Ni substrate is included in the calculation as isvehia Figure
5.15 The distancel = 3.3 A nicely reproduces the position of the graphene states fro
the experiment, the same distance was used in the graphebéafer model of Figure
5.13 But we observe that between these two models the bindingjiesesf the Au 8
bands suffer considerable changes due to the Ni substratelynu-Ni hybridizations
which make the Au 8 bands difficult to distinguish. They,, band from Figuré.14orig-
inating at -2 eV af and arriving at -6 eV aK can be distinguished also in Fi§.15 A
new Au 5 state appears at -1.5 eVKat The Auspband of Figures.14is not observed
in the experiment, and Figugel15shows that the reason is that this band is very strongly
hybridized with the Ni and disappears as a well-defined band.

The spin-orbit splitting in Figur&.12a) is 9 meV neaEr but increases strongly when
the distance between graphene and Au is reduced (see Bidifer the detailed depen-
dence on the distance). On the other hand, the Dirac constioged at closer graphene-
Au distance, giving, e. g., for 2.5 A a band gap of 40 me\KatThe reason for this is
the broken A-B symmetry of carbon atoms in the on-top geomehich decreases for
larger distances. In contrast, a hollow-site geometryesxes the A-B symmetry in the
graphene. The geometry for this case is shown in Fi§utgb). Consequently, an intact
Dirac cone is obtained in the hollow-site geometry also fioaker graphene-Au distances
such as 2.3 A which is shown in Figusel2b). At this arbitrarily chosen interlayer dis-
tance of 2.3 A a giant spin-orbit splitting 6f 70 meV is created. However, at such a close
distance repulsive interactions cost as much as 1 eV relatithe equilibrium separation
and this geometry is thus considered unrealistic.

While the giant spin-orbit splitting apparently is diffictidt reproduce by density func-
tional theory in equilibrium, the intact Dirac cone is nohelintact Dirac cone is presently
obtained withp(1 x 1) on-top graphene/Au and has also been foungfar< 1) graphene/Cu(111)
where the on-top position is determined to be energeti¢allgurable L09. Relative to
this p(1 x 1) on-top geometry which implies maximum A-B symmetry breakia moiré
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Figure5.15: Effect of the Ni substrate on the electronic structure at the graphenefAu in
terface. Colors mark states with a high probability density at the graphene
(red), Au monolayer (violet), and Ni substrate (grey). Calculationrtzsy of
G. Bihimayer.
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superstructure such as thex® one necessarily breaks the A-B symmetry to a lesser or
vanishing degree which is favourable for obtaining an inicac cone. After having
investigated other laterally shifted positions of bl x 1) overlayer and a 4 3 moiré
superstructure as well as corrugation in the grapheneeltliyig spin-orbit splittings of
the order of 10 meV at equilibrium graphene-Au distances,dbnclusion is that the
giant spin-orbit splitting will not be accounted for by thieasp graphene-Au interface
alone that the structural characterization by LEED and STlgssts as simplest case.
This means that a model for a realistic splitting will havertdude individual Au atoms
which then can obtain a higher coordination to the carbore ©@uhe resulting attraction
and shorter distance this allows for a stronger spin-ogittsg of the graphene states.
As seen above, at small graphene-Au separations the pagisaref A-B symmetry be-
comes critical and leads us once again to the hollow site gggnfFigure5.12c) shows
this situation for graphene/0.25 ML Au in@2 x 2) structure with the Au in the hollow
site relative to the graphene. The distance between Au aamahgraphene layer is 2.3
A (as for the nonequilibrium Au monolayer of Figusel2b)) which is the equilibrium
distance determined by our structural optimization. Fegud.2c) shows that this struc-
ture enhances the spin-orbit splitting to values betweearsD100 meV while keeping
the characteristic band topology and the Dirac point. Thimdnstrates that the measured
giant Rashba splittings are quite reasonable fromathmitio point of view.

The 9x 9 and 8x 8 structures will include in the simplest case a substaati@unt
of Au atoms arranged in the hollow sites of grapheb#&Z] but this does not imply a
reduced distance, especially if one considers thaBds also the structure which a Au
monolayer alone forms on Ni(111)06. Therefore, the % 9 and 8x 8 superstructures
are probably not relevant for the giant splitting and botvegiise to only~ 10 meV
splitting in agreement with our observation shown in FigbuEL

The previously measured datd] jwere characterized by a smaller 13 meV spin-
orbit splitting, and this low-splitting phase is in print#gn agreement with our present
calculations for the full Au monolayer. The publish&dilhand dispersion measured along
TK reflects the presence of a sample with structural defedtsoritained substantial
contributions of rotated domains visible as characterigtl dispersions appearing along
'K which is not the case in the present data even when the anobuntercalated Au
is varied systematically from zero to more than 1 ML as waswshim Figures5.9 and
5.10 The intercalation process under the graphene, includiagdf Au, is at present
far from understood. The accepted main route is via defectisa graphenel[l3, and
for large molecules this can be confirmed by STM directl¥4. The presence of many
domain boundaries facilitates the intercalation and agpbyr results in the low-splitting
phase. Intercalation of Au works, however, also in sampleshvare free of defects over
large distances. The temperatures required for interoalaind for the initial graphene
formation are very similar in the graphene/Au/Ni(111) systso that an opening and
closing of the graphene bonds appears possible duringcalédion. This would more
likely happen for a perfect graphene layer and could lead aoenu atoms that are
locally closer to the graphene, either as subsurface Au adatoms.

79



5 Graphene on higd-materials

4rqp>

Figure5.16:

80

1.0p .

s . . | n
0.5k 4 Ol |

- e S 00F. T
0.0F 1@ 0L et

- 1 w-02F ‘e -
0.5F = DR RSOt REN SO

C .‘“‘M‘JAA ‘ 7 Lu _0-4_AAAA 4 :A_
-1.0f s 051" l 3
-1.5 S = = K

r K M

Same model as in Figurg.15but with additional Au adatoms, i.e. graphene
is sandwiched between 0.25 ML Au and 1 ML Au on top of a 3 ML thick Ni
substrate. This calculation explores again the influence of the Ni subétyee
symbols) under the Au monolayer (violet symbols) on the graphstetes (red
and blue symbols). The upward and downward direction of the triangéekan
the spin, in particular the upward red and downward blue triangles for beage
states. Left: The states due to the additional Au adatoms (black triangles, Au
can be seen to interact with the graphene states through different hydiraiz
than the Au monolayer. Right: Zoom near the Dirac point. The spin-orbit sp
Dirac cone from the graphene-Au bilayer model of Fgl2c) is thus confirmed

in the present, more realistic, configuration. The fact that higher and dowe
energies are not symmetric about the Dirac point is not due to the Nirsués
but to the §2 x 2) 0.25 ML Au adatoms, like in Figurg.12c). Calculation
courtesy of G. Bihlmayer.



5.1 Graphene on gold

The p(2 x 2) plot of Figure5.12c) is useful for demonstrating that an enhancement
of the spin-orbit coupling in graphene by sparsely disteduAu atoms is possible in
an equilibrium structure but it does not imply that the Auaaigement possesses such an
ordered structure. We can certainly exclude that carbansio graphene are substited by
Au atoms. Their size would correspond to two carbon atomslaadesulting distortion
would manifest itself in STM. Another possibility are namercalated residual atoms
above the graphene for which we have no direct experimenwiddiece because of room
temperature measurements. They have a high mobility onutface and should be
shifted along by the STM tip. In order to explore a realistiodal which includes the Ni
substrate, the band dispersion for a structure of grapremdsched between 0.25 ML
Au and 1 ML Au on top of 3 ML Ni has been calculated as well. Thauteis presented
in Figure5.16 and gives practically the same Dirac cone with giant spiritsg as in
Figure5.12c).

To summarize the results of the present section, we repdera Bashba splitting in
graphene in contact with Au reaching up to 100 meV. This tapdjtis caused by the
graphene-Au hybridization. While a flat Au monolayer can actdor only ~ 10 meV
spin-orbit splitting as has been reported in R&J, & structure of laterally more separated
Au atoms residing in hollow-site positions closer to graphprovides at the equilibrium
graphene-Au distance an enhanced spin splittinfysef~ 50—-100 meV, a realistic Fermi
level position, and an intact Dirac cone. We attribute tmeusianeous presence of both
100 meV and 10 meV splittings to the coexistence of areas anthwithout extra Au
either as adatoms or immersed under the graphene.

5.1.4 Atmospheric stability

For use inreal devices, the peculiar electronic and spircitre of the graphene/Au/Ni(111)
system must be stable when the system is exposed to atmespti@rwise a way to pro-
tect it has to be found. Exfoliated graphene is known to bblsta air [L15 and in
acid solution [L16], but it has been assumed that exposure to air is a major esairc
doping [L1]. In fact, charge inhomogeneities due to doping have beenddo affect the
minimum conductivity L17] of graphene through regions in which the Fermi energy shift
randomly [L1§. In this situation, pentacene was recently suggesteda@sgiion layer
for graphenel19. A 15 nm thick pentacene layer deposited on graphene/Si{0bas
shown to lead to the sanmetype doped graphene dispersion after deposition and r@&mov
by annealing. Graphene in spintroni@g]is particularly vulnerable due to the interfaces
with magnetic transition metals and their high reactivitghwair. In the present case, it
can be expected that the reaction of oxygen with the Ni sarégther dopes the graphene
or disrupts it. The former would be seen as a pronouncedistiiie Dirac point relative

to the Fermi energy and the latter would replace the itinerestates by nondispersive
carbide states. On the other hand, certain selfprotecfignaphene/Ni(111) has already
been seen by electron spectroscopy: Auger electron sgeopy indicates a protective
character of graphene toward exposure to A2(]. Moreover, the spin polarization of
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Figure5.17: Angle-resolved photoemission intensity measured at 62 eV photony€giagrg
before and (b) after exposure to air for 10 min and short annealing atk800
The inset in panel (a) shows the directions in the Brillouin zone.

secondary electrons from graphene/Ni(111) was recentlgddo remain constant after
exposure to 5 10-® mbar oxygen for 30 ming7].

To study the influence of the atmosphere on the grapheneli/N system, samples
were exposed to air between 10 min and 5 hours at room teropernat a relative hu-
midity between 45% and 55% and, subsequently, reintrodtioedigh a load lock into
the ultrahigh vacuum chamber. Figltd 7shows angle-resolved photoelectron intensity
measured at 62 eV photon energy (a) before and (b) after exgpts air for 10 min and
short annealing at 800 K. We see at this stage no differentieeirelectronic structure
caused by the exposure. In particular:

1. No carbon of the graphene has become carbidized whicldiead to extra nondis-
persive states.

2. No immediate graphene/Ni(111) interface is created whould shift theE (k)
dispersion by 2 eV to higher binding enerdgy T, 104].

3. No apparent band gap opengat
4. No apparent doping occurs.

In order to investigate the doping state of the grapheiband in greater detail, Figure
5.18displays measurements in the direction perpendiculBKtqa) near theK point (b)
as prepared, (c) after exposure to air for 1 hour, and (dj aftesequent annealing. The
cut through the Dirac cone shows the Dirac point in Figad3(b) located atz 80 meV
above the Fermi level, according to our fit. The fit resultedive same values within 20
meV after exposure and after annealing. No detectable gsbiff means that the doping
state of graphene is not affected by the exposure to air. Wineisdample is measured
after exposure to air and without subsequent annealing &id(c)), the photoemission
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Figure5.18: (a) Direction in the graphene Brillouin zone of the angle-resolved photeem
sion measurements presented in panels (b-d), i.e., normid tahrough theK
point. (b) as prepared graphene/Au/Ni(111), (c) after exposure tfpait hour,
(d) after subsequent annealing.

intensity is suppressed but the Dirac cone position andeslhap preserved, thus, the
peculiar graphene electronic properties are also presgerve

Figure5.19shows a typical lineshape of the grapherigand. Itis seen that the photoe-
mission intensity is at first reduced but after annealingggmed and that the broadening
has almost not increased. The reduction in intensity fogtia@hene as exposed is most
likely due to adsorbed water from the atmosphere, which doeseact with graphene but
as overlayer reduces the photoemission intensity from thphgne bands. The broaden-
ing has increased only very little from 0.48 eV to 0.54 eV aéxposure to atmosphere
and practically recovers by the annealing. The small bnoademeans that not only no
doping occurs in average across the probed sample are®@fl mn¥ but also that the
inhomogeneity of the doping stays very small. A possiblesoaahas been pointed out
recently. While an icelike B layer has a strong influence on the electronic properties of
graphene121], in a HyO cluster the dipole moments tend to cancel on average kgavin
almost no effect on the grapheriep].

No changes were detected also with LEED and XPS (exceptthaeaks-to-background
intensity ratio changes) even after direct transfer of #rage from air to measurements
without additional heating.

We have tested the Rashba spin-orbit splitting in graphaen®ifl11) by spin- and
angle-resolved photoemission on a sample exposed to drtours. Figuré.20shows
the spin-integrated photoemission spectrufn(I+) for k; = 0.16A~! (measured from
theK point) along with the spin polarizatiopf= (1" —1+) /(1T +1+)]. The change of sign
of p at 1 eV binding energy shows the lasting Rashba splitting. Sph#ing is about 50
meV in this case.
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Figure 5.19: Behavior of the linewidth for the example gf% 0.2 A-1 measured from thK
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point: (a) as prepared, (b) after exposure to atmosphere (increardwidth

by 10% with large suppression of intensity), and (c) after annealing (alfabs
restoration of original intensity and linewidth). This means that not only no
doping occurs in average but also no variation in the doping.
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Figure5.20: (a) Spin-integrated photoemission spectrum of the graphene/Au/Ni6ktEr)
exposure to air for 5 hours and (b) its spin polarization revealing a sultistin
Rashba-type spin-orbit interaction.
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Figure5.21: LEED of (a) clean Ir(111) surface and (b) graphene on Ir(111) withiré su-
perstructure. (c) STM of graphene/Ir(111) with the same moiré stipeture.

In conclusion, we have shown that Au-intercalated grapidi(iEL1) is self-protective
against carbidization and oxidation of the Ni and againstgiition of the spin-dependent
electronic structure of graphene. The protection of feagnets could be interesting
for nanostructures as well. Co forms islands on W(110) whetedeand these can be
graphene-covered while maintaining their topolog®3. It would be interesting to check
their stability in air. Moreover, the observation that drape is self-protective against
doping could mean that doping of graphene by nonmetalsnesjapen edges which are
rare on graphene/Au/Ni(111).

5.2 Graphene on Iridium

Graphene oniridium is an intensively studied systé@8[124-127] containing the graphene
monolayer. The graphene is known as weakly interacting i{iti 1) with a linearmband
dispersion forming the peculiar Dirac cone in angle-resdlphotoemission with a slight
p-doping [L24,128. The clean Ir(111) surface was prepared by cycles df #puttering
followed by annealing at 1600 K. There exist several phasgsaphene on Ir(111). The
moiré-type graphene layer (RO phase) was grown epitaxigllghemical vapor deposi-
tion of propylene Cz3Heg) at ~ 1500 K and a partial pressure o&310~8 mbar. Like for
Ni the self-limitation of this growth method results in a gli& graphene layer. A mis-
match of~ 10 % of the graphene and iridium lattices leads to a corragdfi25 and
a moiré superstructure observed in LEED (FigGr21l(b)) and STM (Figures.21(c)).
In angle-resolved photoelectron spectroscopy, this nmiperstructure is also visible as
reflections’ or ’replicas’ of the graphene bands andninigapsat the intersection be-
tween such 'reflections’ and the mamrbands 124, 128. Both effects correspond to the
expectations for a band structure in the repeated zone scbktine superlattice.

The band structure of graphene on Ir(111) measured by aagtdved photoelectron
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Figure 5.22: Angle-resolved photoemission from graphene on Ir(111). (a) Festdtive of
intensity over energy of tHeK dispersion. Hybridization between the graphene
mtband and Ir d states is shown by a black arrow and dashed black lings. (b
Magnified view of the region near th€ point. (c) Dirac cone measured in the
direction normal tof K . Insets in (a-c) show directions of measurements in the
graphene Brillouin zone.

spectroscopy is shown in FiguBe22 In panel (a) an overview dispersion is shown in
theTK direction of the graphene Brillouin zone. The grapherteand starts from- 8.3
eV binding energy at thE point and reaches the Fermi level near kKhpoint. In panel
(b) a magnified view of the region near tKepoint and the Fermi level is shown. Again,
only part of the total picture is visible due to the destneinterferenceg4]. To see the
full picture a measurement normal to thK direction was done and the result is shown
in panel (c). An intact linear Dirac cone is clearly visibl&hwminigaps at the crossing
points with it band 'reflections’ 124. The Dirac point is located almost at the Fermi
level with a smallp doping. The presence of the intact Dirac cone similar to Hseof
free graphene layer was observed previously for this sygi@d and means a quasifree
nature of graphene on iridium with a small graphene-iridintaraction strength.

The giant Rashba effect in graphene on gold which we discussedtions.1is related
to the high atomic number of gold & 79) and hybridization of the grapherdand with
gold d states. We showed that at other, |@ysystems like graphene/Ni, graphene/Co,
graphene/Ag/Ni and graphene/SiC there no Rashba effeatl d@utietected. To verify
that highZ materials can generally induce a spin-orbit coupling irpgemne, we decided
to study additionally the graphene/ir(111) system. Imdiwas selected due to several
reasons:

1. Iridium is also a high& material withZ = 77.
2. Iridium features alsd bands, comparable with gold.

3. We observed a spin-orbit split surface state of iridium.
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Figure5.23: (a,b) Angle-resolved photoemission overview measured at 62 eV for (a)
Ir(111) and (b) graphene/Ir(111). The white frame marks a spinit@plit irid-
ium surface state. (c,d) Normal emission spectra from panels (a) andetb)
spectively. Orange colored parts of panel (d) denote difference batigl11)
and graphene/lr(111) spectra. (e)4if core level spectra measured at$ 110
eV photon energy for Ir(111) (blue) and graphene/Ir(111) (o&)g

4. Graphene on Ir(111) can be grown of high quality.
5. Graphene on Ir(111) is quasifreestanding similarly &pgene on gold.

In the following sections we will discuss a Rashba-splitiurd surface state and its
incredible stability upon graphene formation on top of 111}, a giant Rashba effect in
the RO phase of graphene/Ir(111) with splitting~e60 meV. Finally, a structural study
of rotationally displaced graphene phase with a spin sgiitbf ~ 25 meV is presented
with the conclusion that the size of the Rashba splitting aodmtrolled by the graphene
growth parameters.

5.2.1 Iridium Surface State

We will start with description of the spin-orbit split suck state of Ir(111) which is
an important manifestation of the Rashba effect at the Iraserf In Figures.23a) an
overview band structure s shown. There is an iridisirband with minimum around 8
eV binding energy at th€ point as well as split states around the Fermi level. These
split states are known to be an iridium surface sta®@d related to thelL.-gap surface
state of Au(111) but upside down (negative effective mas®) t a different order of
bulk bands. A magnified view of these surface states is ptedem Figures.24a). Their
splitting looks like a classical Rashba effect and they rddera pair of spin-orbit split
bands shifted irk; by ~ 0.075 A-1 relative to each other. The Rashba parameter is
ar=1.3x 10 19eV m. This is the largest Rashba effect reported so far foremental
metal.
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Figure5.24: (a-c) Magnified view of the iridium surface state region for (a) clean I£(1 {b)
graphene/Ir(111) and (c) graphene/Ir(111) exposed to air. Ingddb) locations
of spin-resolved measurements are markedb¥kand k. (d) Comparison of
surface state splitting for Ir(111) and graphene/Ir(111). (e-h) Coniséearergy
cuts of full photoemission mapping of the surface state region.

Figure5.23b) shows an overview band structure of the graphene/l)(dystem on the
same scale as Fig.23a). Band structures with and without graphene are very amil
with the main difference being the intensity of the band arb8 eV binding energy
at thel point. In pure Ir(111) this is the iridiursp band but in graphene/Ir(111) it is
the graphenet band which by chance disperses very similarly to thegband but has
significantly larger intensity. In the band structure offgrane/Ir(111) also the graphene
states are visible proving additionally the formation of fraphene layer. Surface states
are by their nature very sensitive to the influence of add¢esbd&remarkably, the iridium
surface states are still present after the graphene layemeed on top of Ir(111). This
observation is the main point of the current section andlvaltliscussed below in detail.

Figures5.23c) and (d) show spectra taken from panels (a) and (b), réspbg in
normal emissionI{ point). To compare the two systems in question, in panelt{d) t
difference between the spectra is marked in orange. Théngrmo states have a rather
low intensity but the graphere band is visible as an intense peak on top of thedr
peak. Iridium 4 core levels with and without the graphene layer are showngarg
5.23e). Measurements were done with= 110 eV photon energy. There is no apparent
difference between the two cases even for the surface caenpoaf the core levels. Such
behaviour shows very weak graphene-iridium interacticargjth which is in line with the
previously discussed quasifreestanding band dispersion.

To study the iridium surface state modification upon gragHaper formation in detail,
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Figure 5.25: Spin-resolved measurements of the iridium surface state under theegraph
layer at points shown by dashed vertical lines in Figar24b).

we measured that region with high-resolution angle-resblvhotoemission. The result
is presented in Figures.24a) and (b). After the graphene layer is formed on top of
Ir(111) there is only a slight change of these surface stdie$®and maximum is shifted
by 150 meV to lower binding energy, from 340 meV to~ 190 meV. In panel (d) the
spiltting of the surface state for Ir(111) and graphengll() is compared. The splitting
is equal and linear witk; in agreement with the Rashba model. A kinkat= 0.06 A1l

is due to interaction of the surface state with iridium bdlkands 129. We conducted a
full photoemission mapping of the region near thpoint of this surface state when it is
located under the graphene layer. The results are preserieglre5.24e-h) as constant
energy cuts at binding energies 630, 410, 250 and 175 me\Lifdwdar structure agrees
well with the theory of the Rashba effect. At 630 and 410 meV ¢wcdles corresponding
to two opposite spin direction rotations in the Rashba modebaserved and at 250
meV the inner circle has shrinked to a point.

Direct spin-resolved measurements of the iridium surftette sinder the graphene layer
shown in Figure5.25 show that the splittings are due to the spin and reverse Wwéh t
sighn ofk;. This spin polarization is apparently fully preserved efgmation of the
graphene layer. As we discussed before, to the Rashba efiddtlead a surface potential
gradient and also the substrate effect when the surfacewséatefunction penetrates into
the substrate core region. Figlr24(d) gives us an additional information in this context,
i.e., the absence of a change in the spin-orbit splittingndi@phene is formed on top
of the iridium surface proves that the observed splittirgp 38 due to the large atomic
number of the iridium substrate atoms and not due to theseidatential. Itis in line with
results of previous observation of a substrate inducedtisgls in Au/W, Ag/W, Au/Mo
and Ag/Mo systemsZ6] and additionally proves necessity of the highmaterials when
we want to effectively produce the spin-orbit splitting iraghene by the substrate effect.

Surface states are generally very sensitive to the envieohand due to this are usually
not suitable for use in devices. In sectidri.4we have observed the atmospheric stabil-
ity of the graphene/Au/Ni system. The Dirac cone, dopingl@nd spin splitting were
preserved after exposure of the system to atmosphere. tatigeof graphene/Ir(111) we
have an intact spin-orbit split surface state which is ceddyy a graphene layer. Such
coverage could serve as a protection layer similar to thehgnae/Au/Ni case and this is
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Figure 5.26: Superimposed experimental and theoretical data of the iridium surfate ata
the T point for the case of (a) bare Ir(111) surface and (b) graphen&ilt(
system. Large red and blue dots denote contributions of surface lochlizets
of p, character with opposide directions of spin circulation. Calculations by G.
Bihimayer.

indeed shown in Figur&.24c). There the graphene/Ilr(111) system is shown after ex-
posure to ambient atmosphere for 15 min. This venting doeshange the size of the
splitting and energy position of the surface state. Thegmes of a higher background
relative to the pure graphene/lr(111) system in panel (lojJus to some remaining ad-
sorbates. The results of graphene/Au/Ni and graphend#ntéogether lead us to the
conclusion that the graphene layer, weakly interactingp Wit substrate, can be consid-
ered as an ideal protection layer.

To clarify the existence and stability of the iridium sudagtateab initio calculations
were performed for us. To simulate the bare and grapheneenbeeirfaces, a 15 layer
film of iridium was used and covered by graphene expandecetbthll) in-plane lattice
constant. The graphene sheet was placed at a distance aif@.865m the surface. The
surface state can be identified by the spin-polarizationtduke Rashba effect in the
uppermost two Ir(111) layers. The Rashba parameter wasnabotdéiom a fit in the” K
direction and amounts tadx 10-1° eV m with and without graphene. Figurega,b)
present the calculated band structure of the iridium saertate superimposed with the
experimental photoemission data. With the exception otlzerasmall difference of 0.1
eV in Fermi energies, experimental and theoretical resuésn very good agreement. In
particular, the relative energy shift of the Ir surfaceetapon adsorption of graphene as
well as spin-orbit splittings are reproduced by the caloifes.

To summarize the present section we mention the obsenatidistudy of the Rashba
split surface state of Ir(111), its presence and stabiljgiast the environment when the
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Figure5.27: (a) Spin-resolved photoemission of the grapherteand of graphene/Ir(111)
showing the giant Rashba spin-orbit splitting ©f48 meV. The measurement
was done at = 62 eV in thelK direction at k ~ 1.57 A~%. (b) Schematic
view of the measurement position in the graphene Brillouin zone with a cdnsta
energy cut of the Dirac cone. (c) Two more points measured in the E&me
direction show an approximately constant splitting.

iridium is covered by a graphene layer. This behaviour amdviéry large size of the
Rashba effect are confirmed by density functional calcutatio

5.2.2 Giant Rashba effect in graphene

The presence of the Rashba-split surface state on Ir(111pemphene/Ir(111) is very
promising for inducing a giant Rashba spin-orbit splittimgthe graphene. In Figure
5.27a) a spin-resolved measurement of the graphel@nd of the graphene/Ir(111) sys-
tem is shown. There a splitting 6f 50 meV is observed which is a giant if one compares
to the intrinsic spin-orbit coupling of a free graphene laye panel (b) the measurement
position is schematically shown using a constant energytatspin split model Dirac
cone. By arrows the spin rotation directions are marked spmeding to the Rashba
model. In panel (c) two additional spectra are presentedisigothe nearly constant
splitting value for different wave vectors and binding ejies. The measurements of
Figure5.27were done in th€ K direction of the graphene Brillouin zone. With varying
k| the spin polarization 'moves together’ with the grapherteand. This means that the
graphenatband is spin split and the effect is not an accidental ovestdpe tband with

a spin polarized background of iridium states. This is ingoatr since the background
is high due to Ird states as compared to graphene on Au. Additionally, theaesisr-
face projected band gap of Ir(111) close to Kapoint as is shown in Figurb.28b) and
several spin-resolved measurements were done om band inside the gap. This fur-
ther reduces the possible influence from photoemission fralim bands close to the
K point on the spin polarization of the graphemband. The origin of the observed spin-
orbit splitting becomes more clear when one looks at Figu?&a) where the graphene
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Figure5.28: (a) Graphene/lr(111) band structure in the& direction (second derivative of
intensity over energy). The hybridization region of the grapheband with Ir
d bands is marked by a dashed circle and a red arrow. (b) Magnifigidmenear
the K point. Only one half of the graphene Dirac cone is visible here. Crosses
show where the spectra from Figuse27 were measured. A white dashed line
shows the surface projected band gap of Ir(111). Black arrow miwésnini-

gap.

mband and iridiund states are marked. Despite the quasifree nature of grajimeind-
ium a hybridization between the graphene and iridium basdadbserved with- 0.5 eV
hybridization gap. This hybridization together with thegla atomic number of iridium is
the origin of the giant spin-orbit splitting of the graphedieac cone, i.e., electrons from
the grapheng; orbitals approach the high potential gradient around tinei¢ttei and this
enhances the spin-orbit interaction. The situation islaimmo the case of graphene on
gold which we already discussed in detaile.

5.2.3 Control of Rashba effect by rotational displacement

In the previous Section we discussed the so-called RO phapéeme on Ir(111) which is
grown at a rather high temperature around 1500 K. The RO phasey uniform at a large
scale with a characteristic and sharp moiré pattern obdeémeEED and STM as shown

in Figures5.21(b,c). From the literature it is known that at lower temperas graphene
can grow on Ir(111) in many different rotation variants |4, 30° etc. [L26 127]. In a

very recent publicationl27] the growth temperature dependence of the graphene align-
ment was studied and a smooth transition of LEED images fl@rstandard RO phase
moiré into a bar-like superstructure was observed whenriog¢he growth temperature.
There was no clear explanation of the observed superstasctin Figurés.29our charac-
terization by LEED and STM of the low-temperature phase ésented. Both LEED and
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Figure5.29: (a) LEED and (b) STM images of the low-temperature phase graphane o
Ir(111). They differ drastically from the RO phase presented in Fig.2é.

STM pictures are drastically different from the RO phase gmé=d in Figures.21(b,c):
in the LEED image there is a characteristic bar-like supactiire and in the STM image
there is a triangular structure with an anomalously largerrugation of electronic origin.
The STM images were obtained at tunneling voltagemV and current 25 nA.

The Rashba effect depends strongly on the strength of thaatien with the substrate
and, therefore, the dramatic change observed in LEED and &N indicate that also
the induced spin-orbit splitting of the graphendand may change. We did a full pho-
toemission mapping around tf€ point to see the Dirac cone in detail and the results
are presented in Figur3Q Panels (a) and (b) compare the RO phase of graphene on
Ir(111) and the low-temperature phase. A giant splittinthefDirac cone of~ 400 meV
is observed with some differences but rather similar to wbatd be expected in the case
of a giant Rashba splitting. In panel (c) the second derigativintensity over energy of
the same data as in panel (b) is presented revealing morésddtapanels (a-c) black
arrows mark umklapp-induced minigaps. In panels (d) ana @nstant energy cut at
600 meV below the Fermi level is shown. As we discussed in@et2.2the Rashba
effect on the graphene Dirac cone gives rise to two coneeaircles. Here we see two
intersecting circles. Further analysis of the data in pafele) results in the consistent
interpretation of the observed structure as overlappirgggamission signal from several
graphene domains rotated by a small angle-2.8° relative to each other. This is pre-
sented schematically in panel (f). This small rotation arggtould vary depending on
the growth temperature, therefore, we suggest to call tiaplteene phase generallyeR
phasé In view of the small angles involved, angle-resolved mawhission proves in this
case a very precise tool for structural characterizatioiteglifferently from its original
objective.

To directly check that the two observed bands split by 400 me/hot spin polarized
branches of the same spin-split graphenigand we conducted spin-resolved measure-
ments presented it Figurés31(a,b). In this geometry (normal toK at points shown

94



5.2 Graphene on Iridium

E Eo.o

> >

& &

] v 04

c c

w w

2 2

£ £08

c c

& &

§ § 1.2

S 5

o o 1.6 k, |k,

01 00 01 01 00 01 01 00 01

Wavevector k,x (A") Wavevector k,x (A") Wavevector k,x (A")

CONSTANT ENERGY SURFACE

<16
>
ke
5 1.7
©
g
0 1.8
2
) hv=62eV .
Ak=0.08 A
2-0 . T T T T T
0.2 0.1 0.0 -0.1 32 10-1-2 28=2 80
Wavevector k,x (A") Emission Angle (°) )

Figure5.30: (a) Dirac cone of the RO phase graphene on Ir(111) measured ghg-aasolved
photoemission. (b) Dirac cone of the phase. (c) Second derivative of intensity
over energy of data from panel (b). (d,e) Constant energy cut frérptiotoe-
mission mapping around th€ point of the R phase reveals two shifted circles.
(f) Model explaining the observed structure as two Dirac cones due tdapve
from rotated Brillouin zones.

95



5 Graphene on higd-materials

Wavevector k,x (1/A)

Wavevector k,x (1/A)

el
9% |(a Cc
>
S E (_l‘"x © n
v >
[ N
e« g
L ©
£z H
< £ "
T C [ ]
5 2 :
g_ o A Spin Up
%) V¥ Spin Down
M Total
— 1 .
X 100 T [ T 7 [T T T
S 50._ 1 C 'Y A Exp (Spin Up)
5 O weemmansmngtid [ Baein Y v
© - .
N - 4 F 1 —— Fit (Spin Up)
5 -50 @ & —— Fit (Spin Down)
E.loo'. [ R T R B 1 1 | | | | | I I I
2.0 1.5 1.0 05 0.0 1.5 1.0 0.5 0.0 14 12 1.0 0.8 06 04 02 00
Electron Binding Energy (eV) Electron Binding Energy (eV) Electron Binding Energy (eV)
0 0.05 0.0 0.05
T = T o T
(d) L
] <
37 ‘ =
= ! >
> ! ¥ =
L NE o 4 < -
g K S Sx
g [ 2 © 1 8
§oqk SN & i § \\
i
Ak
1 . 1 @ Y L
0.1 0.0 0.1 ~ 0.05 0.0 0.05

Figure5.31: (a,b) A draft spin-resolved measurement of the strongly split Dirae ¢orthe

Re graphene phase. Measured at &nd k points shown by yellow vertical
lines in Figure5.3Qb). In this direction the intensity of peaks is very small, but
enough to conclude that the two observed bands are not a spin-sptit jan
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Spin-resolved spectra of the Rhase in the same geometry as for the RO phase
to make a direct comparison of the spin splitting size. The geometry is shown in

panel (d). (e) Drawing explaining that the measured magnitude of itisg
is very little affected by the rotation of the graphene domains.
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in Figure5.3(Qb)) the photoemission intensity is very small for spinelged measure-
ments and the statistics is not good. However, it is enougiotelude that there is no
large spin polarization which is expected for the Rashbaceff€his is in line with the
angle-resolved photoemission mapping result that thesdsbare due to a geometrical
effect and are just a superposition of photoemission sigfiam rotated graphene do-
mains. Each of these two bands could still be spin-split dug $maller Rashba effect,
but in the discussed geometry the intensity is not enoughdolve it. In another geom-
etry as shown at Figurg.31(d) (similar to the RO case in Figute27b)) the intensities
of two bands add and in this geometry the photoemissionfertarce effect is smaller,
which leads to a rather high intensity in Figis&1(c). This spin-resolved measurement
resolves~ 25 meV splitting of thert band in the R phase. Compared to the intrinsic
spin-orbit splitting in free graphene, 25 meV is still a giaffect, only two times smaller
than in the RO phase and 4 times smaller than in graphene/Au.

In Figure5.31(d) the energy-momentum region where the photoelectransalected
by the spectrometer is marked by a yellow frame. Accordinghto Rashba effect in
graphene at any given energy the spins are tangential tootistant energy contours of
thet-band and follow them. Taking into account our experimegésimetry this does not
change in the photoemission transitigti]. Due to thek-offset of the acquisition region
from theT K lines of the Brillouin zones of rotated domains-Rand R+, the spins of
photoelectrons will have slightly different orientatiohesreryk-point of the isoenergetic
contours inside of the acquisition frame. The situationoemed in Figures.31(e) (for
the sake of simplicity the yellow frame depicts the experntaék-resolution while the
real region of acquisition is not rectangular but elliptidae to circular shape of the
spectrometer aperture).

Now one has to understand to which extent the rotation okspithin the spectrometer
frame can affect the measured spin polarization. Our sptaafor acquires two projec-
tions of Mott-scattered electron spins which are in the plahthe sample surface. One
projection falls on the axi§, which is collinear to thé -K direction of the Brillouin zone
of non-rotatedgraphene. Another projection goes to the &isvhich is orthogonal to
S. These axes are shown in Figusg1(e) in orange and bold. Indeed, projections of
spin onS, [white arrows in panel (e)] can be effectively compensatethe photoemis-
sion signal because of superposition of sggasandSe+ coming from the domains&®R
and R+, respectively. In contrast, the projectionsSsf and Se+ on the axisS; [black
arrow in panel (e)] are added and will be acquired by the spteador. The average an-
gular deviation of spins from the ax& within the determined width of the spectrometer
frame (~0.06A~1) is estimated as 5 Instead of a precise treatment of the azimuthal
dependence of the Mott scattering, we obtain for such a sangle the projection onto
S in simple trigonometric terms as cos(}avhich corresponds to 97% of real spin po-
larization. This shows that the measurement of the Rashitérgpbf the R phase of
graphene is negligibly affected by the rotational disptaeet of Dirac cones and correct
spin-resolved measurements from this graphene phaseasiblée

The present structural model of the Rhase as distribution of rotated graphene do-
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Figure5.32: (a) Determination of the moiré vector and simulation of LEED for (b) the RO
phase, (c) the Kphase with randomly distributed rotation angled.5° < € <
1.5°, (d) the R phase with—3.5° < € < 3.5°. (e-g) Experimental observation
of corresponding LEED superstructures.

mains has to be checked for its consistency with the pecu&D and STM pictures
of Figure5.29 Concerning the LEED, a principal question is why a supecsiine of
nearly straight dashes appears. It is possible to answériguestion with the help of
the vector construction shown in Figuse32a). The moiré reciprocal lattice vector is
defined by

kmoiré = kGr - kIr (5-1)

with reciprocal lattice vectorkg, of graphene and, of Ir. In the RO phasekg, andk,
directions coincide, and we can determine the moiré lattirestantyygire from:

amoire = (1/aGr — ]-/alr)i1 (5.2)

Itis ~ 27 A, i. e., 10 Ir unit cells correspond to 11 graphene uniscel

In the case of a rotated graphene monolayer on Ir(111) thisvequation5.1 leads
to a less obvious result compared to the RO case. Let grapleerstdied by an angle
relative to the Ir, then moiré pattern rotates by an afidleee Figures.32a)]:

tanf=_—— (5.3)

and the length of the moiré reciprocal lattice vector became

kir sina

kmoiré = T n (5-4)

sinf3

From equationsH.3) and 6.4) one finds that with rotation of the graphene layer on
top of Ir(111) the moiré pattern rotates about 10 times featel the moiré lattice con-

98



5.2 Graphene on Iridium

Figure 5.33: Real-space simulation of the moiré structures. Ir atoms (orange) arersu-
posed on graphene (black); (a) and (b) demonstrate why a larg¢iootaf the
moiré pattern is observed. A large rotation of the moiré patterh9° in (b)]
happens due to a small rotation of the graphene domai#°[in (b)]. Simula-
tions in (&) and (b) treat the Ir(111) substrate as a single atomic layergerd
erate a moiré pattern which resembles a superstructure of bubblesdagtes)
(c) characteristic of R graphene; (d) and (e) additionally take into account a
second (subsurface) Ir layer and produce a nanomesh-like moitérpawith
inversed topographic contrast (f) which is typical for the non-rotated Résp
of graphene. Gray color in (c) and (f) denotes higher topographicugpation.

stant decreases. Consequently, the moiré superstructiteenpia the LEED rotates and
increasesn size. This rotation together with the increase in sizedpoes the dashes if
one presumes that there are many graphene domains wittonatadisplacement angles
densely distributed in a certain angular range.

Figure5.32b) shows a simulation for the RO phase graphene and Fig8&c) shows
a simulation according to equations.d and 6.4) for the = phase where graphene
domains are randomly rotated in a range < € < a, wherea ~1.5°. Figure5.32d) dis-
plays results of the simulation for graphene domains rdtaen stronger(~3.5°). Ina
recent paper]27] the same dash-like structures appeared in the LEED butinehan-
explained. In panels (e-g) our experimental observatia@oaesponding superstructures
is shown measured from the graphene/Ir(111) system formn@ifferent temperatures.

The particular triangle structure seen by the STM in Figug8(b) for the R graphene
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Figure5.34: STM images showing several local rotated domains which can be idertyfied
their boundaries to other domains. The dash-like LEED patterns are tigen c
ated by the contributions from a multitude of such domains with a distribution of
rotation angles. Insets to (b) display atomically resolved measuremedgslof
and bright triangles of the moiré pattern.

phase can also be explained based on the moiré pattern wdapaphene domains. We
have performed a simulation of the moiré patterns emergimgaphene domains rotated
relative to the Ir(111) substrate by various angles. Fob#gnning we have treated the Ir
substrate as a single (topmost) atomic layer of Ir(111).tdpdalf of Figures.33presents
results for this case. Moiré patterns obtained for RO graplzam for graphene rotated
by 1.# relative to the Ir substrate are shown in Figuse33a) and5.33b), respectively.
One can see that the moiré structure rotates by a ten tinger langle (14.9, fully in
agreement with equatio® ().

Interestingly, the periodicity of the moiré pattern obtdrfor RO graphene in Figure
5.33a) correlates with experiments, but the type of its topphmcorrugation does not.
Indeed, darker areas in Figuse33a) [and in5.33b) for the rotated domain] correspond
to the sites where graphene is not in registry to the Ir layer where it has higher-
corrugation. Such correspondence was established bycethyniesolved STM measure-
ments which are shown in Figue34 Moiré sites with lowz-corrugation display one
graphene sublattice enhanced due to the local breaking-& symmetry caused by the
in-registry (i.e., on top) placement of the graphene latabove Ir atoms. On contrast,
areas with highee-corrugation exhibit a typical honeycomb graphene stmectwhich
means out of registry (hollow site) configuration withoutsyietry breaking.

As a result, the moiré structures from Figue83a) and5.33b) show up in STM
images as a superstructures of 'bubbles’, schematicaflictbzl in panel (c) [gray color
in Figures5.33¢) and5.33f) corresponds to higher topographic corrugation]. Thigia
remarkable contradiction to most of our STM data which shiuat aligned RO graphene
looks the other way around - like a nanomesh with holes [sger€85.21(c) and5.33a)].
Searching for the reason of such discrepancy, we couldtgtiadily adjust the occurrence
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of the moiré pattern in our simulations by taking into acdotle second(subsurface)

atomic layer of the Ir(111). Simulations performed for RO drdt-displaced graphene
with subsurface Ir atoms included are reported in Figir&§d) and5.33e), respec-

tively. One sees that the contrast of the moiré pattern isfatiwinverted and the topo-
graphic pattern changes to nanomesh-like [BI§3T)].

We see that for the correct interpretation of the nanomigshrhoiré pattern of the
RO graphene phase one has to account for both surface andfaabsl layers [Fig-
ure 5.33d)]. In contrast, the rotated graphene domains in teepRase tend to show
a pattern of bubbles (or triangles), a proper understanadimvghich requires to exclude
the influence of the subsurface Ir layer [Fig&g@3b)]. This is clearly seen in Figure
5.34which report STM images acquired from rotated graphene dwsraand their neigh-
bouring areas. One sees that the moiré of RO graphene formdegtpganomesh, the
moiré of 1.4-rotated domain shows a certain tendency toward trianglestiae moire
of 2°-rotated graphene reveals a purely triangular pattern. fifldéng that the subsur-
face atomic layer of Ir is not involved in the formation of m@patterns in the rotational
graphene phases is an indication af@aker(as compared to RO) chemical coupling be-
tween rotated graphene and Ir(111). This is in line with tleeeamentioned anomalously
largez-corrugations acquired fordRgraphene domains by STM and, last but not least, the
reduced substrate induced spin-orbit splitting compavetd RO phase.

In summary, we have observed a giant Rashba-type spin-pititrey of graphene on
Ir(111). The splitting £ 50 meV) occurs near the Fermi level and is twice larger than
ks T allowing for room-temperature applications in spintranitlybridization with Ir %l
states together with a strong Rashba effect at the Ir(111duis identified as reason.
The strong splitting of the Dirac cone seen in tregdRase is not due to spin but reflects the
geometry of rotated graphene domains which are in this wagtstrally characterized by
the photoemission data. At the same time the real spinigglitharacteristic of graphene
bands in the BRphase is reduced as compared to the RO phase. Weakening ohizahe
interaction between graphene and Ir(111) caused by rotttisplacement is suggested
as a reason for that. Our findings show that generally a ootatidislocations may be a
tool to control the strength of the extrinsic Rashba effesipported graphene.
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SUMMARY AND CONCLUSIONS

The thesis is focused on substrate induced spin polarizaffects in the electronic struc-
ture of graphene in contact with different substrates. Tigstallographic structure and
guality of graphene were studied mostly by scanning tungatnicroscopy (STM) and
low-energy electron diffraction (LEED). The overall elextic structure of graphene on
different substrates is studied by means of angle-res@hetbemission (spin-integrated)
and the spin structure was investigated by means of spinaagk-resolved photoelec-
tron spectroscopy. The first part of this thesis contains\arvew of the employed
methods: XPS, ARPES, spin-resolved ARPES, LEED, overviewpéemental stations.
Then an introduction to the main topics follows: graphengigselectronic structure, the
Rashba effect in a two-dimensional electron gas and at mettces like Au(111) or
Ir(111), and the Rashba effect in graphene. Possible sotocéke Rashba effect on
surface states and the graphergand are discussed.

The first scientific part of the thesis is devoted to graphenéecromagnets. Prepa-
ration procedure and electronic structure of grapheng&iNi( and graphene/Co(0001)
are discussed. Angle-resolved photoelectron spectrgsoepsurements of the graphene
electronic structure in thEK direction of the graphene Brillouin zone are in agreement
with previously published results and show a stronglyoped graphena band disper-
sion without the peculiar relativistic Dirac fermion disp®n near the Fermi level. Mea-
surements in the direction normalfi& allowed us to make the discovery of intact Dirac
cones in both graphene/Ni and graphene/Co. By measuremettis ik direction the
Dirac cone was not observed before due to a strong intedergam two graphene sub-
lattices in the photoelectron emission process. Thussiftiaa long time been believed
that the peculiar Dirac cone-like dispersion in graphergestroyed on ferromagnets by
the strong graphene-substrate interaction. The discaMentact Dirac cones forces us
to change significantly our view and understanding of thelgeae-ferromagnet systems.

Graphene monolayers on nickel and cobalt were then studiesbim- and angle-
resolved photoelectron spectroscopy with the aim to deterthe influence of these sub-
strates on spin-orbit coupling and ferromagnetic spin qdéion in graphene. There is
no detectable Rashba effect, but a spin polarization of thglgane Dirac cone is discov-
ered and studied in very detail. The spin polarization istatted to the hybridization of
the graphenet band with spin-polarized®states of substrate which occurs away from
the Dirac point.

In the second part of this thesis the discussion relatedaplgme on lowZ substrates
is continued for the examples graphene/SiC and graphenélAg graphene on silicon
carbide system is introduced in detail and the grapheband is carefully measured by
spin-resolved photoemission. As the result, no detectsbile polarization or Rashba
effect were observed in agreement with our expectationtbieatow-Z materials are in-
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sufficient to induce a Rashba effect in graphene. This is cosfirby comparison to
ab initio calculations predicting a low spin-orbit splitting of 0.6%V. The graphene on
silver system is discussed very briefly with the same result.

Then the thesis treats graphene on higmaterials, namely gold and iridium. The main
result is that a giant Rashba effect is discovered with spuit-eplittings of~ 100 meV
for graphene/Au and 50 meV for graphene/Ir. Such values are four orders of madait
larger than the intrinsic spin-orbit splitting in a free ghene layer. Graphene on gold
and on iridium manifests itself as quasifreestanding witadr Dirac cone and the Dirac
point near the Fermi level. As was measured for graphendhsuspin-orbit splitting of
the Dirac cone extends to the Fermi level and, thereforefFdmei surface is spin split.
The source of the giant Rashba effect is attributed to hytattn of the graphena
band with spin-polarized gold (iridium)dbstates and, as a consequence, influence of the
large gold (iridium) intraatomic potential gradient on tp@phenep; orbitals. Ab initio
calculations show that a flat Au monolayer can account foy enllO meV spin-orbit
splitting and only a structure of laterally more separateld g@datoms could significantly
enhance it. The atmospheric stability of the graphene/KuiN) system was studied by
exposure of the samples to atmosphere. It is shown that esgtsair does not carbidize
or oxidize the Ni substrate or open an apparent gap in thengrag Its doping state is
not affected and the Rashba-type spin-orbit effect on thphgnaert states is preserved.
These results show that it is possible to use the peculiatreldéc and spin properties of
the graphene/Au/Ni system in ambient environment and ngtwrder ultra-high vacuum
conditions.

In the thesis also a Rashba split iridium surface state iSexdud detail and its un-
expected behaviour upon graphene formation on top of tHeum surface is shown. It
is demonstrated that the existence of the surface statpirigolarization, and the size
of its Rashba-type spin-orbit splitting remain unaffectelakew iridium is covered with
graphene. The protection by the graphene allows the sfitnrsapface state to survive in
ambient atmosphere. Reducing the growth temperature ohgregon iridium results in
a very large splitting of the graphene Dirac cone. Data amslshows that this splitting
does not relate to spin but is due to overlap of photoemigsi@msities from a distribu-
tion of rotated graphene domains. This model successfufijag1s unusual structures
observed in ARPES, LEED and STM. The Rashba effect on this phasmsiderably
smaller compared to the usual graphene/lr phase which espiiat the magnitude of
the extrinsic spin-orbit splitting in supported graphena be controlled by its rotational
displacement relative to the substrate.
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ZUSAMMENFASSUNG

Graphen ist eigentlich eine lange bekannte Form des Kotosisderen elektronis-
che Struktur bereits 1947 berechnet wurde und die auf Niekedristallen schon in den
Siebzigerjahren hergestellt wurde. Ber?hmt wurde Grapteehdem Andrei Geim und
Konstantin Novoselov 2004 eine mikromechanische Spaltoust zur Herstellung von
frei tragendem Graphen vorgeschlagen haben. Sie konnigenzelass die Elektronen
im Graphen sich eher wie Licht verhalten als wie massivechiet, und erhielten 2010
den Physik-Nobelpreis "fir grundlegende Experimente amdimensionalen Material
Graphen”.

Beim Rashba-Effekt handelt es sich um eine Auspragung derfshn-Wechselwirkung.
Beide beschreiben die Energieunterschiede, die ein Elekiroschen zwei verschiede-
nen Orientierungen von Drehimpulsen erfahrt. Dreht sichEektron im selben Sinne
um sich selbst wie um den Kern des Atoms, in diesem Fall desekstoffs, nimmt es
eine andere Energie an als in dem Falle, dass diese beidéwmiigyen einander entge-
gen gerichtet sind. Dieser fur die Atomphysik wesentliclffel& wurde von Rashba fur
zweidimensionale Elektronensysteme, wie Graphen eihdseischrieben.

Spin-Bahn-Wechselwirkung und Rashba-Effekt spielen einghtige Rolle bei der
Uberfiihrung der gegenwartigen Elektronik, die die LaduegElektronen nutzt, in eine
Spintronik, die auf dem Spin der Elektronen basiert. Bishied raphen vor allem im
Hinblick auf den Transport von Ladung untersucht, denn nSj@ntronik ware es zwar
in der Lage, einen Spinstrom verlustarm zu transportikénnte aber diesen Spinstrom
kaum beeinflussen, da es eine aulRerst geringe Spin-Bahrs@e@akung besitzt.

Das Wesen des Rashba-Effekts ist die Kontrolle der Spin-Bééchselwirkung durch
aulReren Einfluss. Auf dieser Grundlage wird in der gegenmgéirtArbeit fir verschiedene
Systeme die Spin-Bahn-Aufspaltung mit der Methode der gpigt winkelaufgeldsten
Photoelektronenspektroskopie gemessen. Hierzu wird cgsh®n auf verschiedene Arten
kristallin auf Einkristalle aufgebracht und mit Beugungsineglen und mikroskopischen
Methoden strukturell untersucht. Zunachst wird gezeigssdGraphen in Kontakt mit le-
ichteren Elementen auf Siliziumkarbid und auf Silber k¢inbe Spin-Bahn-Wechselwirkung
zeigt. Dieser Befund bleibt auch auf Nickel und Kobalt ddssel Allerdings gelingen
zwei Uberraschende Entdeckungen. Zum einen wird NickeémlLderatur als Prototyp
eines Substrats angesehen, auf dem die Elektronen dese@rdgHichtartiges Verhal-
ten verlieren und massiv werden. Es wird gezeigt, dass adw der Fall ist und sich
ein perfekter sogenannter Dirac-Kegel in der Photoelekinspektroskopie zeigt. Da
Nickel und Kobalt ferromagnetisch sind, ergibt sich nun Miéglichkeit, die Spins im
Graphen auf ferromagnetische Weise, die grundsatzlickchierden von der Spin-Bahn-
Wechselwirkung ist, auszurichten. Das wird auf Kobaltstattsrachgewiesen.

Das Hauptergebnis der Arbeit ist die Entdeckung einer umGiél3enordnungen er-
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hohten Spin-Bahn-Aufspaltung von Graphen, wenn es in Kontak Gold tritt. Um
diesen experimentellen Befund zu erklaren, schlie3en sitheadige elektronische und
strukturelle Untersuchungen an. Dass ein solcher rieBlgehba-Effekt in Graphen auch
von anderen Elementen, die ahnlich schwer wie Gold sincgugtzwerden kann und
auf Hybridisierung beruht, wird schlief3lich in einer alssfRenden Untersuchung von
Graphen auf Iridium gezeigt. Dieses System unterscheideirs struktureller Hinsicht
von Graphen auf Au, und neue Strukturen werden im Rahmenrdigbeit erstmals
erklart. Hier wird das das Zusammenspiel von Struktur, tedekscher Wechselwirkung
mit dem Substrat und induzierter Rashba-artiger Spin-BakoRéelwirkung besonders
deutlich.
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