Spin-Orbit Coupling Effects
From Graphene To Graphite

Dissertation

zur Erlangung des Doktorgrades
der Naturwissenschaften (Dr. rer. nat.)
der Fakultét fiir Physik

der Universitdt Regensburg

vorgelegt von

Sergej Konschuh

2011



Die Arbeit wurde von Prof. Dr. Jaroslav Fabian angeleitet.
Das Promotionsgesuch wurde am 6. 7. 2011 eingereicht.
Das Promotionskolloquium fand am 26. 9. 2011 statt.

Priifungsausschuss:
Vorsitzender: Prof. Dr. S. Ganichev
1. Gutachter: Prof. Dr. J. Fabian
2. Gutachter: Prof. Dr. M. Grifoni

Weiterer Priifer:  Prof. Dr. T. Wettig



Contents

1 Introduction xiii
2 Tight binding description of graphene 1
2.1 Introduction to the tight binding approximation . . . . . . . .. 1
2.2 Lattice structure of graphene . . . . . .. ... ... 4
2.3 Two-band Tight-binding model . . . . . . ... ... ... ... 6
2.4 The Slater Koster two-center approximation . . . . .. ... .. 10
2.5 Multi-orbital tight-binding Hamiltonian . . . . . . . . . ... .. 15
2.5.1 General structure with the nearest neighbor approximation 15

2.5.2  Band structure of the multi-orbital TB Hamiltonian in-
cluding s and p orbitals . . . . . ... .. ... 18
2.5.3 The 7 band Hamiltonian . . . . . . ... .. ... ... .. 21
2.6 Tight-binding model of the spin-orbit coupling effect . . . . . . 23
2.6.1 Introduction to orbital effects . . . . . .. ... ... .. 23
2.6.2 Starkeffect . .. ... ... oo 26
2.6.3 Spin-orbit coupling Hamiltonian . . . . . . . . .. .. .. 26
2.7 Conclusion of the chapter . . . . . ... ... ... ... .. .. 27
3 Effective Hamiltonians 29
3.1 Introduction to the derivation methods . . . . . . . .. ... .. 29
3.2 Lowdin method . . . . . . . ... 30
3.3 The effective hopping approximation . . . ... ... ... ... 32
3.3.1 Linear chain . . . . .. ... ... ... ... ... ... 32
3.3.2 Graphene: d orbitals . . . . ... ... ... ... ... . 36
3.3.3 Graphene: s and porbitals . . . . . ... ... ... .. 40
3.4 Effective spin-orbit coupling Hamiltonian . . . . . . . . . . . .. 44
3.5 Conclusion of the chapter . . . . ... ... ... ... ... .. 49
4 Tight binding description of few-layer graphenes 51
4.1 Introduction to the chapter . . . . .. .. ... ... ... ... 51
4.2 Tight-binding model of few-layers graphenes . . . . . . .. . .. 52
4.3 Hamiltonians . . . . . . .. . ... .. 55
4.3.1 Bilayer graphene Hamiltonian . . . . . . .. ... .. .. 5}

4.3.2 'Trilayer graphenes Hamiltonians . . . . . . . . . . .. .. Y



Contents

4.4 Bilayer graphene . . . . .. ... L oo o7
4.5 Trilayer graphene . . . . . . . . ..o oo 70
4.5.1 ABA-stacked trilayer graphene . . . . . . ... ... ... 71

4.5.2 ABC-stacked trilayer graphene . . . . . . . .. ... ... 75

4.6 Graphite . . . . . ... 80
4.7 Conclusion of the chapter . . . . . ... .. .. ... .. .... 82

5 Conclusion 85

i



List of Tables

2.1

2.2

2.3

24

2.5

2.6

2.7

2.8

2.9

3.1

Cubic harmonics represented in the Cartesian coordinates and as

lirte)ar combination of the spherical harmonics with the coefficient
D)

tm
The hopping integral within the directed orbitals with the maxi-
mum angular momentum ¢ = 2. We use the indices i = {x,y, 2},
j = {x,y,z}, k = {z,y,2z} with the rule i # j # k. The
complex conjugated hopping integrals are given by (¢| H [¢/) =
(=D VHO.

The hopping parameters 7 (1) of the antisymmetric directed
orbitals. . . . . ...

Hopping part of the TB Hamiltonian 4 H3p of the 7 bands, where
Vi = Vaas £ Vadn o oo

Hopping part of the TB Hamiltonian 4H 3 of the o bands, where

14

Vo = Vopn Vo Vi = Voae 28 Voao Vil = Vias £4Vian +3Viao. 17

SK hopping and overlap parameters. The values are obtained by
fitting the band structure to the results of the FP calculation at
the I" and K points (top row) compared with results given in Ref.
[1] (bottom row). . . . . .. ...

Matrix elements of the SOC operator L -5 in the basis of s, p and
d rotating orbitals. . . . .. ... . oL

Matrix elements of the SOC operator L -5 in the basis of s, p and
d directed orbitals. . . . . . ..o

Matrix elements of the SOC operator L-§in the basis of s, p and
d directed orbitals. . . . . . ..o

A cut-out of the infinite hopping matrix T" of the linear chain of
artificial atoms. . . . . . ..o

19

25

25

27

il



List of Tables

v

4.1

4.2

Tight-binding parameters obtained by fitting the band structure
to the FP calculations. The signs of the parameters are chosen
to be consistent with the SWMcC parameterization presented
in Ref.[2]. The translation table of the parameters in the TB
and SWMcC models is obtained from band-structure fitting of
graphite. The presented values of the TB parameters are of the
same order as in the literature [3, 4, 5, 6] and are consistent with
values of Ref. [7] obtained from bilayer band-structure calculation
using WIEN2k code. . . . . . .. .. ..o
TB parameters obtained by fitting the band structure to the FP
calculations. The signs of the parameters are chosen to be con-
sistent with the SWMcC parameterization presented in Ref. [2].
The presented values of the TB parameters are of the same or-
der as in the literature.|3, 4, 5, 6] and are consistent with values
of Ref. [7] obtained from bilayer band-structure calculation using
WIEN2k code. . . . . . .. .

o4



List of Figures

2.1
2.2

2.3

2.4

2.5

2.6

3.1

3.2

3.3

Real and reciprocal lattice of graphene. . . . . . . . . . ... ..

The cone-like band-structure of graphene at the K and K’ points,
corners of the shown 1st BZ. . . . . . ... ... .. ... ...

Sketch of SK hopping parameters V., Vpir and Vygs that repre-
sent different kinds of bonding o, 7 and 4, respectively, shown by
the tunnels between the two orbital states. . . . . . .. ... ..

The shapes of the rotating and directed orbitals obtained by plot-
ting the absolute values of spherical and cubic harmonics |Y; 4],
and |C,| and |Cy|, respectively. . . .. ... ...

Calculated band structure of graphene obtained from FP calcula-
tions (symbols) and TB model (solid lines) using the parameters
presented in Table 2.6. The size of the symbols reflects the con-
tribution of the function with certain angular momentum to the
corresponding eigenstates (a) s and p (b) d, where the symbols
in (b) are increased by hand. . . . ... ... L
SK hopping Vi m (left) (in eV) and overlap Sgp | (right) param-
eters as functions of the artificial lattice constant ratio. . . . . .

Sketch of a linear chain of artificial atoms with two possible states:
p. and d,, orbitals. The parameter V). describes hopping be-
tween the neighboring p orbitals and V4, between the p and d.,
orbitals, where the m bondings are represented by tunnels.

Band structure of the linear chain with K = a~! and the di-
mensionless arbitrary values of the parameters ¢, = 0, €4 = 10,
t, = —4, t; = —2. The red curve shows the two band structure
with ¢ = —3, the green line the result of the one band approxi-
mation. The blue line shows decoupled bands, where ¢’ = 0.

Honey comb structure of graphene showing the first and second

nearest-neighbor vectors defined by R, and @,y = R, — R,
respectively. . . . . ..o

11

12

20

21

33

35

37



List of Figures

vi

3.4

3.5

3.6

3.7

3.8

3.9

4.1

Two of the possible nnn hopping paths through the d orbitals,
(black) arrows. The spin is shown by (yellow) arrows on the
orbitals. The opposite sign for clockwise (a) and anticlockwise
(b) hopping is given by the opposite sign in the SOC of the d
orbitals. . . . . ..

Two of the possible nnn hopping paths through the s, p orbitals,
(black) arrows, with a corresponding spin, shown by (yellow) ar-
rows on the orbitals. The opposite sign for the clockwise (a) and
the anticlockwise (b) effective hopping is determined by the signs
of the two SOCs of the p orbitals. . . . . ... ... ... ...

A representative leading hopping path, (black) arrows, which
is responsible for the Bychkov-Rashba SOC effect, by coupling
states of different spins, illustrated by (yellow) arrows on the or-
bitals. The effective hopping is between nearest neighbors. (a)
The dominant p orbital contribution. (b) The negligible d or-
bital contribution. For clarity the orbitals of the same atoms are
separated vertically, according to their contribution either to the
o-bands (bottom) or to the w bands (top). . . . . .. ... ...

Results of the FP (circles), analytical (solid lines) and numerical
(squares) TB calculations of the SOC intrinsic gap in graphene
as a function of the artificial lattice constant ratio. Those depen-
dences originate from the hopping parameters. The inset shows
the dominance of the p orbitals for larger values of the lattice
constant ratio. . . . . .. ..o

Calculated Bychkov-Rashba constant as a function of the arti-
ficial lattice constant ratio: FP calculations (circles), numerical
diagonalization of the p orbital part of TB Hamiltonian includ-
ing overlap (squares) and the analytical calculations (solid line).
Those dependences on the lattice constant arise from the hopping
parameter Vip,. . . ... oo

The split-off cones due to BRSOC. The spin alignment is shown
by in-plane arrows for a fixed energy value. . . . . . .. .. ..

Sketch of the trilayer graphene in (a) ABA stacking and (b) ABC
stacking. The bilayer graphene structure is obtained by remov-
ing the top layer. The filled circles represent the carbon atoms
of the sublattice A (green) and B (red). The hopping parame-
ters (Yo, 71, 72, V3, V4, V5 and ) are denoted by the short-dashed,
dashed, long-dashed, dashed-dotted, dotted, long-dashed-dotted
and finally by the small-dotted lines, respectively. . . . . . . ..

42



List of Figures

4.2

4.3

4.4

4.5

The calculated band structure of the m bands along the I'KM
lines, where K = |[I'K| = 47 /(3a) with ¢ = 0.246nm. First-
principles results are shown by circles while TB calculations as
solid lines. (a) Low and high-energy bands. (b) Fine structure
of the low-energy bands. (c¢) Detail view at the low-energy bands

shows anti-crossings at the K point and at & = —0.063nm ™.

Bilayer graphene essentials in external electric field obtained from
FP calculations (circles) and TB model (solid line). (a) Elec-
trostatic potential V' as a function of the applied electric field.
The slope is described by the effective inter-layer distance of
deg = 0.1 nm, which is defined by V' = eFEd.s; and (b) corre-
sponding dependence of the hopping parameter ;. (c) Energy
gap in biased bilayer graphene in comparison to V' (dashed-dotted
line) as a function of the electric field. (d) Decrease of the pa-
rameter A due to the electric field. We note that E is the actual
external electric field and not the screened one as presented in

The calculated band structure of the  bands of the bilayer graphene
with the applied electric field of 25 mV /nm along the I'KM line
with the K point and Fermi energy at origin, where K = [I'K| =
47 /(3a) with a = 0.246 nm. Circles show the results of FP and
lines are the TB calculations. (a) Low and high-energy bands.
(b) The fine structure of the low-energy bands with the corre-
sponding indirect band gap of 0.7 meV between k = —0.068 nm ™!
and the K point. (c) Detail view at the low-energy conduction
band shows its splitting due to SOC with the maximum value of
2\ = 24 peV at the K point and at k = —0.063 nm~t. . . . ..

The calculated band structure of the m bands with the applied
electric field of 1 V/nm. Circles show the results of FP and lines
are the TB calculations. (a) All bands: envolving band gap.
(b) Detail view at the low-energy bands shows the mostly direct
bandgap of 94.5meV between the valence k¥ = —0.2 nm~! and
the conduction k = —0.15 nm™! bands. (c¢) More detail view at
the low-energy-conduction band shows its splitting due to SOC
with the maximum value of 2A\; = 24 ueV at the K point and
in its vicinity, for the k points, whose values are the interval
[—0.17,0.1) nm™'. .

59

61

vii



List of Figures

viii

4.6

4.7

4.8

4.9

4.10

4.11

The calculated band structure of the = bands with the applied
electric field 10 V/nm. (a) Hyperbolic high-energy bands and
Maxican-hat structure of the low-energy bands. (b) The fine
structure of the low-energy bands in the bandgap region with
mostly direct bandgap of 265 meV the valence k = —0.910 nm ™!
and the conduction & = —0.904 nm~! bands. (c¢) Detail view at
the low-energy conduction band shows its splitting due to SOC
with the value of 2\; = 24 ueV at the K point. . . . . . .. ..
Energy spectrum diagram at the K point of bilayer AB stacked
graphene without (left) and with (right) inter-layer hopping ;.
The states on different layers are separated in energy by the elec-
trostatic potential V. The states at the sites A, and By are split
due to SOC whereas the remaining states are shifted in energy
due to inter-layer hopping 7, and spin split by 2A\V/v, with
A <V < 7. For large V' > v there is charge transfer form A,
to By and thus the splitting saturates to 2A;. The energies are
e? with ¢ = {1,2,3,4} and s = {1,]} from top to bottom, see
Eq.(4.6). . . .
(a) Spin-splitting of the high-energy bands at the K point as
a functions of electrostatic potential V: (solid line) TB result
with 2\; = 24 peV, (dashed line) TB result with 2A\; = 20 peV
and (circles) FP results. (b) The absolute difference of TB with
2A1 = 24 peV and the FP results at £ =1V /nm as a function of
relative inter-layer distance ¢/co. . . . . . ...
The spin-splittings of the low-energy-conduction band for the
electric field of £ = 25mV/nm (red), £ = 1V/nm (green),
E = 6V/nm (violet). The solid lines shows the FP and dashed
lines the TB results. . . . . . ... ... ... ... ... ...,
The spin alignment in the low-energy-conduction band as func-
tion of k for different directions. The k, axes corresponds to 'KM
line. The circles corresponds to (1) k/K = 0.01, with the corre-
sponding energy € = 56 meV and angle between the spin pointing
vector and the k, axes § = 5.5° (2) k/K = 0.0225, ¢ = 119meV,
0 =455° (3) k/K =0.05, e =355meV, § =80.5°. . . ... ..
Solid lines shows the low-energy valence-band the spin splitting
on the left side and the conduction-band on the right side of the
bilayer graphene at £ = 1V/nm (violet) with increasing inter-
layer distance ¢ with ¢y = 0.335 nm in relation to graphene (red).
The thin solid lines shows the splitting if only p orbitals are in-
cluded. The dashed lines shows the results of the TB model,
where the thin dashed line shows the spin-splitting given only by
the BRSOC. . . . . . . . . .

62

64

65

66

67



List of Figures

4.12 The calculated band structure of © bands in ABA trilayer graphene

4.13

4.14

4.15

along ['KM lines. Circles show the results of the FP and lines the
TB calculations. All six bands are shown in (a), where the two
parabolic high-energy bands are repelled by 7, hopping at K. Two
of the four low-energy bands have graphene-like linear dispersion,
while the dispersion of the two remaining bands is parabolic simi-
lar to bilayer. The fine structure of the low-energy band is shown
in (b) and discovers the bands gaps in the single structures. The
detail view in (c) shows the spin splitting of 24 eV in the lowest
conduction band. . . . . .. ..o

Energy spectrum diagram with the corresponding eigenstates at
the K point of trilayer ABC stacked and ABA stacked graphenes.
Solid lines are the energy levels. For the SOC-induced splittings
we use A\ < V, V,,, < 7, with [ = {1,6} and 75 ll7; holds.

The calculated band structure of 7 bands in ABC trilayer graphene.

There are four repelled high-energy band shown in (a). The
parabolic conduction (valence) bands cross at the K point. The
low-energy bands are split at the K point by 2+ but cross ac-
cidentally at the KM line for k¥ = 0.1334nm™! as shown in (b).
The detail view in (¢) shows the band gap at the crossing point
with the value of 26 peV. . . . . . . . ...

The calculated band structure of the 7 bands in ABC trilayer
graphene with applied electric field of 0.1 V/nm. (a) shows all
six bands. The low-energy bands are split at the K point by
21/V?2 +~¢, where the band gap of 13 meV at the KM line is
shown in (b). The high-energy band splitting of 7.4 meV due to
electric field is shown in (¢). . . . . ... ... L.

74

X



List of Figures

4.16

4.17

4.18

4.19

ABC trilayer graphene essentials in an external electric field ob-
tained from FP calculations (symbols) and the TB model (solid
lines). (a) Electric field induced splittings at the K point as
functions of the electric field: (blue circles) and (green squares)
shows the splittings of the high-energy conduction and valence
band, respectively and (red diamonds) shows the splitting of the
low-energy band. The inset of (a) shows the low-energy band
splitting approaching the value of the hopping parameter 4 for
zero electric field, where the high-energy band splittings drop to
zero. (b) The relative dependence of the hopping parameter v,
in percent with respect the value in the case of zero electric field.
(c) Band gap in biased trilayer graphene (red circles) in com-
parison to band gap of the bilayer graphene (blue squares) as a
function of the applied electric field. (d), (e) and (f) The shape
of parameters A, Vj;, and ¢ as functions of the electric field,
respectively. . . . . ..o

(a) Spin-orbit coupling induced splitting of the bands in ABC
trilayer graphene as a function of electrostatic potential applied
between the outermost layers. Solid line shows the TB result,
symbols are the FP calculations, where circles shows the conduc-
tion bands and squares the valence bands, where (red) low-energy
bands, and (blue) and (green) the high lower and higher high-
energy bands, respectively. (b) Spin-orbit coupling induced split-
ting of the low-energy conduction band along I'KM lines. Circles
shows the results of the FP and lines the TB calculations. Color-
coded are different values of the electric field: (orange) E=0.1
V/nm, (light green) E=1 V/nm, and (pink) E=5 V/nm with
Ar = 0.25 peV, Agr = 2.5 ueV, and Agg = 18 ueV, respectively.

The 3-dimensional 1st BZ of graphite involving additional high-
symmetry points H and H' and corresponding high-symmetry
lines. . . . . . .

The calculated band structure of the 7 bands in graphite along
the I'KM lines, where K = [IT'K| = 47/(3a) with a = 0.246 nm.
First-principles results are indicated by circles and TB results by
solid lines. (a) Low and high-energy bands. (b) Fine structure of
the low-energy bands discover the crossing of the parabolic bands
similar to the case of bilayer graphene. (c) Detailed view of the
low-energy bands showing anti-crossings at the K point with a
value of A\jp =24 pueV. . . . ..o

78

79

81



List of Figures

4.20 (a) Electronic structure of graphite along the KH high-symmetry
line with a length of kg = 7/(2¢). (b) The transmutation of
the low-energy band from a the conduction to a valence bands.
The Fermi energy (¢ = 0) crosses the band halfway along the
KH line. (c¢) The band structure in the vicinity of the H point
shows the linear dispersion of the high-energy in the vicinity of
the H point, where the conduction and valence high-energy bands
(anti-)cross at H and e = A — 275. (d) The spin-splitting of the
low-energy band is constant along the KH line and corresponds
to 201 =24.9pueV. .. 83

x1






1 Introduction

Graphene is a two-dimensional allotrope of carbon [8] that has attracted enor-
mous interest due to both its truly two-dimensional nature as well as its unique
electronic properties originating in a linear energy dispersion at the Fermi level.
The spectrum at the K points is akin to the Dirac cones of massless relativistic
particles, causing excitement about the opportunities to test relativistic quan-
tum mechanics in a solid state material. This ideal picture changes qualitatively
when spin-orbit coupling is taken into account. Namely, the coupling introduces
a gap in the spectrum, giving a mass to the particles, and the spectrum is no
longer linear. The emergence of the gap moves graphene from the family of
semimetals to the one of quantum Spin Hall insulators [9]. It is ironic that the
relativistic (spin-orbit) effects destroy the relativistic nature of the graphene
spectrum.

While spin-orbit coupling in graphene is relatively small compared to the
usual semiconductors, it is nevertheless important for the understanding of many
physical phenomena. These include spin relaxation of electrons, the electronic
g-factor, the magnetocrystalline and otherwise magnetic transport anisotropies,
spin transport, or the quantum Spin Hall effects in graphene ribbons.

The absence of hyperfine coupling and small intra-atomic spin-orbit coupling
in carbon atoms should provide long spin relaxation times in graphene and also
in graphene related structures: stacks of several graphene layers. This makes
single layer graphene and the so called few layer graphenes promising candi-
dates for spin-based devices, where the coupling of spin and orbital degrees of
freedom plays a major role in investigations of the building blocks of spintronics
such as spin injection [10, 11], spin transport [12, 13, 14, 15, 16, 17|, and spin
relaxation |18, 19, 20]. However, the first spin injection measurements based
on a nonlocal spin valve geometry [18] revealed surprisingly short spin relax-
ation times of about 100 - 200 ps, being only weakly dependent on the charge
density and temperature. This contradiction raises questions about the role of
the intra-atomic spin-orbit interaction in the electronic properties of single and
few layer graphenes. In this context one faces the questions: How does spin-
orbit interaction change the band structures of single and few layer graphenes,
and how big are these effects? A further question is how the raising spin-orbit
coupling effects change under the influence of an applied electric field, which
exists in the experimental environment: In experimental realizations graphene
is gated and/or is placed on a substrate which usually includes charged impuri-
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Introduction

ties. Free-standing ideal graphene has a center of inversion symmetry, making
its states doubly (spin) degenerate at a given momentum, even in the presence of
spin-orbit coupling. Graphene on a substrate, or under a gate bias voltage, loses
this property and the bands are further split. This splitting is akin to the one
encountered in semiconductor physics under the name of Bychkov-Rashba split-
ting or structure inversion asymmetry induced splitting |21, 22|. Only Kramers
degeneracy is left, meaning that the energies of the states of opposite spins and
momenta are equal. In this work we define the Therefore spin-orbit coupling
effect which is due to the intra-atomic spin-orbit interaction and the extrinsic
spin-orbit coupling effect, Bychov-Rashba spin-orbit coupling, which arises due
to an external electric field normal to the graphene layer.

The question about the size of the spin-orbit induced Therefore band gap
in single layer graphene at the K points has been given conflicting answers.
The earliest estimates of 200 eV [9] were replaced by tight-binding studies and
supporting first-principles results [23, 24|, predicting the gap as small as 1 peV.
These tight-binding studies considered s and p orbitals only. An all-electron
first-principles calculations gave a much higher value of 50 peV [25], posing an
interesting puzzle of what is the actual physics behind the gap. It has recently
been proved, again from first-principles calculations, that the gap originates
from the spin-orbit coupling of (nominally unoccupied) d and higher orbitals
[26]. The predicted gap in that calculation is 24 peV. A reasonable estimate,
considering the idiosyncrasies of the ab initio codes, is a value of the gap in the
range between 25 and 50 peV.

The fact that one has to consider d and higher orbitals to get a sizable spin-
orbit gap in graphene turns out to have already been known to Slonczewski
[27, 28], who devised a group theoretical argument showing in effect that the
spin-orbit coupling of the p orbitals contributes in the second order, while that
of the d orbitals in the first order. Illustrative symmetry arguments can be found
in Ref. [29]. The main point is that without spin-orbit coupling the p, orbitals,
which form the relevant states at K and the Fermi energy, do not hybridize
with p, and p,. Their hybridization is solely via the spin-orbit interaction.
On the other hand, p, orbitals together with d,. and d,. orbitals and other
anti-symmetric orbitals of higher angular momentum® form the 7 band. This
statement has also been proven by first-principles work [26]. Since the d,. and
d,. orbitals are affected by spin-orbit coupling, forming the spin-split “rotating”
orbitals d,,+1d,., the gap of the 7 bands is linearly proportional to the strength
of this intra-atomic d-orbital splitting.

The origin of the extrinsic splitting of the graphene bands in the picture of
atomic orbitals is the Stark effect, allowing for hybridization of p, and s orbitals,

'The f and higher orbitals are not considered in this Thesis due to their negligible contri-
butions.
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Introduction

combined with the intra atomic splitting of the p orbital due to spin-orbit cou-
pling. The corresponding tight-binding theory has already been developed by H.
Min et al. [23]|. The d orbitals give negligible contribution (of the order of 1%),
as calculated by first-principles method [26] or from our tight-binding theory
presented in this Thesis. The extrinsic gap is about 10 peV for an electric field
of 1 V/nm. This energy scales linearly with the field. A significant enhance-
ment of the extrinsic spin splitting has been reported for graphene placed on a
substrate [30, 31, 32, 33]. Giant values of the splitting (anything more than 1
meV should be considered as giant here) are likely to be due to charge trans-
fer between substrate and graphene. If an impurity or an ad-atom is placed
on graphene, the sp? hybridization may distort graphene locally and induce
splittings comparable to the values found in zinc-blende semiconductors [34].

In this Thesis we explain the relatively large splitting in intrinsic graphene
by using tight-binding method. We include the relevant s, p, and d orbitals
and obtain the orbital couplings necessary to account for the splitting by fitting
the tight-binding model to first-principles calculations. Our formula for the in-
trinsic splitting shows that while the contribution from the spin-orbit coupling
of the p orbitals increases with increasing lattice constant (decreasing hopping
energy), the contribution from the d orbitals decreases. This predicted trend
is well confirmed by first-principles calculations. By increasing artificially the
lattice constant increases the splitting decreases first, demonstrating the domi-
nance of the d orbitals. After reaching a minimum the splitting increases, being
dominated by the spin-orbit coupling of the p orbitals. We also present explicit
formulas for the extrinsic splitting, showing here that the contributions from
the d orbitals are negligible.

For many purposes, such as investigating spin-polarized transport, magneto-
electric effects, or disorder effects, it is useful to have a simple single-orbital
hopping scheme. The functional form of such a hopping Hamiltonian is given
by the system symmetries for the specific band region [9]. We derive such an
effective model here by folding down our multi-orbital tight-binding scheme to
the 7 level, revealing the most relevant hopping paths (which comprise vir-
tual hoppings to other orbitals) and justifying the hopping Hamiltonian from
the conventional tight-binding perspective. The resulting spin-dependent next-
nearest-neighbor hopping model reproduces well the spin-resolved spectrum of
graphene.

We have found that the physical mechanism for intrinsic spin-orbit coupling
in bilayer graphene and other few-layer graphenes is alike in single graphene
sheet and in addition manifesting in the band splitting of the same order. Con-
sequently, our findings do not support the descriptions of the spin-orbit coupling
effects based on the effective spin-dependent inter-layer hopping through s and
p orbitals [35, 36, 37|.

The symmetry of the few-layer graphenes structures is reflected in the inter-
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Introduction

layer hopping, which consequently influences the shape of the m bands around
the K points. The neighboring inter-layer hopping repels corresponding 7 bands
away the Fermi-energy leading to so-called high-energy bands. The low-energy
bands at the Fermi energy involve intrinsic spin-orbit coupling splitting as in
graphene that are of the same order of 24 ueV. The splitting is significantly
suppressed if the d orbitals are excluded from the calculations. This coincidence
with the spin-orbit coupling induced band gap in the single-layer graphene im-
plies that the spin-orbit coupling effects in few-layer graphenes and graphite
have the same physical origin.

The extrinsic spin-orbit effects lead to a spin-splitting of the 7 bands in the
vicinity of the K points due to transitions between spin-up and spin-down states.
These additional effects appear due to the breaking of spacial inversion symme-
try, for instance when applying an external electric field transverse to the layers.
As an intra-layer effect, the Bychkov-Rashba spin-orbit coupling is also present
in bilayer and trilayer graphene. Due to its & dependence, it has a minor in-
fluence on the electronic structure in the very vicinity of the K point, since it
becomes insubstantial in comparison to the effect due to inter-layer hopping and
the electrostatic potential arising between the layers. At larger distances from
the K points and large electric fields (> 5 V/nm) Bychkov-Rashba spin-orbit
coupling dominates spin-splitting of the bands. Besides the intra-layer extrinsic
spin-orbit coupling effects there are inter-layer effects which have to be consid-
ered to reproduce the exact shape of spin splitting of the bands as a function of
the wave vector. Thereby we point out, that the dominant part of the splitting
arises from the discussed intra-layer effects. Such inter-layer spin-orbit coupling
effects are of paramount importance for splittings of high-energy bands, which
energies lie beyond the interest of experiments and spintronic applications.

The goal of the Thesis is to present and analyze tight-binding models for
single, bilayer, trilayer ABA and ABC graphene, and graphite, that explain
quantitatively the results of first principles calculations, obtained independently
by Dr. Martin Gmitra. Our tight-binding models take s, p and usually ignored
d orbitals into account. The tight-binding parameters are obtained by fitting the
relevant band structure to the model. The electronic properties are obtained
by means of the linearized augmented plane wave technique with generalized
gradient approximation [38].

This Thesis is organized as follows: In the first chapter we introduce the
multi-orbital tight-binding Hamiltonian and include the effects of the spin-orbit
interaction by tight-binding concepts. In the second chapter we derive the ef-
fective Hamiltonian, which describes the spin-orbit coupling effects of the Dirac
cones. In the third and last chapters we apply the derived single-layer spin-orbit
coupling effective Hamiltonian to multi-layer structures: bilayer, ABA and ABC
trilayer graphenes, and graphite, and show that the single-layer spin-orbit cou-
pling effects determine the spin-orbit coupling effect in few layer graphenes and
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2 Tight binding description of
graphene

Since the experimental realization of graphene, a single stable two-dimensional
monolayer of carbon atoms arranged in a honeycomb lattice, considerable re-
search has been done to enlighten its peculiar electronic transport properties
originating from the Dirac-like band structure in the vicinity the K and K’
points the corners of the first Brillouin zone (BZ) in the momentum space.
The cone-like energy dispersion of the electron and the hole bands touching
each other at the K points is well reproduced by the tight binding approxima-
tion. The point-like Fermi surface makes idealistic non-gated and non-doped
graphene gapless semiconductor. Carbon atoms have the four valence electrons.
The graphene crystal is hold together by the covalent chemical bonding of the
valence electrons, that localizes the electrons to the atomic positions. Due to
the localization the electrons are considered as tight-bonded to the atoms. In
this chapter we will present the tight-binding (TB) description of the graphene
band structure including spin-orbit coupling effects. The TB model describes
the band structures by only a few parameters, whose values must be chosen to
reproduce the experimental results or outcome of the first-principles (FP) cal-
culations. In contrast to FP, the TB model bears simple effective Hamiltonians,
which are used to calculate the relevant of physical properties of the graphene
system.

2.1 Introduction to the tight binding
approximation

The goal of this section is introduce the basic concepts of the tight-binding
approximation (TBA) and the terminology and definitions used in this work.

The electrons that localize to the atomic positions have a vanishing proba-
bility to be found at the positions of other atoms. Therefore it is reasonable to
construct the Bloch wave function of the crystal by a linear combination of the
local Wannier functions ®(7 — R),

() = \/LN > (- ). (2.1)
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The Wannier functions are centered at the lattice vector E. N is the number of
unit cells in the crystal. To develop a useful model several approximation must
be made. The first approximation is the so-called two-center approximation, in
which the Hamiltonian is approximated by the atomic Hamiltonian centered on
the atomic positions in the unit cell R. The Wannier functions are approximated
by the elgenfunctlons of the atomic Hamiltonian, the atomic orbitals ¢, (7" —
f — R), where {; is the position vector of the atom [ inside the primitive unit
cell at R and s is the spin state of the uth orbital. The resulting on-site orbital-
and spin-resolved (Bloch) wave functions

—

— 1 ik 5 —
\Ilié’zus(r) = \/—N Z el Gus(F—1t — R) (2.2)
R

have to obey the Bloch theorem due to the translation symmetry of the the
periodic structure of the crystal. The Bloch theorem can be verified by shifting
the wave function by the translation vector R/,

(T—i—R, Z kR 1kR R ¢]( ( R’/))
_ kR Z ikR" (7 R//) — olFR (7) (2:3)
\/— j k.j
R//

where B’ = R' — R is another translation vector and the common index j = lus
simplifies the notation. The corresponding atomic orbitals ¢;(7) = ¢,.(7 — 1)
can be further distinguished by the angular momentum ¢ and the magnetic
quantum number m or by the angular momentum and the spatial symmetry
with respect to a chosen set of Cartesian axes. In the following sections both
notations will be discussed. The derivation of the Hamilton matrix and the
corresponding secular equation is based on the variational principle starting
with the Schrodinger equation,

HU () = ep (). (2.4)

The crystal wave function W;(7) can be expanded in the basis of the on-site
(Bloch) wave functions,

() = Z i Vi, (1), (2.5)

The coefficients Cpj can be determined by acting with the complex conjugated
on-site wave functlon from the left, where due to the orthogonality relation of
the Bloch functions there is the same wave-vector k:

S e | [arvg e, ) - o [avwy o] <0 2o

Z‘?j
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With the definition of the on-site wave functions Eq. (2.2) the two-center Hamil-
ton and the overlap matrix elements are defined by the transfer integrals

B = S0 [ar (- A~ Ryoyr— R, (2)

and

L1 o T
5,40 =5 30 [ a7 )7 - ), (28)

RR

respectively. The evaluation of the integrals in Eqs. (2.7) and (2.8) requires the
knowledge of the atomic functions ¢;(7 — R) := ¢,..(7 — i — R). It is more
convenient to handle the integration results as parameters, which have to be
fitted to reproduce the certain properties of the solid or the band structure
obtained by different approaches (FP calculations). These matrix elements in
Egs. (2.7) and (2.8) where R = R’ are called on-site, otherwise for B # R’ the
transfer integrals result in hopping and overlap parameters, respectively. The
orthogonality relations and the symmetries of the atomic orbitals reduces the
number of non-zero matrix elements. In general, the atomic orbitals centered at
the different sites are not orthogonal and the corresponding overlap parameters
have small but finite values. Such non-orthogonal basis is usually needed to
reproduce the electronic spectrum over a wide range of wave-vector space.

In the case of non-zero overlap parameters the energy spectrum for a fixed
wave vector k is given by

- Zzy H,](E)C ck]
22] SJ(E>C

Ep = (2.9)

The secular equation results from minimizing the energy e, where the coeffi-
cients . = are chosen such that

5

65,;;_ ZH

o
Ocks iy Silk

E)C Zz H,J( ) k -
% *’” N 5> Sij(k)eg,; =0. (2.10)
i€ (Z” Si,j(k‘)ci’icﬁ,j) J

We multiply both sides by >, .5; ;(k )CE Ch o

2 Hig(R)e e Z Sii(k)ep, =0, (2.11)

. f)e
H; ;(k)c =
8& Z it b Z Si J(k)ck] j
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substitute the expression for the energy spectrum of Eq.(2.9) into the second
term, and obtain directly the secular equation,

3 [Hi,j(k;) — xSy (R)] ¢, = 0. (2.12)
J

The energy spectrum is given by the solution of the linear secular equations and
differs from the eigenvalues of the Hamilton matrix due to non-zero overlap.
Hence, usually it is more convenient to use an orthogonal basis, in which the
overlap matrix elements are assumed to be zero except for the on-site matrix
elements. The next approximation is to take only a finite and but as small as
necessary number of orbitals into account. The number of solutions of the secu-
lar equation in Eq. (2.12) and within the number of described bands corresponds
to the dimension of the Hamilton matrix,

dim=2x0x A (2.13)

Here O is the number of the included orbitals, A is the number of atoms in the
primitive unit cell, and the factor 2 is due to spin. In the final nearest-neighbor
approximation (NNA) only the nearest neighbors of a chosen atom are taken into
account in the Hamilton and the overlap matrix elements Eqs. (2.7) and (2.8).
The NNA requires that the localized atomic orbitals decay exponentially at
distances exceeding the inter-atomic distance. In the following sections we will
apply the presented model and approximations to graphene and discuss first
a simple two-band model by considering only the p, orbitals. Later we will
introduce a multi-orbital model considering all s, p, and d orbitals. In order to
describe the band structure along all high-symmetry lines the non-orthogonal
basis is needed. Fortunately, the restriction of the wave vectors k to the vicinity
of the high-symmetry K points allows to neglect the overlap parameters.

2.2 Lattice structure of graphene

Graphene is the only of known quasi two-dimensional crystal with the atomic
thickness. The carbon atoms are ordered in a honeycomb structure (see Fig.
2.1), which corresponds to a triangular lattice with two atom in the unit cell.
One identifies two triangular sublattices denoted by A and B. Every sublattice
is spanned by the lattice vectors

51:%(&5) @:%(\_/%). (2.14)

where @ = 0.246 nm is the lattice constant. The Cartesian coordinate system is
chosen in the way that the y-axes is parallel to the connection line of two neigh-
boring atoms. The inter-atomic distance is smaller then the lattice constant
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and corresponds to ag = a/v/3. Due to the triangular symmetry each atom has
three nearest neighbors and their positions with respect to the chosen atom are

-5 (1) Bein() () e

All the nearest neighbors are at the opposite sublattice of the chose atom. There
are six atoms, which can be reached by the lattice vector with the norm a

—

R — {617 627 62 - C_il? _617 _627 61:1 - 62}7 (216)

which are consequently the second nearest neighbors of the chosen atom.
The reciprocal lattice of graphene is also a two-dimensional triangular lattice
with the reciprocal lattice vectors defined by
- 2T - 27

bl = 6(6_1:2 X 63), bg = 5(63 X 61), (217)

where d3 = (0,0, ¢) is the additional needed lattice vector, which originates from
graphite structure and, consequently, 2 = |d;(dy X d3)| = ?a% is the volume
of the primitive unit cell of graphite. Hence, the two two-dimensional reciprocal
lattice vectors of graphene results in

Elz%ﬁ%(\f), 52:2%%<\_/?). (2.18)

The reciprocal lattice vectors define the hexagonal 1st BZ of graphene, which
is shown in Fig. 2.1 in relation to the real lattice. The two opposite corners of
the 1st BZ are defined by the wave vectors

- 1 - - A7 1
K= —(by +by) = —
3(”L2> 3a<0)’

— 1 - - 4 [ —1
B/:——b b = —
301 +b2) 3a( 0 )

which are physically inequivalent points, since they cannot be connected by the
reciprocal lattice vectors Eq. (2.18). The degeneracy of the high-symmetry K
and K’ points is given by the time inversion symmetry and is often called the
valley degeneracy in the literature. The coordinates of the remaining equivalent
high-symmetry K(K’) points can be obtain by a rotation of the corresponding
wave vectors in Eq. (2.19) by the angle of +27/3 or by adding the reciprocal
lattice vectors of Eq.(2.18). The importance of the K and K’ points in the
electronic structure of single and few-layer graphene is due to the energy of the
corresponding states that are close to the Fermi energy level. In graphene the so
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Figure 2.1: Real and reciprocal lattice of graphene.

called m bands form the Dirac cones. The degeneracy points of the conduction
and valence bands, the Dirac points, sit at the corners of the 1st BZ (the K
and K’ points). In the following section we use the TB model to describe the 7
bands of graphene and derive a two-band Hamiltonian, which models the Dirac
cones.

2.3 Two-band Tight-binding model

In the discussion of the graphene structure we pointed out that there are two
atoms in the primitive unit cell, which form two triangular sublattices A and B.
Hence the Bloch wave function can be constructed by two sublattice resolved
Bloch wave functions!

e = Y (ag, W (7) + b WE (7). (2.19)
w

where the coefficients a; and by can be interpreted as the amplitudes of the
sublattice pseudospin. The pseudospin 'up’ state corresponds to the electron
density localized at sublattice A and the ’down’ state at sublattice B. As we
will show below the concept of the pseudospin occurs from the special form
of the resulting Hamiltonian, which has the same form as the famous Dirac
Hamiltonian for relativistic particles.

For the description of the electronic structure of graphene we use the NNA.
One of the special properties of graphene lattice is that all the three nearest
neighbors of a chosen atom belong to the opposite sublattice. Thus the Hamilton

!The spin is omitted and the notation of the on-site Bloch function in Eq. (2.2) is changed

_ A _ B
by Wg,, = ¥4 and ¥y, =VE .
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matrix elements in Eq.(2.7), which are diagonal in the pseudospin, have only
on-site TB parameters,

. | R L L
Hyb (k) = HEi(k) = = > e / dr gy, (7 — B ) Hon, (7 — R)
R.R
= e [ a0 0, - ) (2.20)
By

~ /dT_"QS;(’F)HQbM(F) = 5651/,;”

which correspond to the energies ¢, of the atomic orbitals, where ¢ = {s,p,d, ..}
is the angular momentum of the orbitals . The hopping parameters and the
wave-vector dependence of the Hamiltonian are given in the off-diagonal ele-
ments of the pseudo-spin basis. The Hamilton matrix elements of Eq. (2.7) are
given by

, T FR_f e 1o A I
HAPR) = (HEME)) = < 3 e / di g, (7 — B)Hon, (7 — R)

AR
=) et /dfqb;(f)Hgbu(F— R'— Ry) (2.21)
R

3
~ Y [ a7 ()6, (7 ),
m=1

where the index m denotes the nearest neighbors atoms of Eq.(2.15). The
integration variable was shifted by 7 — 7+ R and R" = R — R'. The positions
vectors of the neighboring atoms K, = B’ + R, are consistent with Eq. (2.15)
using in the summation the lattice vectors R” = {0, —d, —d,} only. 2

In the same fashion the overlap matrix elements in the NNA read

SR = SERE) ~ [ o (7)6,(7) = by 222
3
SABE) = (SEAE)) e e 3 / 075 (7)o (7 — F). (2.23)
m=1

The electronic properties in graphene are given by the m bondings created
by the transverse the p, orbitals of the sp? hybridized carbon atoms. Hence

2The phase factor e *f1 in front of the nearest neighbor summations of Eqgs. (2.21) and (2.22)
is due to the fact that we use the same lattice vectors to expand both sublattice resolved
wave-functions defined in Eq. (2.19). In the usual TB models of graphene [1] one defines
the sublattice dependent lattice vectors Ra = R and Rg = R + R; such that the phase
factor vanishes. In this work we get rid of it by redefining the coefficient bﬁu in Eq. (2.19).
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to describe the transport properties of graphene it is enough to include only p,
orbitals in the TB model. Due to the cylindrical symmetry of the p. orbitals
the hopping and overlap parameters in Eqs. (2.21) and (2.22) are equivalent for
all neighboring atom. In this chapter we call the resulting hopping parameter
t and the overlap parameter by s, and Egs. (2.21) and (2.22) take the simple
form

P e
Zi;%pz(_’) ;;zfz(_’)* 52’ . (2‘24)
HPZva (k) = sz@z (k) - tf(k) )
SAA (k)= SBB (k) =1,
S (2.25)
SPZJ’Z (k) = sz@z (k) = Sf(k) )

with the wave-vector dependent phase function
fRy = fim, (2.26)

The resulting two-band secular equation,

LB (e B (e
<sf<z%>* 1 ) <tf<l%>* N ) |- ()= e

leads to the energy dispersion of the 7 bands
Epp= Lo (2.28)

where the (+) denotes the valence and the (—) the conduction band, because
t < 0 and s > 0 for the p, orbitals if the hopping direction is normal to the
p. orbital. The valence and conduction bands touch each other at the K(K’)
points (see Fig. 2.2), such that €, z = ¢, = ep = 0 and the eigenvectors

( b )= (1) )= rmmsm ) @

are degenerate at the Fermi energy cx since f (I? y=f (I? ') =0, and are usually
seem to be localized either at the sublattice A (+) or B (=). For k # K the
conduction- and valence-band wave function are equally distributed on the both
sublattices.

The energy range of interest for the experiments is roughly up to 100 meV
with respect to the Dirac-point energy (g, = 0). For reasonable values of the
parameters, ¢t ~ 3¢V and s ~ 0.13 [1] the energy dispersion in Eq.(2.28) be-
comes trapped in the vicinity to the K points. In this region the phase function
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Figure 2.2: The cone-like band-structure of graphene at the K and K’ points,
corners of the shown 1st BZ.

f(k) can be expand up to the first order in |7 where k = K + & with |7| < |K]|.
The overlap parameter s gives only small correction to the group velocity, hence
it can be set to zero. The resulting secular equation is then given by the famous
Dirac Hamiltonian

Hy = —0%h(T0 ki + 0yk,) (2.30)

with the Fermi velocity v} = v/3ta/(2h) being roughly 10% m/s. The Pauli
matrices o; with ¢ = {x,y, 2} represent the sublattice pseudospin in analogy
to the real spin with a quantization axis in the Z direction. The parameter
7 = =+1 denotes the K and K’ valleys, respectively. The eigenvalues of the
Dirac Hamiltonian in Eq. (2.28) yields an energy dispersion that is linear in the
absolute value of the wave vector K,

e+ =&, £ WY|R]a, (2.31)

whose cone-like form is shown in Fig.2.2. The electrons described by the Dirac
Hamiltonian appear to be massless particles in terms of the Dirac notation
3. Such analogy to the relativistic physics gives the opportunity to study the
relativistic effect in the solid state material. It is a paradox that the relativistic
effect of spin-orbit coupling (SOC) destroys this picture giving the electrons a
small but finite mass. The study of the effects of coupling of spin and angular
momentum requires an extension of the TB model by taking more orbitals into
account.

3The effective mass of electrons in graphene defined by the inverse of the second derivative
of Eq. (2.31) is infinite.
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2.4 The Slater Koster two-center approximation

In the previous section we have considered only p, orbitals for the description of
the two 7 bands in graphene. The 7 bands are related to the chemical © bondings
built by the non-hybridized out-of-plane p, orbitals of the sp? hybridized carbon
atoms. The remaining valence electrons create the ¢ bonding states with the
electrons of neighboring atoms. These are very strong bonds and the energies of
the corresponding valence band lies deep (up to 20 V) below the Fermi energy.
To describe the full band structure of graphene all relevant atomic orbitals
have to be taken into account. To reduce the number of the corresponding
hopping and overlap parameters one can exploit the symmetries of the atomic
orbitals. The so-called rotating atomic orbitals ¢y, are identified by the angular
momentum ¢ = {s,p,d,...} and the magnetic quantum number m. Due to
spherical symmetry of the atomic potential the orbital function

Gem(T) = Ri(r)Yem (0, 9) (2.32)

can be separated in the radial part Ry(r) and the angular part Y;,,(0, »). The
angular part is described by the spherical harmonics

Yin (0, ) = <—1>m\/ (2@;&{5 ;)T)!Pl%os feme.  (233)

which are presented here in the Condon-Shortlay notation. The hopping and

overlap integrals between those atomic orbitals, which are localized on the atoms
at the positions R and R/,

‘/ﬂ'|m|5mm/ = <€,7 m,a El

i ’g’ " §> ’ (2.34)
ST <£’, m', B |0, m, ﬁ> ,

are called Slater-Koster (SK) parameters [39] if the relative vector & — R’ is
parallel to the quantization axes of the orbitals ¢, (7 — ﬁ) = <F]£, m, ﬁ>

The SK parameters are diagonal in the magnetic number m. Each value of
m is related to the different kind of bonding given by the superpositions the
atomic-orbital wave functions. The different bonding types are denoted by the
Greek letters o, 7, § which correspond to the magnetic numbers m = {0, 1, 2},
respectively, and are related to the homonymous molecular orbitals, which are
shown schematically in Fig. 2.4. The number of parameters is given by the
number of possible combination of two orbitals and by the bonding type. The
number of bonding types is given by min(¢, ¢'). Hence by taking only s, p, and

10
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Figure 2.3: Sketch of SK hopping parameters V,,, Vyar and Vg5 that represent
different kinds of bonding o, m and ¢, respectively, shown by the tunnels
between the two orbital states.

d orbitals into account there are 10 hopping and 10 overlap SK parameters

‘/ssaa ‘/spaa ‘/ppm ‘/sdaa ‘/pdaa ‘/ddaa

‘/pp7r7 V;pdw 3 Vddﬂ' 3 Vdd6 5

2.35
Ssscm Sspau Sppaa Ssdrﬂ Spdo’7 decra ( )
SPPW Spdm dem de(;.

For arbitrary relative vector R — R the hopping and overlap integrals,

<£/, m, R

H )E,m, §>, and <£’,m',ﬁ'|€,m, §>, (2.36)

are given by a linear combination of the SK parameters. The coefficients are
given by the projection of the z component of the participating orbital wave
functions to the vector B — R'. The projection is similar to a rotation of the
wave-function coordinates into a new coordinate system . Thus the initial
atomic orbitals are expressed by a linear combination of the wave functions
in the rotated basis with the equivalent angular momentum ¢ and different
magnetic number m;y

14

¢Zm(7?_ Fé) - Z Fr(rfznl (Oé, ﬁ)¢ém1 (7:’ - ﬁ) (237>

mi=—~

The corresponding rotation matrices Fr(,fznl(oz, f) are given by the Wigner for-

11
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Figure 2.4: The shapes of the rotating and directed orbitals obtained by plot-
ting the absolute values of spherical and cubic harmonics |Y] |, and |C,| and
|Cy|, respectively.

mula,?
Fr(rfznl (Oé, 6) - eiamﬁgi)nl (6>7
. 6 204+m—mq—2t B 2t—m—+m1
$0 ) = L -1@i™ oos (5 a(3) L

p— \/(£+m)!(£— m)! (€ + my)!(0 —my)!
Lm0 —my — ) —m )

where only such values of ¢ contribute to the sum, which imply nonzero factorial
arguments, and «, # are the Euler angles. The third Euler angle ~ is redundant
due to the cylindrical symmetry of the atomic-orbital wave functions. The
coefficients in the SK expansion of the Hamiltonian and overlap matrix elements
are given by the product of the Wigner rotation matrices,

min(£,0")

Alem By= > (FU)(@.8) B, (@ 8)View, .(2:39)

my=—min(¢,0")

<£', m’, R

Instead of the rotating orbitals given by the spherical harmonics it is more
usual to describe the atomic wave functions in terms of the directed orbitals.
The directed orbitals are aligned along the axes of a chosen coordinate system.
Figure 2.4 shows the rotating orbital ¢; ;(7), whose shape results from rotation
of the also shown directed orbitals, p, and p,, around the z-axes. Hence the

4A nice derivation of the Wigner formula by the means of harmonic oscillators can be found
in the book of J. J. Sakurai in Ref [40]

12
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Cubic Spherical
s orbital: | |s) = \/%~ 1 =|0,0)
p orbitals: | |p.) = /a2l oz =|1,0)
B = JEEe = (- IL1)+1,-1)
b = By = (1) + [1,-1))
d orbitals: | |d.2) = - (322 =17 | =2,0)
R . T B Gl SR R)
4 = L 2By | =502+ 2,-1)
) = JEEe 2Bay | =2 (-2.2)+[2-2)
o) — ke @17 | =5 (2.2 +[2,-2)

Table 2.1: Cubic harmonics represented in the Cartesian coordinates and as
linear combination of the spherical harmonics with the coefficient D%

angular part of the directed-orbital wave functions is given by the so-called cubic
harmonics C,(6, ), where

Ou(T) = Re(r)Cpu(0, ), (2.40)

and the index p = {s,ps, Py, Dz, duy, - - . } count all possible orbitals. It is more
convenient to use Cartesian and not the polar coordinates to express the cubic
harmonics. We show the cubic harmonics and their relation to the spherical
harmonics with the coefficients DéZZ in Tab. 2.1. Finally the hopping parameters
tu, (1) are defined by the expectation values of the Hamiltonian in the basis of
the directed orbitals

t,,(7) = <u, R aly, ﬁ>
A . (2.41)
Z Z Del D Z <Fm ml ( ? /8)) F7§7,7)77,1 ( B)‘/&’ml 9
m=—Lm/=—1 mi=—min(¢,¢")

and are given by linear combinations of the SK parameters. The corresponding
coefficients depend on the direction of the unit vector 7 = <§ — R ) /IR - R.

The results of the evaluation of the Wigner rotation matrices in Eq. (2.41) are
taken from [39] and shown in more applicable notation in Tab. 2.2, where the
Euler angles are substituted by the Cartesian coordinates of the unit vector 7

13
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Viaas))

Vdda )

(s| H |s) Vs

<3‘ a |pz> niVipo

(s] a |dij> \/gninjvsda

(s| Hldgzoye) |5 (0} = n) Vs

(s| H |d.z) —1 (02 +n2 —2n2) Vig,

(pil H |pi) ngvppa + (1 —n) Vopr

(pi a Ip;) =i (Vopr — Vipor)

(pil H |d;;) V3131 Vodo + (1 = 207) 13 Vyar

(pi| H |djy.) ey (V3Vodo = 2Vpar)

pal H |d2yz) | 0 (0 = 1) Voo + 10 (1= 1+ 15) Ve

(p,| H [y @ny (n2 —n2) Voao — ny (1 — 02 +n2) Vyar

(p:| H |da2_2) Y, (n2 = n2) Vyao — 1z (n2 —12) Voge

(p:| H |d.2) —V3nin Ve — In; (02 + n2 —2n2) Vyuo

(p:| H |d.2) V3. (02 + n2)Vyar — 30z (n2 + 02 — 2n2) Vyu,

(di;| H |dyj) 202 (3Viadr — AVaar + Vaas) + (n? + 12)Vage + 13 Vaas

(dyj| H |dik) 1211k (3Vado — Vaar + Vaas) + njne(Vigr —

(dos| H |dy2_y2) 512 ((n2 —12)(3Vade — WVaar + Vaas) + 2(Vaar — Vaas))
(dyl H |do2—yp) | 3nynz (02 = 12)(3Vade — WVaar + Viaas) — 2(Vaan —

(doy| H |dy2_y2) snany(n2 —n )(3Vdda — 4Viar + Vaas)

(du:| H |d.2) —3V3nan. (02 + n2) (Vass — 2Vaar + Vaao) + 202 (Vaar — Vaao))
(dye| H |d-2) —3V3nyn. ((n2 +n2) (Vaas — 2Vaar + Vaao) + 202 (Vaar — Vaao))
(dyy| H |d.2) lfnzny (n2(3Vade — 4Vaan + Vaas) + Vaas — Viado)

(e Hdez) | 5(n2 = n2) (02(3Vis — 4Vaar + Vaas) + Vaas —

(dozy2| H|dy2—y2) | 2(n2 = 12)2(3Viado — 4Viaar + Viaas) + (02 4+ 12)Vaar + 12 Vaas
(d,2| H|d,2) 3(n2 + n2)*Vaas + 3(n + n2)n2Vaar + 1(n2 +n,

2712) Vddg

Table 2.2: The hopping integral within the directed orbitals with the maximum

angular momentum ¢ = 2. We use the indices i = {z,y,z2}, j =

{z,y, 2},

k = {x,y,z} with the rule ¢ # j # k. The complex conjugated hopping

integrals are given by (¢| H [¢') = (—=1)“+ (¢'| H |¢).
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2.5 Multi-orbital tight-binding Hamiltonian

w\ v z xz Yz
z ‘/ppw nm‘/pdw ny‘/pdw
2 2
rz | —ngVpar 13 Vadr + 1, Vaas NNy (Vidr — Viaas)
2 2
yz | =y Vpar  Mafy(Vaar — Vaas) 1y Vaar + 13 Vaas

Table 2.3: The hopping parameters 7, (7)) of the antisymmetric directed
orbitals.

using the relation
ny =cosasinff, n,=sinasinf, n,=cosp. (2.42)

The overlap of two displaced directed orbitals have exactly the same structure,
where the SK hopping parameters Vi, have to be replaced by the overlap
parameters Syp|,,. Using the hopping parameters in Tab. 2.2 we now able to
construct the multi-orbital TB Hamiltonian to model the band structure of
graphene.

2.5 Multi-orbital tight-binding Hamiltonian

2.5.1 General structure with the nearest neighbor
approximation

In the case of flat graphene the connecting vector 7 of two carbon atoms lies
always in the plane (n, = 0). Consequently, there is no hopping between sym-
metric and antisymmetric orbitals with respect to the graphene plane. This
fact makes the TB Hamilton matrix block-diagonal. The two block matrices
describe two different kinds of bands, the o and 7 bands, respectively. Each
of the two matrices can be diagonalized separately, what allows to study the
structures of the m and ¢ bands independently of each other. The 7 bands are
built by the antisymmetric (p,, d,., d,.) orbitals and the corresponding hopping
parameters 7, (77) are shown in Tab. 2.3. The o bands evolve from the symmet-
ric (S, Dz, Py, Ay, dy2—y2, d2) orbitals. The corresponding hopping parameter are
not shown explicit here. But the important subset for further discussion, the
hopping parameters of the s, p,, and p, orbitals, have exactly the same struc-
ture as shown in Tab. 2.3 beside the SK hopping parameters must be replaced:
Vopr BY Visos Vodr BY Vipos Vadar by Vipo, and Vigs by Vppr.
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2 Tight binding description of graphene

In the NNA the Hamilton matrices HE and H 2

H(F) HM HRP diag{ep,ea,eat SO0, 17 (i) elFF (2.43)
" HBA  HBEB St (—ii)e R diag{e,, eq, cq)

P B T B S BT LAC
. = = - )
H(];D’A HBB Z§:1 1 (—it;)e k- F diag{es, €p, €p, €d, €d,€d }

(2.44)

of the 7 and o bands, respectively, are given in the basis of the sublattice
pseudospin. The diagonal block matrices H;X’\BB are diagonal in the basis of
directed atomic orbitals. The diagonal elements correspond to the energies of
the atomic orbitals €y, where ¢ = {s,p,d}. The hopping parameters appear
only in the off-diagonal block matrices H/:]\SU\B A» Whose elements are tabulated

in Tables 2.4 and 2.5, where the phase functions f, g and h are defined by

. - - - 3 .
f — f(k) — elle 4 61kR2 4 elkR‘g, ~ TTKLG@_IT%O,

g=g(k) = ¢iFR> _ ik s ~ —itV3 + %eiw, (2.45)
- =1 R4 Rd=4 3 .
g = h(k) = 2ef — W _ ikl 3 4 TTRae”‘p.

The phase functions are expanded up to first order in the wave vector K around
the K (1 = +1) and K’ (7 = —1) points with 7 = k — K(K'), k = |7 < | K|
and ¢ = arctan (k,/k,). This approximation makes the bands in the vicinity
of the K points isotropic. The isotropy is proved by FP calculations, where the
energies dispersions along the KI" and KM line differs less than 5% at about 200
meV from the Fermi energy, setting the scale for the anisotropy.
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Tz Yz

z

Tz

yz

4f‘/;7p7r _2\/§g‘/pdﬂ' Qh‘/;)dw
2V39Voar  2fVE4+AV,  —V/3gVy,
—2hVpin —\/ggf/d?i 2f‘7d3 - hf/d;l

Table 2.4: Hopping part of the TB Hamiltonian 4H3; of the m bands, where ‘765 = Viaas £ Vadr-

pw\ v s x Yy xy x? — 92 22
s 4fVsso —2v39Vipo 2hVipe 39Vsdo —V3hVids —2fViao
v | 2V3gVee  2fVE RV, —V39V,, 2f Vg + AV, —V3gV5 V39Vpdo
Y —2hVepo —V39V,, 2fVy, — hV,, —V3gV,5 2f Vg — WV, —hVpdo
Y 39Vaas =2V, —hV, 439V, T (21 V3 — Vi) V39V, 29(Vaas — Vado)
z® — ?J2 _\/gh‘/sda \/§ng§ _2f‘/;)_p + h‘/;; %\/ggvd:l % (2de§ + thZl) @h(vddo - Vdda)
2 —2fVsao —V39Vao hVpas 39(Vaas — Vaae)  Lh(Vaao — Vaas)  f (3Vaas + Viaao)

Table 2.5: Hopping part of the TB Hamiltonian 4H}; of the o bands, where V;; =

BYoie Vi = Vs = 4Vaar + 3Viao

Vior £ Vipe Vo

pd

- ‘/pdwi
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2 Tight binding description of graphene

2.5.2 Band structure of the multi-orbital TB Hamiltonian
including s and p orbitals

The band structure along the high-symmetry lines is shown in Fig. 2.5(a) with
the Fermi energy at the Dirac points. The top picture shows a relative agreement
between the band structures obtained by FP calculations and the multi-orbital
the TB Hamiltonian in the NNA, considering s and p orbitals only. The NNA
is too crude to reproduce the exact shape of the bands given by the FP calcu-
lations. The significant deviation between the TB and FP calculations can be
found in the o-valence bands (red circles and green squares), specially in the
energy spectra of the wave vectors around the M point of first and second lowest
bands, and around the K points of the third lowest band. The shapes of the o-
conduction bands (red circle and green squares) bands differ strongly due to the
interaction with higher orbitals, which are not included in the TB model. The 7
bands spectra (blue diamonds) are well reproduced by the TB model but there
are significant differences for the wave vector in the vicinity of the M points.
We believe that including the second and third nearest neighbors into TB model
would result in a better agreement between the TB the FP band structures. But
every additional neighbor complicates the TB model by doubling the number of
hopping and overlap parameters, which have to be fitted to reproduce the full
band structure. In this thesis we are interested mostly in the energy spectrum
given in the vicinity of the K points at the Fermi energy. In this region the
error of the TB spectrum due to the NNA is insignificant. The values of the
SK parameters Eq. (2.35) are derived by fitting the TB energy spectra at the
high-symmetry points (I', K) to the results of the FP calculations. The problem
is overdetermined, the number of solutions of the secular equation Eq. (2.12) is
larger than the number of used SK parameters. Hence we chose such solutions
for the fitting procedure, which give the best agreement with the band structure
results of the FP calculation. In order to find the best description of the two 7
bands and the o-valence bands at the same time following solution provide the
best results

D= ep £ 3Vipr s _ &* 3Vsso pey _ Ep L 3/2(Vipr + Vipo)

TR TR T RS S

L, cp + &5 — 9Sspo Vipo * \/(Ep —e5)2 +18(V2, + 82, ,6pes — Sspo Vipo(ep + €5))
Kx T 2952 ’
(2.47)
where (4) assigns bonding and anti-bonding states®. The absolute value of the
energy of the bonding and anti-bonding states with respect to the Fermi energy

5The bonding states has lower energy.
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2.5 Multi-orbital tight-binding Hamiltonian

Parameter ¢, &, Vsso Vipo Vipe  Vopr
Value [eV] 0 8370 -5.729 5.618 6.050 -3.070
Value [eV] 0 8.868 -6.769 5.580 5.037 -3.033

Parameter Ssso Sspe Sppe Sppre
Value 0.102 -0.171 -0.377 0.070
Value 0.212 -0.102 -0.146 0.129

Table 2.6: SK hopping and overlap parameters. The values are obtained by
fitting the band structure to the results of the FP calculation at the I' and K
points (top row) compared with results given in Ref. [1] (bottom row).

is related to the hopping parameter and the relative energy difference is modeled
by the non-zero overlap parameter. The challenge of this fitting method is to
identify the states with the energies given in Egs. (2.46) and (2.47) in the FP
spectra. The correspondence between the TB and FP eigenstates is given the
the degree of degeneracy and the orbital character. In both methods the eigen-
states can be projected to the wave function with a certain angular momentum®.
The larges coefficients in the corresponding expansion of a certain eigenstate de-
termines the orbital character of the eigenstate. The successful identification of
the energy levels in Eqgs. (2.46) and (2.47) yields at set of non-linear equation
for the SK parameters. The resulting values of the SK parameters are tabulated
in Tab. 2.6.

The SK parameters depend on the inter-atomic distance [41]. Variation of the
lattice constant in the FP calculation and the fitting method discussed above
provide the shape of SK parameters as a function of the lattice constant ratio
a/a. The resulting values of the SK parameters are shown by dots in Fig. 2.6
given in the interval of 80% to 220% of the original lattice constant a. The lines
in Fig. 2.6 represent the fit to exponential functions of the type

(a+ bz + ca® + dz’)e ™™, (2.48)

where = a/a. The resulting functions allow to study the trends in the shape
of the parameters beyond the presented interval of z. For large values of the
artificial lattice constant (z > 1) the parameters decay exponentially to zero,
where the further increase of S,,, in Fig. 2.6 is an error of the NNA, which
is due to the change in the ordering of the m and ¢ bands in the spectrum

5In the case of TB such wave functions correspond to atomic orbitals.
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2 Tight binding description of graphene

K r M K

Figure 2.5: Calculated band structure of graphene obtained from FP calcula-
tions (symbols) and TB model (solid lines) using the parameters presented in
Table 2.6. The size of the symbols reflects the contribution of the function
with certain angular momentum to the corresponding eigenstates (a) s and p
(b) d, where the symbols in (b) are increased by hand.
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2.5 Multi-orbital tight-binding Hamiltonian

10 0.2
S
27 Vpp(r M
2 Vo 0.0+ Svor
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0 -0.2+
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Figure 2.6: SK hopping Viypm (left) (in eV) and overlap Sy, (right) param-
eters as functions of the artificial lattice constant ratio.

at the I" point. For small lattice constants the hopping (overlap) parameters
should approach the atomic energies (one) if ¢ = ¢ and zero if ¢ # ¢’ due to
the orthogonality of the atomic orbitals. The functions, shown in Fig. 2.6, are
used to test the formulas in the spectra of the effective Hamiltonians, given
by SK parameters, with respect to the spectra obtained by multi-orbital TB
Hamiltonian and FP calculations.

Figure 2.5 (b) shows the contribution of the d orbitals to the states, which
are primarily described by s and p orbitals [see Fig. 2.5(a)|, as well as the
additional bands with d symmetry. The d bands are split due to the interaction
of the conduction bands states with the vacuum states, artifacts in the FP code.
The splitting of the d bands and their tiny contributions to the eigenstates make
the identification of the correct states, built by the d-orbital in the TB model,
very difficult. Hence, we had to find another way to obtain the values of the SK
parameters related to the d orbitals.

2.5.3 The m band Hamiltonian

Figure 2.5(a) shows that the 7 bands (blue diamonds) are mostly given by the
p. orbitals. At the K points the two 7 bands touch each the Fermi energy, which
corresponds to €,, the energy of the p orbitals, in the simple two-band model.
In general m bands are built from all the antisymmetric orbitals with respect to
the graphene plane. In this section we will discuss the structure of the 7 bands
in the vicinity of the touching points, the Dirac points, including the p and d
orbitals in the TB model. The TB Hamiltonian H,(k), which describes the 7
bands, was already introduced in Eq.(2.43). By solving the secular equation

-

det(H,(k) —eI) = 0 at the K(K’) point, where [ is the identity matrix (overlap
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2 Tight binding description of graphene

is neglected), the following two degenerate eigenstates can be identified at the
Dirac points:

|1>=%Hp?>+w 72+ i1d)].
2) = f [12) +ir(r|dz) —i|d.))]

with the corresponding normalization N = 1 + 232. The contribution of the
d orbitals to the eigenstates is given by 4 = 2v/(1 + /1 + 872), where v =
2Vir/(e4 — €p) and the (Fermi) energy of the Dirac points is renormalized
according to 7,

(2.49)

ep = % (ca+ep) —(ca—ep)V1+ 872] : (2.50)

The contribution of the d orbitals to the m-band eigenstates at the K point in
Eq. (2.49) is small according to our FP calculation. Hence, it is reasonable to
assume vy < 1. Consequently, one obtains 7/N = ~ and the Fermi energy in
Eq. (2.50) is shifted with respect to ,, such that ep ~ e, — 272%(cq —¢,). It
is evident that v and consequently V4, controls the contribution from the d
orbital to the m bands. The energy dispersion very close to the Dirac point
remains linear. Here the p-d coupling renormalizes the Fermi velocity according
to vp = v%(1 — 29%). To obtain a quantitative estimate for v, we calculate the
density of states (DOS) close to the Fermi level using the definition

47r2/ kd’“/ dpd(c—e) = fa k() (), (2.51)

where 2 = a?/3/2 is the surface of the unit cell in graphene. The inverse energy
dispersion k(e) is obtained from the roots of the secular equation, where

det(Hy (k) — €]) = (£ — £4)?%
) S oo (2.52)
. ({(a—ap><e—5d>—4 Vel + 10| = V(e = <ol )

Here the hopping between the d orbitals is neglected, because the corresponding
hopping parameters Vg, and Vg5 contribute primarily to the d-orbital states,
whose energies are much larger than the Fermi energy and are at the order of
€4 — €p. This approximation is only valid for the wave vectors in the vicinity

of the K points. Such restriction to the wave vectors k allows to expand the
phase functions |f| and 3|g|*> + |h|?, given in Eq. (2.45), up to the first order in
Kk =k — K. The resulting inverse energy dispersion,

1 2(e—gp)(e—ea) = Wn
V3aV,pn €—¢q

, (2.53)
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2.6 Tight-binding model of the spin-orbit coupling effect

vanishes at the Dirac point with k(ep) = 0. If the energies £(<) of the two 7
bands are close to the Fermi energy e the DOS in Eq. (2.51) can be approxi-

mated to A
23: K (ep)?(e — ep), (2.54)

D(e) ~

and becomes proportional to the first derivative of the inverse energy dispersion
at the Dirac point,

2 82

+ 1+
V3aVpr 14 /1 + 892

which is controlled by the ratio 7. As mentioned above it is reasonable assume
v &« 1. Therefore the DOS can be expanded in powers of v. Up to the second
order the DOS is given by

K (ep) = , (2.55)

D(e) =~ Do(e) (1 +277), (2.56)

where Dy(e) = 2(e — ep)/V/37V2, is the linear DOS obtained neglecting the
d orbitals and the energy ¢ is measured with respect to the Dirac point. The
parameter v can be obtained by FP calculation of the DOS slopes close to the
Fermi level including and excluding the d orbitals. The ratio is 1.0306 and the
slope D'y(e) = 0.0392 (V). The extracted parameter v ~ 0.0871 justifies the
assumption V4 < (¢4 —¢,). The change of the Fermi velocity of only about
1.5 % is neglected in further calculations.

2.6 Tight-binding model of the spin-orbit
coupling effect

2.6.1 Introduction to orbital effects

Relativistic effects, like spin itself and its coupling to the orbital motion of the
electrons can be derived from the Dirac equation. In the non-relativistic limit
the SOC appears as an additional term in the Schroedinger equation given by

1 - }
Hgo = 7(VV X ﬁ) . S, (257)

2m?2c?

where m is a free electron mass, ¢ the speed of light, p’ canonical momentum and

S = 25 the spin vector operator, whose components are the Pauli matrices” s;

with ¢ = {z,y, 2z}. The SOC term in Eq. (2.57) can be interpreted as an effective

"In the literature the real spin Pauli matrices are denoted by the Greek letter o. In this
work it already used for the sublattice pseudospin.
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2 Tight binding description of graphene

Zeeman term in the rest frame of a moving electron, where the electric field,
given by V'V, acts as an effective magnetic field Bog = (ﬁV x p)/mc?. In the
two center approximation the potential V() is approximated by the spherically
symmetric atomic potential, where V(r) := V(|f]) and VV = rdV " In this
approximation the SOC operator can be rewritten as a term which couples the

spin and angular momentum operators

Hgo =&(r)L- S, (2.58)
where the function £(r) contains the entire radial dependence of the SOC Hamil-
ton operator. The scalar product of the momentum and spin operators can be
rewritten using the identity

L-5=7 (B8 +1.8)+L.8., (2.59)
in terms of ladder operators for spin and angular momentum,
Li=1L,+iL,  Si=S5,+iS,. (2.60)
The ladder operators satisfy the commutation relations
[L,E_} — 9K, [Lz,ii] — +hl., and [LSJ} —0. (2.61)

The atomic orbital wave functions, given by spherical harmonics Y, (7) =
(7|¢,m), are eigenfunctions of the angular momentum. Such a successful choice
of the basis for the kinetic part of the TB Hamiltonian allows us to apply the
properties of the angular momentum algebra,

L.|0,m) = hm|t,m), Li|l,m)=h/ll+1)—m(mE1)[{,m+1), (2.62)

to the atomic orbital. Using the orthogonality of the atomic orbitals we obtain
a set of non-zero on-site expectations values of the SOC Hamiltonian

<£, m, R" fiso )6/, m', ﬁ> = gg (5&4/ <£, m\ E . S_:M,, m') y (263)
where the strength of the atomic SOC is defined by the TB parameter
&= [ arR)Ee) (264)
0

with the angular momentum quantum number ¢. Neither the radial part of the
orbital wave functions Ry(r) nor £(r) are known explicitly for carbon atoms in
graphene. Therefore the SOC parameters &, are arbitrary and must be fitted
to reproduce the SOC effects in the band structure obtained by the FP calcu-
lations. The on-site matrix elements of the dimensionless angular part of the
SOC Hamiltonian L - §/% are tabulated in the Tabs. 2.7 and 2.8 (presented in
the basis of rotating and directed orbitals, respectively). The hopping matrix
elements of the SOC Hamiltonian between different atoms are assumed to be
zero, because the spin-orbit interaction has its largest effect on electrons at the
nucleus [42].
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2.6 Tight-binding model of the spin-orbit coupling effect

orbital |0, 0) I1,—-1) I1,0) I1,1)
(0, 0] 0 0 0 0
(1, —1| 0 —s, 755+ 0
(1,0 0 %8_ 0 %&r
(1,1] 0 0 %3_ s,
orbital 12, -2) 12, —1) 12,0) 12,1) 12,2)
(2, -2 —2s, St 0 0 0
(2, —1] S —S. \/§s+ 0 0
(2,0] 0 Bs_ 0 V35 0
(2,1 0 0 \/gs_ Ss St
(2,2 0 0 0 S_ 2s,

Table 2.7: Matrix elements of the SOC operator L - §in the basis of s, p and
d rotating orbitals.

orbital B o) ) )
(s| 0 0 0 0
(P 0 0 —is, is,
(pyl 0 is, 0 —is,
(p.| 0 —is, is, 0

orbital |dey) |dy2_y2) |dz2) |dy2) |d.2)
(dyy| 0 2is, —18, is, 0

(dy2_pp2]| —2is, 0 is, is, 0
(dy.| is, —is, 0 —is, i\/gsy
(dy| —is, —1i8, is, 0 —1v/3s,
(d.2| 0 0 —iv/3s, iV3s, 0

Table 2.8: Matrix elements of the SOC operator L - §in the basis of s, p and
d directed orbitals.
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2 Tight binding description of graphene

2.6.2 Stark effect

An external uniform electric field perpendicular to the graphene plane breaks
spatial inversion symmetry [26, 9]. External electric fields can originate from a
gate voltage or charged impurities in the substrate. We investigate the extrinsic
SOC effects by including the additional term in the Hamiltonian,

Hep = —eE32, (2.65)

where e is the electron charge, F is the strength of the electric field, and Z is
unit vector along z. In hydrogen atoms the external electric field leads to a
splitting of the four degenerate states with principle quantum number n = 2.
The splitting is linear in the field strength E and therefore called linear Stark
effect. Due to symmetry of the atomic orbitals, the Stark effect operator in
Eq. (2.65) leads to the on-site coupling of orbitals with opposite parity: namely
s and p,, and p, and d,» orbitals. The corresponding matrix elements eE'z),
and eFz,; are given by the expectation values of the dipole operator Z,

Zsp = <S| z ‘p2> ) Zpd = <pz| z |d22> . (266)

In analogy to the hydrogen atom we call such on-site coupling of orbitals the
atomic single-particle Stark-effect. The electric field leads to a shift of the
electron charge density inducing a dipole moment of 0.00134 Cnm in the unit
cell for a typical field of 1 V/nm [26]. Therefore, we assume that the matrix
elements eFz,, and eE'z,; are small as compared to ¢, — €5 and ¢4 — ¢,. Hence,
we expect no significant influence of the Stark effect on the shape of the bands
in graphene. On the other hand the Stark effect term can play a important role
in the SOC phenomena. We will show in the next chapter that the coupling of
the s and p, orbital due to external electric field will lead to the spin splitting
of the 7 bands.

2.6.3 Spin-orbit coupling Hamiltonian

Table 2.8 and Eq. (2.66) show that SOC and the Stark effect lead to additional
non-vanishing on-site matrix elements in the TB Hamiltonian, such that the
o and 7 bands become coupled destroying the block-diagonal form of the TB
Hamiltonian,

HAA HAB [Ar

H, H, HBA [gBB o HEBB
HZ( )Z HAN 0 HAM HAP
0 HPB HBA [BbB

(2.67)
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p\v |s) 29 |py) |day) |d2—y2) |d.2)
(z| elbzg, —is,&, is,&p 0 0 eEzy
(dy.| 0 0 0 1s,&g —is,&4 1v3s,&4
(dy.| 0 0 0 —is,&4 —is,&4 —1v/35,&4

Table 2.9: Matrix elements of the SOC operator L - §in the basis of s, p and
d directed orbitals.

The new block matrices H, include only on-site elements and are, consequently,
diagonal in the basis of pseudospin. The matrix elements of Jzrait BB, given in
the basis of directed orbitals, are shown in Tab. 2.9 . In addition to H, there

are non-zero on-site matrix elements due to SOC in the matrices H,‘r4 A/BB and
AA/BB
Hg 9
e 0 0
HM=HBB = | 0 ¢ —is.ty |, (2.68)

gs 0 0 0 0 0
0 e —is;§ O 0 0
HAA — 5P 0 is.§, & 0 .0 0 (2.69)
0 0 0 £d 2is, &y 0
0 O 0 —2is, g4 0
0 O 0 0 0 €4

The non-vanishing matrix elements due to the SOC are linear in s,, therefore
HAYBB and HAYPE are diagonal in the spin basis, but off-diagonal in the
orbital basis, because the directed orbitals are not eigenstates of L,. However in
this thesis we restrict ourselves to the basis of directed orbitals to be consistent
with previous works [42, 7|. Summarizing the results, the multi-orbital TB
Hamiltonian has the form of Eq.(2.67), where the single block matrices are
given in Egs. (2.68) and (2.69) and Tabs. 2.4, 2.5, and 2.9.

2.7 Conclusion of the chapter

We have derived the multi-orbital TB Hamiltonian given in the basis of the
directed s, p, and d orbitals, which includes the atomic SOC and the Stark effect
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2 Tight binding description of graphene

term. The study of the SOC effects in graphene requires the diagonalization of
the Hamilton matrix, which cannot be performed analytically. Therefore the
SOC effect can be only obtained by effective models. In the next chapter we
will present the derivation of the effective Hamiltonian given in the basis of
p. orbitals. The prize to pay is the restriction of the validity of the effective
Hamiltonian, it describes the bands with wave vectors in the vicinity of the
K point and energies close to the Dirac point. However, this is the region of
interest in the most experiment.
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3 Effective Hamiltonians

3.1 Introduction to the derivation methods

In the previous chapter the band structure of graphene was studied by using the
multi-orbital TB model and introducing the spin-independent Slater Koster hop-
ping and overlap parameters. A qualitative description of the band structure
resulting from our FP calculations was obtained considering only the nearest
neighbors in the TB model. The on-site matrix elements in the TB Hamilto-
nian contain the energies of the orbitals and additional parameters due to the
coupling of orbitals by the spin-orbit interaction. In the phenomenological de-
scriptions of graphene [9, 43| the band modulation due to SOC is described by
Hamiltonians, where the effect of SOC is described by spin-dependent nearest-
neighbor (nn) or next-nearest-neighbor (nnn) hopping. As we pointed out in the
previous chapter the SOC has its strongest effect around the atomic core. Hence
any matrix elements of the SOC Hamiltonian in the basis of the orbitals local-
ized on different atoms are negligible small, making any direct spin-dependent
hopping between the atoms negligible. We present a physical interpretation of
spin-dependent hopping, which can be treated as an effective hopping between
the atomic p, orbitals.

In this chapter we derive an effective two-band Hamiltonian which includes
SOC effects, intrinsic and extrinsic, using two different approximations: The
perturbative transformation of the multi-orbital wave-vector dependent Hamil-
ton matrix into block-diagonal form. The advantage of this method is that the
SOC Hamiltonian is obtained instantly, but at the cost of a simple physical in-
terpretation. A more illustrative method is to derive an effective spin-dependent
nn and nnn hopping between the p, orbitals from the multi-orbital TB model,
written in the basis of local atomic orbitals, by considering the nn hopping to
other orbitals as a detour. Doing so, those empirical spin-dependent hopping
parameters are expressed by TB parameters, which were introduced in the pre-
vious chapter.

This chapter is organized as follows: First we present a derivation of the
Lowdin transformation and the idea behind it. The derivation for both effects,
intrinsic and extrinsic, is performed by ’folding down’ the multi-orbital Hamil-
tonian first into the subspace formed by the orbitals which describe the 7 bands,
followed by further 'folding down’ to the subspace spanned by the p, orbitals.
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3 Effective Hamiltonians

The results will have two contributions: one due to the s and p orbitals which
has already been obtained by H.Min et al. [23] via the degenerate perturbation
theory, and another due to the d orbitals. Both contributions are derived sepa-
rately within the effective hopping method. The terminology and derivation of
the effective hopping method are introduced first for a simple system, the linear
chain of artificial atoms with two possible states: p. and d,. orbitals. Then the
effective hopping method is applied to graphene and the single contributions to
the SOC effects are derived sequentially.

In the last part of the chapter the different contributions will be discussed and
shown that the d orbitals dominate the intrinsic SOC but can be neglected in
the discussion of the extrinsic BRSOC effect. At the end of the chapter we will
discuss the spectrum of the effective Hamiltonian and its role for spin relaxation.

3.2 Lowdin method

The Lowdin partitioning is a general and powerful method for the approxi-
mate diagonalization of a Hamiltonian H [44]. It is similar to the conventional
stationary perturbation theory, but more powerful because it does not distin-
guish between degenerate and non-degenerate states. The scheme of the Léwdin
transformation makes use of a unitary anti-Hermitian operator S, such that the
transformed Hamiltonian,

f— e SHeS ~ H + [H, 8]+ %[[H, s, 9], (3.1)

has a block-diagonal form, where

0 M
o ( oo ) (32)

and M is an arbitrary matrix. The initial Hamilton matrix is divided into

blocks,
Hy T
H = , 3.3
( T A ) (3:3)

where Hy model the bands of interest and 7" is the interaction matrix of the
subspaces of Hy and A. The only requirement for the Hamilton matrix H is
that the matrix elements in 7" are small with respect to the eigenvalues of the
matrix A. We demand that the transformed Hamiltonian in Eq.(3.1) must
be block-diagonal. Hence, the matrix M can be obtained iteratively from the
equation

T+ HoM — MA + MT'M = 0. (3.4)
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3.2 Lowdin method

Keeping only the second order terms in A~!, the matrix M reads as
M~TA' + HTA (3.5)

Inserting this expression into the Eq. (3.1), the first element includes the effective
Hamiltonian

Heg~ Hy — TAT'TT, (3.6)

where the second and higher order terms in A™! are neglected.

To obtain the effective SOC Hamiltonian in graphene we first fold down’ the
o states of the multi-orbital Hamilton matrix to the 7w states, where Hy corre-
sponds to the m-bands matrix of Eq(2.43), A corresponds to o-bands matrix
of Eq(2.44), and T includes the SOC matrix elements which couple the 7 and
o bands shown in Tab 2.9. These are small with respect to the energy differ-
ence of the orbitals €4 — ¢, and ¢, — €,. This fact verifies the requirements
of the Lowdin partitioning. In the vicinity of the K point the approximation
A7L(k) ~ A7Y(K) is used implying that the kinetic part of the effective Hamil-
tonian is given by the m-bands Hamiltonian. Due to 'K point approximation’
the resulting contributions to Hy are constant in the wave vector k. The 'K
point approximation’ sets the interval of validity for the effective Hamiltonian.
It describes the band . structure only in the vicinity of the K points as long as
|R|la < 1, where @ = k — K. The 7 bands are built by p and d orbitals. Hence,
the next step is to 'fold down’ the effective Hamiltonian describing all = bands
to the two-band Hamiltonian given in the basis of two p, orbitals only.! Here the
matrix 7" includes the hopping between the p and d orbitals, which is assumed
to be small with respect to the energy difference £; — €. This assumption was
verified by the results for the density of states shown in the previous chapter,
where the ratio of the corresponding hopping parameter and the energy differ-
ence was given by 7 ~< 1. The matrix block A describes the conduction bands
in graphene with only d character. Such bands are separated by several electron
volts from the Fermi energy in the vicinity of the K points. Therefore the 'K
point approximation’ is also reasonable in this case and can be applied.

The resulting effective two-band Hamiltonian includes three terms,

Heﬁ‘ = HO + HI -+ HBR, (37)

Hy is the ordinary two-band Dirac Hamiltonian given by the p, orbitals in
Eq. (2.30). The second term Hj represents the intrinsic SOC effect, having the
standard functional form [29],

HI = )\ITO'ZSZ, (38)

ISpin is not considered, otherwise the effective Hamiltonian should be called four-band
Hamiltonian.
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3 Effective Hamiltonians

where 0, and s, are the pseudospin and the real spin Pauli matrices, respectively,
and 7 + 1 indicates the K and K’ points, respectively. The last term, Hgg, is
the extrinsic, BRSOC,

HBR = )\BR (Tazsy - Uysx) ; (39)

which is off-diagonal in spin and pseudospin. Consequently, BRSOC couples
spin and pseudospin degrees of freedom. The SOC parameters, \; and Agg are
expressed by the SK and on-site parameters defined in the previous chapter. By
keeping only the lowest order terms in &, and &g, the intrinsic and extrinsic SOC
parameters,

2(ep — €5) IV
AN~ P 82y pam 3.10
1 9‘/5%0 Sp 2(€d — €p)2 é-d ( )
and
2eEz, eEz,y  3Vidn
\BR ~ L 3 P P 3.11
BR 3‘/Spg Sp + \/7 (5(1 _ 5p) (5d — 5p) é-d ( )

include two contributions coming from the p and d orbitals, respectively. The
expression for the intrinsic and extrinsic parameters Egs. (3.10) ans (3.11)
are related to the effective hopping, which are given by sequences of nearest
neighbor hopping and on-site "hopping’ between orbitals with the same angular
momenta, provided by SOC and single-particle Stark effect. In the next section
we present the derivation of effective hopping parameters, which originate from
such hopping paths.

3.3 The effective hopping approximation

3.3.1 Linear chain

As an introduction to the effective hopping approximation we present a simple
system, a linear chain of artificial atoms aligned in the x direction. To stay
related to graphene we allow only two possible states for the artificial atoms,
the p and d,, orbitals. We assume that the d,, orbitals have much higher energy
than the p orbitals, such that the two possible resulting bands are assumed to
be coupled weakly and to be clearly separated in energy. We are only interested
in the band energies with small differences to the energy of the p, orbitals,
assuming € ~ ¢,. Hence, the d-orbital states can be considered as virtual states
with vanishing probability for electrons to stay in. In the following derivation
of the effective Hamiltonian for the lower band built by p orbitals we try to get
rid of hopping to the d-orbital states. It is only possible at the cost of arising
effective nnn hopping between the p, orbitals.
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3.3 The effective hopping approximation

ppx Vpdzr Vpdﬁ

Figure 3.1: Sketch of a linear chain of artificial atoms with two possible states:
p. and d,, orbitals. The parameter V,,,. describes hopping between the neigh-
boring p orbitals and V4, between the p and d,. orbitals, where the 7 bond-
ings are represented by tunnels.

An appropriate model to describe electron moving through the linear chain
by discrete steps is second quantization. The hopping can be interpreted as
annihilation of the state p at the atom 7 and creation of the state v at the atoms
J- The corresponding tunneling energies are given by the hopping integrals ¢, ;., ;
and the Hamiltonian by

N
- ot .
H - : : a‘ﬂ,ltﬂﬂ’vy’] CLVJ’ (3‘12)
ij=1 pv
where &Li, a,,; are the corresponding creation and annihilation operators, re-

spectively. A cut-out of the corresponding infinite hopping matrix 7" is shown in
Tab. 3.1 given in the basis of the p. and d,. orbitals localized at the ith atom,
where only nearest-neighbor hopping is included. The diagonal matrix elements
of T are the energies of the atomic orbitals g, with ¢ = {p, d} and the hopping
integrals are given by the SK parameters

tz,i;z,i—l—l - ‘/ppﬂ'a t:cz,i;:cz,i—i—l = ‘/ddwa tz,i;:cz,i—i—l = nz‘/pdwa (313)

where n, = +1 for a linear chain. The d,, orbital is odd under reflection with
respect to the yz plane, hence ¢, ;.41 = —t424..i+1. Consequently, the sign
of the hopping between p and d orbitals depends on the hopping direction and
ordering of the orbitals. Figure 3.3.1 shows a draft of the linear chain with
possible orbital states. The hopping direction is denoted by arrows and their
notation illustrates the correct sign of the hopping integrals of Tab. 3.1.
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3 Effective Hamiltonians

zi—1 xzy0—1 2,1 rz,t | 20+ 1 wzii41
zyt— 1 Ep 0 Vopr Vodr 0 0
rz,1— 1 0 €d ~Vodar  Vidr 0 0
2,1 Vipr —Vhdr €p 0 Vipr Vidr
Tz, Vodr Vidr 0 €d —Vpdr Vidr
z,i+ 1 0 0 Vipr = Vpdr Ep 0
rz,1+ 1 0 0 Vodnr Vidn 0 €d

Table 3.1: A cut-out of the infinite hopping matrix 7T of the linear chain of
artificial atoms.

With the single particle ansatz [¢) =37, | apJ&;l |0) the corresponding Schrodinger
equation gives the eigenvalue problem of the infinite hopping matrix 7'. The cor-
responding linear equations for the coefficients a,,; and a,, ;41 with p = {z, z2},

(5 - gp)az,i = ‘/ppﬂ(a'z,i—l + az,i-i—l) + ‘/pdw(_a':cz,i—l + a':cz,i—i-l)a (314)
(5 - 5d)amz,z’+1 - ‘/ddw(amz,i + awz,i+2) + ‘/pdw(az,i - az,z'+2)7 (315)
(5 - 5d)amz,z’—1 - ‘/ddw(amz,i—2 + awz,i) + ‘/pdw(az,i—2 - az,i)u (316)

are coupled by the parameter V4. Replacing a,. 41 in Eq.(3.14) by their
expression from Egs. (3.15) and (3.16) yields an effective nnn hopping between
the p, orbitals,

[5 —&p + 25(5)] Ay i = ‘/ppw(az,i—l + a'z,i+l)+
(3.17)

Vaar
al t(€)(a:z:z,i—2 - a':cz,i+2)>
‘/pdw

+ {(6) (az,i_g + az7i+2) +

Q

which is given by the parameter i(c) = V2, /(eq — ¢) and with ¢ = ¢, (e)
t(sp) = t. The parameter ¢ appears also on the left side of Eq. (3.17) since by
making two steps along the chain two hopping paths return to the starting atom.
The last term in Eq. (3.17) is the nnn hopping to the d orbitals. As mentioned in
the introduction to the linear chain, the d orbital states are considered as virtual
states. They can be interpreted as states in a potential barrier. In this picture
a hopping between two neighboring d states just makes the potential barrier
wider. Consequently it is improbable for electrons to stay in the d orbital state
by moving through the chain. Hence the hopping within d orbitals can be
neglected. The corresponding effective Hamiltonian for the linear chain results
from the eigenvalue problem of p, orbitals only and reads

N

HefT:Z

1 At .
{5 (ep — 21) ai,iaz,i + Vipr a;i
i=1

oy +1al 0., 0 +he| . (3.18)
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3.3 The effective hopping approximation

15+
10—
5,
W
0
-5
-10-
I I I I I
L 3
0 5 /4 5 2n
k/K
Figure 3.2: Band structure of the linear chain with K = ¢! and the dimen-
sionless arbitrary values of the parameters €, =0, 4 = 10, t, = —4, tg = —2.
The red curve shows the two band structure with ¢ = —3, the green line the

result of the one band approximation. The blue line shows decoupled bands,
where t' = 0.

Due to translation symmetry the band structure, described by the effective
Hamiltonian, can be obtained by the Fourier transformed creation and annihi-
lation operators defined by

T

1 "y 1 .
T —ik'R; ikR;
Qy; = E Q1€ Loy = ——= E a, e, (3.19)
VN 4 VN £

where R; is the translation vector. With R,y = R; — a and R;_» = R; — 2a,
where a is the inter-atomic distance in the chain, the effective Hamiltonian is
given by

N

A . s ~ . s 1 o
H= Z aLk,am [t(e_‘ka ) R a)] N Z e =RR (3.90)

kK i=1

with the short-hand notation ¢ := V.. In the case of an infinite chain (N — oo)
the summation over R, is replaced by the Kronecker ¢y ;. Thus, the summation
over k' disappears and the effective one-band Hamiltonian,

H= Z a;k (te ™ +1e ) a, ), + h.c., (3.21)
k

leads to the energy spectrum for a given wave-vector k

ex = €, — 2t + 2t cos(ka) + 2t cos(2ka), (3.22)

35



3 Effective Hamiltonians

which is shown in Fig. 3.2 for arbitrary values of the TB parameters with the
restriction ¢ < (¢4 —¢,). The shape of the approximated band (green line)
shows a good agreement with the results of the original two-band Hamiltonian?
(red line) in contrast to the cruder and worse approximation, ¢ = 0, (blue line)
where the two bands are considered as independent from each other. Thus the
effective hopping method is very successful in describing the structure of chosen
bands by a simple models.

3.3.2 Graphene: d orbitals

In this section the effective hopping model will be applied to the 7 bands of
graphene to derive an effective Hamiltonian which describes the SOC effects in
the vicinity of the Dirac points. In second quantization the Hamiltonian is given
by the hopping integrals ,, s ..+

H = Z Z Z cl s, buyssiss'j Cus! g (3.23)

i ss v

which describe the hopping between the orbitals ;1 and v with a spin s and '
localized at the atoms ¢ and j in the honeycomb lattice of graphene, respectively.
For i = j the hopping integrals are called on-site. In the basis of directed orbitals
the on-site hopping corresponds to the energy of the orbitals if v = p and s = &
and to the SOC parameters if v # p and allowed by symmetry. In graphene
there are two atoms in the unit cell A or B, to identify the sublattices the general
creation and annihilation operators CLM, ¢y ; are replaced by ajwﬂ-, Ay j OF
bL,s,i?

The 7 bands of graphene are given in the basis of the antisymmetric orbitals
Dz, dzz, and d,., where the d orbitals are coupled by the atomic spin-orbit
interaction. In the previous chapter the coupling was taken into account by the
on-site parameter £;. The on-site matrix elements of the hopping matrix 7" are
given in Eq. (2.68). The nn hopping matrix elements ¢,,; s, s = t,,.,,(7i,,) depend

b, s j , respectively.

on the nearest neighbor position vectors i, = R, /|Rn| of Eq.(2.15) and are
tabulated in Tab. 2.3. We chose an initial atom, denoted by 0, to be on the
sublattice A. The corresponding eigenvalue problem in the NNA is than given
by the linear equations of local orbitals denoted by pu = {z, xz, yz}.

2The full two-band Hamiltonian can be obtained in the NNA by the Fourier transformation
of the creation and annihilation operators already in Eq. (3.12).
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3.3 The effective hopping approximation

Figure 3.3: Honey comb structure of graphene showing the first and second
nearest-neighbor vectors defined by R,, and @,,,,» = R,, — R, , respectively.

Figure 3.4: Two of the possible nnn hopping paths through the d orbitals,
(black) arrows. The spin is shown by (yellow) arrows on the orbitals. The
opposite sign for clockwise (a) and anticlockwise (b) hopping is given by the
opposite sign in the SOC of the d orbitals.
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( az 0 — Zt 2,0 u,ma

(5 - 5d)b:cz,m + lszfdbyz,m Z txzv/l 7 a’N mm' = X, (324)

pym/

(5 - 5d)byz,m - iszé-dbmz,m - Z tyz,u(_ﬁm’>au,mm’ = }/7
’

where {m,m’} = {1,2,3} denotes the nearest neighbors of the given atom and
spin index is omitted. The index in the equations for the d orbitals is already
shifted to the nearest neighbors m of the initial atom. The nearest neighbors of
atom m are denoted by the double index mm’. The double index records the
hopping history with respect to the initial atom. It denotes the second-nearest
neighbors of the initial atom, shown in Fig. 3.3, or the initial atom itself if
m = m'. The linear equations for b, ,, and b, ,, are coupled by non-zero SOC
parameter &;. The solutions of the two linear equations

X 15,5
b:cz,m = det_l [(8 - 8d))( - iszSdY] ~ - 2 Sd 27
ep—€a (€a—¢p) (3.25)
-1 . Y iszde ’
byem = det™ " [(e — €)Y +1s,4X] =~ +

ep—€a  (a—¢gp)?

are approximated using ¢; < |e — 4] and consequently det = (¢ — g4)* — &3 ~
(e, — €4)* if € &~ £,. In graphene it is a reasonable assumption because the
coupling of the orbitals by spin-orbit interaction in carbon atoms is of the order
of several meV and the €; — ¢, is of the order of 10 eV. In the vicinity of the
K point the energy of four of the six 7 bands® is at the order of ¢4 — €, with
respect to the Dirac point. Therefore the hopping within the d orbitals can
be neglected by the arguments used in the discussion of the linear chain. The
hopping between the p, orbitals and the neighboring d orbitals is eliminated by
inserting the expression from Eq. (3.25) into the equation for a,( in Eq. (3.24),

( az 0 — ‘/ppw Z bz ,m —t Z Z Z Ny mMpm/ Az mm! — 3taz ,0

mmm = (3.26)

- 1S,ztSO E E (nz,mny,m/ - ny,mnx,m/)az,mm/ .

m  m#m/

The first term on the right-hand side of Eq. (3.26) is the ordinary nn hopping.
The seconds term is the resulting effective nnn hopping and is given by the

30r eight of the twelve bands if spin is taken into account
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3.3 The effective hopping approximation

parameter ¢ = V2 _/(eq — €,) in analogy to the linear chain, where

tz,mz (ﬁm>txz,z(_ﬁm’) — ‘/p%iwnx,mnx m’

tz,zz (ﬁm)tyz,z(_ﬁm’) = ‘/deﬂnz,mny m’s (3 27)
tz,yz (ﬁm)txz,z (_ﬁm’) - ‘/I;%iﬂny,mnx m/ .

e (T ) tye = (=) = Vg Ty mTym

In the case of returning hopping path (m = m') the double index mm can be
replaced by 0 and the summations of the products of components of the unit
vectors 7, in the equations above,

E tz,:cz (nm)tzz,z(_nm)az,mm pdﬂ' az ,0 E 77, pdﬂaz,()’
t (=) 2 =0,
z mz yz z nm Azmm = pdm Q.0 NgmMym =
m

(3.28)
Z tz,yz nm tmz,z(_ﬁm)az,mm - ‘/pzdw Qz,0 Z Ny mNem = 07

E :t 2l tye o (—Tim ) O imm = pd7r az,0 E nym = pdwaz,0>

result in the third term in Eq. (3.26), which is associated with a shift of the
energy of the Dirac points with respect to €,. The last term in Eq. (3.26) is an
additional spin-dependent nnn hopping. The corresponding hopping parameter
tso = &4 pdw/(gd —&,)? is due to atomic SOC of the d orbitals.

The evaluation of the remaining sums in Eq. (3.26) yields

1 -
[5 - ( - 3t)] az0 = Vppw Z bz m 5 Z Az mm/
g (3.29)

. 3
+ lSztso—2 (12 + Q13+ Qr01 — Gr03 — G231 + s 32),

where the spin-dependent nnn hopping has opposite signs for initial spin-up or
spin-down states due to Pauli matrix s,. There is a change of sign between
clock-wise (-) and counter-clock-wise (+) nnn hopping. Figure 3.4 shows the
corresponding clock-wise (a) and counter-clock-wise (b) hopping paths via the
directed d orbitals for the spin-up state. The sign of the nnn hopping is deter-
mined by the sign of the on-site coupling of the d,. and d,,. orbitals. There is
again a change of the sign if the initial atom is placed on the B sublattice.

Summarizing, we receive two additional terms to the Hamiltonian of the lo-
calized p, orbitals at the atomic position given by the vector R},

H="(e, — 38)(ala + bb;) + Ve > _(alb; + hoc.) (3.30)
‘ (i.5)
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where the energy of the p, orbitals is shifted by 3¢, and j denotes three nearest
neighbors of the atom . The first additional term is the effective spin-conserving
nnn hopping due to d orbitals similar to the nnn effective hopping derived in
the case of the linear chain,

Hp = -1 (ala; + bib;). (3.31)
(4,97
The second term is the spin-dependent nnn hopping due to SOC,

o = 1 Lts0 Y Glalsaty — W) (3:32)
(@)
where the orbital and spin labels are omitted and j denotes the six second-
nearest neighbors of atom 4. The intrinsic SOC part of the effective Hamiltonian
in Eq. (3.7) is obtained using the Fourier transformed creation and annihilation
operators defined in Eq. (3.19), where the d orbital contribution to the intrinsic
SOC parameter is given at the K point by

9
A = Sls0. (3.33)

and the ordinary nnn hopping results in a shift of the Dirac point by %f =
27v%(eq — €,), which is consistent with the discussion of the 7-band TB Hamil-

tonian in the previous chapter.

3.3.3 Graphene: s and p orbitals

In the preceding section we have shown that effective nnn hopping paths are
going through d orbitals, states with large energy differences with respect to the
energy of the p, orbitals. An alternative to the d orbitals are the s orbitals.
But in contrast to d orbitals, the s orbitals do not couple to p, via hopping by
reasons of symmetry, but to the (in-plane) p, and p, orbitals. The effective nnn
hopping between the p. orbitals is possible because the p orbitals are coupled
by the spin-orbit interaction. The eigenvalue problem for a chosen initial atom
0 on the sublattice A is given by the linear equations

3
(e —ep)ago = —is.&pay 0 + 15,€paz 0 + Z Z top (T )by , (3.34)

m=1p={s,z,y}

3
(e —ep)ayo = 15,050 — 1565020 + Z Z by (T )by » (3.35)

m=1 p={sz,y}
3

(€ —ep)aso = —18y&paqs 0 + 15:€pay 0 + Z tos (M) bsm (3.36)

m=1
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3.3 The effective hopping approximation

where the nearest neighbors of the initial atom are again counted by the index
m. Here we face the dilemma that the equations diverge in the limit ¢ — ¢,.
In Eq.(3.29) we have shown that the nnn hopping results among other thing
in the energy shift 3¢. A similar shift results by hopping through the s orbitals
which 'removes’ the divergence of the equations for the in-plane p orbitals. The
hopping through in-plane p orbital does not have such effect. Hence, the nn
hopping between p, or p, orbitals can be omitted setting 1 = s. The equations
for a0 and a,o are coupled via SOC. In the Léwdin method this coupling
leads to terms which are at least third order in the SOC parameter §,. Such
terms, and therefore the coupling of the in-plane p orbitals, can be neglected.
Consequently, the equations Egs. (3.34) and (3.35) are coupled via hopping only
to the neighboring s orbitals on the sublattice B. Furthermore the electron in
the neighboring s orbital states can move to their neighboring orbitals on A,
denoted by m/,

(6 - 58) s,m gspaz m T Z Z CL“ mm/ s (337)

and to the p, orbitals on m via the Stark effect parameter &, = eFz,,, which
was defined in previous chapter. The hopping between the s orbitals can also
be neglected here because of the same arguments used in the discussion of the d
orbitals. The effective nnn hopping between the p, and p, orbitals is obtained
by inserting the Eq.(3.37) in the approximated equations for the in-plane p
orbitals Eqgs. (3.34) and (3.35), where

(5 - 8p)aac,O = isyfpa'z,O +1 p E Nm,z Gzm + t E E Nom, Mo l/a'u,mm )

m,m’ p={z,y}

(5 - 8p)ay,O = _isxgpa'z,O +1 p E Nmy Azm + t E E MmN l/a'u,mm )
m,m/ p={z,y}

(3.38)
and the double index in @, ;' denotes again the second nearest neighbors of the
initial atom as well as the initial atom itself if m = m’/. The hopping integrals
between the s and p orbitals, ¢, s(7im) = ts (=) = M, Vipo, are given by the
Slater Koster parameter V;,, and n,,,, the pth component of the unit hopping
vector n,,. The non-zero Stark effect parameter leads to the effective nn hopping
parameter t*(¢) = £sp so/ (€ — €5) and the effective nnn hopping parameter is
defined by t(e) = V2, /(¢ —&,). The iteration of Eq. (3.38) allows us to write
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Figure 3.5: Two of the possible nnn hopping paths through the s, p orbitals,
(black) arrows, with a corresponding spin, shown by (yellow) arrows on the
orbitals. The opposite sign for the clockwise (a) and the anticlockwise (b)
effective hopping is determined by the signs of the two SOCs of the p orbitals.

%pa

Figure 3.6: A representative leading hopping path, (black) arrows, which is
responsible for the Bychkov-Rashba SOC effect, by coupling states of different
spins, illustrated by (yellow) arrows on the orbitals. The effective hopping is
between nearest neighbors. (a) The dominant p orbital contribution. (b) The
negligible d orbital contribution. For clarity the orbitals of the same atoms
are separated vertically, according to their contribution either to the o-bands
(bottom) or to the 7 bands (top).
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down the equations for a, ,m,

(5 - gp) Axmm! = lsyé-paz mm’
+tp nnmazmmn+t N, M, Qv mm/nn’
nn' v={z,y}
(5 - gp) Aymm/ = _lsxfpa'z mm/
s E E 2
+t p Nny Az mm/n +t Ny Mo, v Qv mm! nn'
n,n’ v={z,y}

(3.39)
where the quadruple index mm/nn’ counts all possible hopping paths of four
steps along the connection lines of the carbon atoms. With four steps one ends
up not only at the fourth-next neighbors but also at the second-nearest neighbors
or at the initial atom itself. Taking every path into account by replacing a,,,.
in Eq. (3.38) and using the approximation € ~ ¢, with € —¢&, < (¢,,) by defining
t =t(g,) and ¢ = t*P(g,), we derive the effective nnn hopping equation for p,
orbitals,

(g_gp azo = ‘/ppﬂzbzm_tso Z Q!

m,m#m
: 3 (3.40)
+ lsztSOT(_az,m + az13 + Az — Az03 — Gz 31 + Gz 32) :
+ itBR Z [Synm,x - anm,y] Az m,
m

where the corresponding effective clock-wise and anti-clock-wise nnn hopping
paths are presented in Fig. 3.5. The sign of the nnn hopping is the same in the
case of the d-orbital hopping, which is here due to double atomic SOC of the
out-of-plane p, orbitals to the in-plane p, and p, orbitals. The corresponding
on-site hopping changes the magnetic quantum number and at the same time
flips the spin due to the conservation of angular momentum. Hence, there must
be always two SOC couplings in the hopping paths such that the effective nnn
hopping is of the same form as Eq.(3.29). The coupling of neighboring spin
up and down states is represented by the last term on the right-hand side in
the above equation. The corresponding effective nn hopping originates from the
Stark effect and results in the additional term in the effective Hamiltonian,

f{BR = itBR Z d2(§>< ﬁ)?)] + h.c. s (341)
(i,4)

where j denotes the nearest neighbors of atom ¢ and orbital and spin indices
are omitted. The corresponding effective hopping path is shown in Fig. 3.6(a),
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where the coupling of s and p, orbitals via the Stark effect interrupts the nnn
hopping in Fig. 3.5 such that there is only one spin-flipping process due to on-
site hopping on the neighboring atom. The effective hopping guarantees energy
transfer from spin up to spin down states, which consequently causes the spin-
splitting of the bands.* While the Fourier transformation of the creation and
annihilation operators leads to the effective Hamiltonian of Eq. (3.7), where the
effective spin-conserving nnn and the spin-flipping nn hopping parameters are
associated with the intrinsic and the extrinsic, Bychov Rashba, parameters

tso = gA?’), tgr = AP (3.42)
respectively, obtained at the K points. The shift of the Dirac points in energy
corresponds to A%p ) and is consistent with the results of the energy spectrum
obtained in Ref. [23].

The derivation of the effective nn hopping through the d orbitals with the
path shown in Fig. 3.6(b) is not presented explicitly in this work. Thus let us
present an argument for the shown path by ruling out the alternatives. Here
the Stark effect couples the p, orbital to d... This leads to the question how
to continue the path in order to generate an effective spin-flipping nn hopping.
The d.= orbitals does not couple to in-plane p orbitals by hopping like s orbitals
and the hopping to the neighboring p. orbitals will not flip the spin. We can
continue the path by hopping to the neighboring d orbitals, but these do not
couple to p, via SOC. Hence the only possible way to flip the spin is the on-site
coupling to d,. or d,, via SOC, staying at the initial atom, followed by hopping
to the neighboring p. orbitals. The coupling of the d orbitals via SOC can be
considered as on-site hopping between two states in a potential barrier. As we
have pointed out in the previous section, such processes are unlikely, making
the d orbital contribution to the Bychkov Rashba effect negligible.

3.4 Effective spin-orbit coupling Hamiltonian

In this section we discuss the effective TB Hamiltonian from Eq. (3.7) in more
detail. We have presented two ways to derive the intrinsic and extrinsic SOC
terms, folding down the multi-orbitals TB Hamilton matrix given in the ba-
sis of on-site Bloch functions and considering effective spin-dependent hopping
between the local atomic orbitals. The intrinsic SOC Hj, given in Eq.(3.8),
destroys the picture of relativistic particles by opening a band gap of 24 eV at
the Dirac cones and turns single-layer graphene into a quantum spin Hall insu-
lator. The induced gap is twice the intrinsic SOC parameter A\; in Eq. (3.10).
The p-orbital contributions to A;, derived in the previous sections and in the

4The spin-splitting of the bands is called Bychkov Rashba effect.
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Figure 3.7: Results of the FP (circles), analytical (solid lines) and numerical
(squares) TB calculations of the SOC intrinsic gap in graphene as a function
of the artificial lattice constant ratio. Those dependences originate from the
hopping parameters. The inset shows the dominance of the p orbitals for
larger values of the lattice constant ratio.

works [23, 45, 24|, is negligible, yielding a gap of about 1 peV, mainly due to
the fact that the SOC of the p orbitals, {,, appears in the second order. The
second, d orbital, term in Eq.(3.10) gives a gap of 23 peV, as obtained from
FP [26]. This term dominates, mainly because the SOC of the d orbitals, &g,
appears in the first order.

The extrinsic BRSOC Hpgg, given in Eq. (3.9), breaks the spin degeneracy of
the bands in the vicinity of the K points, where the structure inversion asym-
metry is given by the applied electric field. The contribution of the p orbitals
to the Bychkov Rashba parameter Agr in Eq.(3.11) has already been obtained
in Ref. [23] by the degenerate perturbation theory. The linear dependence of
the Bychkov-Rashba parameter on the electric field £ is consistent with our FP
calculations [26]. But unlike the intrinsic SOC, the extrinsic contribution due
to the d orbitals in Eq. (3.11) is rather small because it is proportional to the
product of two small quantities, V4. /(c4—¢,) and &4/ (e4—¢p). According to the
FP calculations [26] Agr = 5 peV for a typical field of £ =1 V/nm. This is an
order of magnitude smaller than the previous predictions by Huertas-Hernando
et al. [45] of the value of 47 peV and Min et al. [23] of 67 peV. The contribution
of d orbitals to Agg is about 1.5%. Comparing the expressions for the Bychkov-
Rashba parameter in Eq. (3.11) with FP calculation we obtain eEzy, ~ 15 meV
and the ratio eEz,y/(cq — €,) = 0.0003, which confirms our necessary assump-
tion for the Lowdin transformation and effective hopping approximations used
in the derivation of Egs. (3.11) and (3.41) To analyze the contribution from the
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Figure 3.8: Calculated Bychkov-Rashba constant as a function of the artificial
lattice constant ratio: FP calculations (circles), numerical diagonalization
of the p orbital part of TB Hamiltonian including overlap (squares) and the
analytical calculations (solid line). Those dependences on the lattice constant
arise from the hopping parameter V.

p and d orbitals in more detail, let us focus on the dependence of the spin-orbit
gap and the band splitting on the hopping parameters. In general the hopping
parameters decrease with increasing inter-atomic distance [41]. The contribu-
tion to the gap from the p orbitals is inversely proportional to the square of
Vspo, Whose dependence on the lattice constant is shown in Fig. 2.6, and thus
should increase with increasing inter-atomic distance. In Fig. 3.7 we show the
calculations of the intrinsic gap 2)A; and Fig. 3.8 shows the Bychkov Rashba
parameter as a function of the relative lattice constant a/a stretching. In the
absence of d orbitals, the gap increases exponentially and should approach the
atomic-like splitting A = 3§, ~ 8.5meV of an isolated carbon atom. The d
orbital contribution is quadratically proportional to V4, and thus should van-
ish for large a/a. The resulting decrease and further increase of the gap as the
function of a/a is due to the interplay between the contributions from both the
p and d orbitals. The Bychov Rashba parameter Agr increases exponentially
for realistic lattice constant stretching, which is controlled by the decay of the
hopping parameter V;,, with increasing inter-atomic distance.

The effective 8 x 8 Hamiltonian in Eq. (3.7) is easily diagonalized, yielding
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3.4 Effective spin-orbit coupling Hamiltonian

Figure 3.9: The split-off cones due to BRSOC. The spin alignment is shown
by in-plane arrows for a fixed energy value.

the same eigenvalues at the K and K’ points,’

E¢y = ECVO.R = —)\1 + C)\BR + 19\/()\1 — C)\BR)2 + ‘/p%,ﬂ.|f|2, (343)

where f = f(iK) ~ —/3/2kae”*. The band index ¥ denotes the conduction
(9 = +) and valence bands (¢ = —), respectively. Both bands are split by
BRSOC, where ( = + denotes the band with higher energy and ( = — with
lower energy. The split bands are shown in Fig. 3.9 in the vicinity of the K
and K’ points for an electric field of 1 V/nm. For this typical value of electric
field the two conduction bands are degenerate and the valence bands are split
by 2Agr. The band gap is reduced by BRSOC to 2(A\; — Agr), and disappear
if both SOC parameters become equal by tuning the electric field. By further
increasing the electric field, the band gap remains zero, but the spin-splitting
of the conduction and valence bands increases. For ka > A;/V,-, in the case of
linear energy dispersion,® the spin-splitting stays constant being 2Agg. In this
region the spin states for a given wave-vector K are well defined and align along
to the vector gw, defined by the expectation value of the four dimensional spin

5The time inversion symmetry is conserved by SOC. The equivalent energy of the states
in both valleys, K and K’, is a due to Kramer’s degeneracy, €51 = ki which is a
consequence of the invariance of the system under time inversion.

6This condition usually fulfilled in gated or doped graphene.
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operator vector S, which is given by the tensor product h/2 (I x §),

(= 1)
S = (.0l Slr ¢ = ZEmm | (3

0

with respect to the eigenstates of the effective Hamiltonian Hg,

—iCVpr f iCeco
1 609 1 _‘/ppwf*
O—>S|+>Ca19 = A7 . ) <073 _7C719 = X7 . (345)
< > N —1<809 ‘ > N _Zcxfppﬂf
Vopr [* €¢w

The norm of the eigenvectors is given by N = /2 VZ 12+ 5219. The eigen-

vectors are written in the basis |0, s) = {|A1),|A 1), |B1),|B {)}.

In the case of linear bands, the spin-alignment vector S¢y lies in-plane and
depends only on the polar angle ¢ of the wave vector K, where

) sin @
S| —cose |, (3.46)
0

such that the spin up and down states point always normal to the wave vec-
tor for both valleys, K and K’ as illustrated in Fig. 3.9. The spin-alignment
vector is usually associated with an internal wave-vector magnetic field akin to
the Bychkov-Rashba effect of the two-dimensional electron gas (2DEG) in semi-
conductor heterostructures, where the SOC term in the effective Hamiltonian
has to be brought in the Zeeman form. The effective Hamiltonian of graphene,
Eq. (3.7), can be transformed into an effective BR-type 2 x 2 Hamiltonian for
both conduction and valence bands,

Heog = O(Vip| | + M) + 9ABrS” - 5, (3.47)

by successive unitary rotation first into the basis of Hy Eq.(2.30) and then
into the spin basis with respect to the direction of the spin-alignment vector
S¢? Comparison with the original BR Hamiltonian in a 2DEG system of the
form Hj = hw(k) - §/2 shows that for SOC in graphene the effective in-plane
magnetic field is of constant amplitude but dependent on the direction of the
wave-vector K. In this effective field the spin precesses with a frequency of
2 = 2\gr/h. As shown by D’yakonov and Perel [46] random scattering induces
motional narrowing [47] of this spin precession causing spin relaxation. The
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spin relaxation rates for the D’yakonov - Perel mechanism for the outer-plane
and in-plane spin components,

1 2>\BR 2 1 1 Tp 2)\BR ?
= = = = | —= 3.48
Ts.z » < h ) T Tex Tsy 2 h ’ (3.48)

are asymmetric due to the in-plane magnetic field and depend on the momentum
relaxation rate 1/7,, which coincides in graphene with the correlation time of
the randomized effective magnetic field by scattering events [47]|. Applying
different electron-scattering mechanisms, we obtained the spin relaxation times
in graphene, being of the order of micro-seconds [19] at room temperature and
for realistic values of A\gr and densities of charged impurities, which are always
present in graphene substrates. The surprisingly small experimental value of the
spin relaxation times (100-200 ps) was only reproduced assuming untypical large
values for the impurity density. In Ref. [19] we pointed out that origin for such
small relaxation times in the experiment could be ad-atoms with relative large
atomic SOC. Placed on graphene the ad-atoms could induce a large extrinsic
SOC of the order of meV locally and consequently large spin relaxation rates.

3.5 Conclusion of the chapter

An effective Hamiltonian for the SOC effects in graphene was derived from a
multi-orbital TB model considering s, p, and d orbitals. Since d orbitals con-
tribute to the 7 band without SOC, their (atomic) spin-orbit splitting deter-
mines the value of the band gap at the K(K’) points. The constant spin-splitting
of the conduction and valence bands is due to the coupling of s and p orbitals by
the Stark effect and the atomic spin-orbit interaction. This facts have been inde-
pendently confirmed by performing FP calculations of the dependence of the gap
and band spin-splitting on the lattice constant. We have also derived an effec-
tive single-orbital hopping Hamiltonian that captures all the essential spin-orbit
physics of itinerant electrons in graphene. With the parameters derived from
the multi-orbital theory and the insight given by showing the relevant effective
hopping paths, such a model should be useful for spin-polarized transport in-
vestigations, within the limitations restricting its use close to the K(K’) points.
We have pointed out, that the spin-splitting of the bands can be interpreted
as a Zeeman-like splitting in the internal wave-vector dependent magnetic field.
The scattering of the electrons randomizes the internal field leading to spin re-
laxation. However, the experimental values of hundreds of picoseconds would
require SO constants orders of magnitude higher than the ones obtained by FP
calculations [19].
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4 Tight binding description of
few-layer graphenes

4.1 Introduction to the chapter

In this chapter we address the open questions considering SOC in bilayer and
trilayer graphenes: How does the SOC change the band structure? How big
are the corresponding effects? What mechanism stands behind? In chapter 2
we have shown that in the single-layer coupling of the d-orbital character of
the Bloch state by the L - S term gives rise to the leading term of in the SOC
induced band gap being 24 peV. We found that in such few layer graphenes
(FLGs) the 7 bands at the Fermi energy involve intrinsic SOC effects of the
same order (24 peV) and became significantly suppressed below the numerical
tolerance if the d orbitals are excluded from the calculations. This coincidence
with the SOC induced band gap in single-layer graphene implies that the SOC
effects in FLGs have the same physical origin. More precisely, the intrinsic SOC
effect of the single layer determinates the SOC effects in the bilayer, trilayer or
even more-layer graphenes and graphite.

The correspondence between single and FLG vanishes when considering the
extrinsic SOC effects. The spin-splitting of the m-bands in the vicinity of the
K point is due to transitions between spin-up and spin-down states. These
additional effects appear due to breaking of the spatial inversion symmetry.
In bilayer graphene and as well as ABC stacked trilayer the spatial inversion
symmetry is broken by applying an external electric field perpendicular to the
layers. The structure of the ABA stacked trilayer graphene is not inversion
symmetric by itself. The spin-splittings at the K points in all structures are
only due to the intra-layer intrinsic SOC effect. For a finite wave vectors k with
respect to the K point there is a competition of the intra-layer intrinsic SOC,
intra-layer extrinsic, BRSOC, and inter-layer extrinsic SOC effect. The extrinsic
SOC effects have a minor influence on the electronic structure in the very vicinity
of the K points and become insubstantial in comparison to the intrinsic SOC
effect, which leads to the extrinsic spin splittings due to an interplay of the inter-
layer hopping and the electrostatic potential arising between the layers. With
increasing values of k the effect of intrinsic SOC decreases, and the intra-layer,
BRSOC, dominates the spin splittings of the m bands. The inter-layer extrinsic
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4 Tight binding description of few-layer graphenes

SOC effects give a small contribution to the spin splitting by inducing small
asymmetry in the values of splitting of the conduction and valence bands.

Here we present an orthogonal TB model for bilayer and trilayer graphene
taking into account s, p, and d orbitals. The SOC effects are modeled by
effective Hamiltonians, which include only the intra-layer effects. The hopping
parameters have been obtained by fitting relevant band structure obtained by
FP calculation to the TB model. The electronic structures of bilayer graphene
and graphite are obtained with the Wien2k code citeBlaha:Wien2k and trilayer
with FLEUR code within the film mode [48] by Dr. Martin Gmitra. In the FP
calculations we consider 0.142 nm for intra-layer atomic distance and inter-layer
distance was set to 0.335nm, In the Wien2k we use vacuum of 2 nm for bilayer
graphene.

This chapter is organized as follows. We present first a TB model for a
general N-layer graphene including SOC effectively. This model is discussed
in detail for bilayer and trilayer graphene, and graphite. Further, we show.
that the band structures obtained in the vicinity of the K point from the TB
model agree well with the results of the FP calculations. The TB Hamiltonians
are presented explicitly, where the Bychkov-Rashba SOC in bilayer graphene is
discussed using an effective two-band model for the low-energy bands.

4.2 Tight-binding model of few-layers graphenes

The band structure of graphite and FLG is well described by a TBA or by
so-called Slonczewski-Weiss-McClure (SWMcC) model|28, 49, 50, 51, 52, 53, 3,
54, 4, 55|. In the TB approach one considers the inter- and intra-layer hopping
between the p.-orbitals of the neighboring atoms. The hopping parameters are
given by a set of parameters {7y, ..., v} shown in Fig. 4.1, where v, and ~; are
the nearest neighbor intra-layer and inter-layer hopping, 73 and =4 are indirect
hopping between neighboring layers and finally 5, 75, and ~4 correspond to
the direct second-nearest-neighbor inter-layer hopping. In addition, there are
A, 0 parameters, which handle the asymmetries in the energy shifts of the
corresponding bonding and anti-bonding states in the energy spectrum. The
role of these parameters to the band structure and the correspondence between
TB and SWMcC Hamiltonian matrices is given in Ref. [4]. The relation of the
TB and SWMcC parameters and the corresponding values are tabulated in Tab.
4.1 for the FLGs and graphite. In the FLGs the individual graphene layers can
be ordered in different ways concerning the relative positions of the sublattices
A; and B; of the i-th layer. The resulting energy spectra and physical properties
strongly depend on the ordering. In the so-called Bernal or graphite structure,
the even numbered layers (let say B) are shifted along a chosen nearest neighbor
direction by the lattice constant. Even number layered FLG has spatial inversion
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4.2 Tight-binding model of few-layers graphenes

Figure 4.1: Sketch of the trilayer graphene in (a) ABA stacking and (b) ABC
stacking. The bilayer graphene structure is obtained by removing the top
layer. The filled circles represent the carbon atoms of the sublattice A (green)
and B (red). The hopping parameters (yo, 71, 72,73, V1,75 and 7g) are de-
noted by the short-dashed, dashed, long-dashed, dashed-dotted, dotted, long-
dashed-dotted and finally by the small-dotted lines, respectively.

symmetry, while odd number layered FLG has no spatial inversion symmetry.
When one takes ABA trilayer graphene, shown in Fig. 4.1(a), and shifts one of
the A layer in the same direction as the B layer with respect to second A layer,
one obtains ABC trilayer structure possessing the spatial inversion symmetry,
see Fig. 4.1(b). These two ways of stacking correspond to the most dense sphere
packing in the hexagonal structure, minimize total energy, and are of interest
in this thesis.

Within a TB model the different ways of stacking are reflected in the second-
nearest-neighbor inter-layer hopping. For the ABC stacking we introduce the
parameter g, which describes the inter-layer hopping between two atoms in
different triangular sublattices A and B on layers A and C. In general, 74 has
a different value from the parameter ~,, which describes the hopping between
atoms of the sublattice B in the ABA stacking structure. The values for vy, 7o,
Vs, Y6, and the asymmetry parameters A, §(ABA), and §(ABC) are obtained by
comparing the eigenvalues of the effective Hamiltonians, shown in the following
section, to the FP spectra at the K point. The hopping parameters vy, v3, V4
are chosen to reproduce the band-structure obtained from FP calculations close
to the K point. The corresponding values are listed in Tab. 4.1.

The spinless band structure of the N-layer FLGs is described by the 2N-
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4 Tight binding description of few-layer graphenes

TB [eV] A J Yoo M % 3 o Vs
SWMcC [eV] A =72+ 75 - Yo o Ya/2 Y3 —v4/2  5/2
bilayer 0.0096 - 2.60 0.339 - 0.290 -0.143 -
trilayer ABA 0.0153 0.008 2.60 0.337 -0.0210 0.280 -0.140 0.0080
trilayer ABC 0.0077 -0.001 2.58 0.335 0.0073 0.251 -0.152 -
graphite 0.0198 - 2.60 0.336 -0.0082 0.275 -0.140 0.0114

Table 4.1: Tight-binding parameters obtained by fitting the band structure to
the FP calculations. The signs of the parameters are chosen to be consistent
with the SWMcC parameterization presented in Ref. [2]. The translation table
of the parameters in the TB and SWMcC models is obtained from band-
structure fitting of graphite. The presented values of the TB parameters are
of the same order as in the literature |3, 4, 5, 6] and are consistent with values
of Ref.[7] obtained from bilayer band-structure calculation using WIEN2k

o4
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4.3 Hamiltonians

dimensional TB Hamilton matrix, whose short notation with {4, j} = {1,..., N},
ngéivj + Hz%j(si,j-i-l + H2j5i7j+2 + h.c. ,

contains the intra-layer H. 2 ;» first-nearest-neighbor inter-layer H, Zl ; and the second-
nearest-neighbor inter-layer Hfj hopping matrices, which are given in the basis
of the sublattice pseudospin. Here the ‘up’ state corresponds to electron density
localized at sublattice A and the ‘down’ state at sublattice B. With the spin
degree of freedom the dimension of the TB Hamiltonian increases to 4N. The 7
bands wave functions of FLGs built by p, orbitals are not affected by the spin-
orbit L - S term. Therefore coupling the 7 bands to the other states is needed
by introducing a multi-orbital model that increases the dimension of the TB
Hamiltonian. Since SOC contributions are rather small due to the light atomic
mass of carbon, the effects of SOC can be studied in form of an effective TB
Hamiltonian. The effective TB Hamiltonian can be obtained using the Lowdin
transformation (see Sec. 3.2) of the multi-orbital TB Hamiltonian, which in-
cludes the s, p, and d orbitals. The most simple model neglects inter-layer
hopping except between the p, orbitals, while all other intra-layer hopping be-
tween s, p and d orbitals are taken into account. The 7 bands are then expressed
in a basis reflecting contributions from other orbitals. It means, that there are
new terms in the matrix elements of HZQJ, which correspond to the single-layer
intrinsic and extrinsic SOC effects in Eqgs. (3.10) and (3.11), respectively. The
technical details of the TB Hamiltonians are given below. In the following sec-
tions we describe the electronic states in bilayer and ABC trilayer graphene in
the presence of SOC and normal electric field, and ABA trilayer graphene and
graphite including SOC only. The FP results are presented and explained using
the TB concepts.

4.3 Hamiltonians

4.3.1 Bilayer graphene Hamiltonian

The effective TB Hamiltonian of a bilayer graphene shown below includes the
single-layer intrinsic and extrinsic, BRSOC, effects given by the parameters A
and AR, respectively. We write the TB Hamilton matrices in the basis of
the on-site Bloch functions Wy, 5, ¥p, 5, Va, s, U, s, where s denotes the spin
eigenstates along the electric field, and obtain the effective Hamiltonian

A+71ANs, +V/2 vf +idgrsT Yaf” M
Yof* —idprsh  —TAis. 4+ V/2 Y3 f Yaf” (1)
Yaf V3. TAs, — V/2 Yof + tArST
" Yaf Yof* —idgrsT A —TAs, —V/2
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4 Tight binding description of few-layer graphenes

The matrices sT = s, £ i7s, are given by the Pauli-matrices, where the
eigenstates of s, represent the spin eigenstates and 7 = 41 counts the K and K’
points, respectively. The intra-layer v, and indirect inter-layer hopping ~3 and
~v4 imply the wave-vector dependence of the Hamiltonian, which is hidden in
the variable f ~ —7v/3|k|ae™%/2 defined in Eq. (2.26), where k — k — K (K'),
o= /(k,K), K(K') = (+47/(3a),0), and @ = 0.246 nm is the graphene lattice
constant.

To fold down the effective TB Hamiltonian into the basis of the low-energy
states, we transform the Hamilton matrix in the basis Ug, s, W, s, Va, s, UB,.s
to gather the low-energy and high-energy states,

—TA1s, +V/2 V3.f Yo" — iAprsh Yaf*

Y3 f* TAIS, — V/2 Yaf Yof + iA\grs” (4.2)
Yof + iABrsT Yaf* A+ 7Ths, + V)2 gl

Yaf Yof* — iABRST o%) A—T1Ns, —V/2

For small enough f and Agg the requirements of the Lowdin transformation
is satisfied and the folding down results in the effective two-band Hamiltonian
given in the basis of low-energy on-site spin-resolved wave functions,

BBy < PP VIR =T+ V/2  —2idsrfC(2A — V) /0

’ ’ INBRSC2A V)70 QA-V)IfP+Ta+V/2 )]
(A2| T4, 2) = QA+ VP +TA = V/2  —2idsrfC2A + V) /Y0

: ; 22X CRA+V) /0 CA+V)|fP—TA-V/2 |

(B.1|H|A,2) = ( vaf = 40 (F)*C 8idsr S *Cyi/%0 )

0 v3.f — 41 (f*)*¢

(4.3)
where ¢ = 2/(V? + 4(7% — A?%)) and the high-energy bands give a small pertu-
bative contribution to the shape of the low-energy bands. For reasonable values
of V holds |V £ 2A| < 7, therefore the corresponding matrix elements can be
set to zero.
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4.4 Bilayer graphene

4.3.2 Trilayer graphenes Hamiltonians

The effective TB Hamiltonians of ABA and ABC trilayer graphenes shown below
including the intra-layer SOC effects,

A+ TN, Y.f Yaf* 71 V5 0
Yof* d—TAis:  v3f Yaf” 0 V2
* A . *
Ho— Yaf v3.f T IS* Y.f Yaf v3.f (44)
71 Yaf Yf* A —TMs; 7 Yaf
V5 0 Yaf* " A+ TS, Y.f
0 V2 v3.f Yaf* Y f* 0 — TS
A+V  wf Yaf* M 0
Yof* 0+V o wf Yaf* V6 0
I% vaf  wmft A+Vie  nf Yaf* "
eff — % « +
7 Yaf Yo.f A+Vy  wf uf
Y6 Yaf wf* o=V  yf
0 0 7 vaf Yf* A=V
(4.5)
T)\ISZ i)\BRSZ 0 0 0 0
—idprsT —TAis= 4V 0 0 0 0
n 0 0 TALS, +1ABRST 0 0
0 0 —iABRST.  —TAIS: + Vin 0 0 ’
0 0 0 0 T)\ISZ Z')\BRSZ
0 0 0 0 —Z')\BRSS_ —T)\ISZ

respectively. The Hamilton matrices are written in the basis of the on-site wave
functions Wa, s, VB, s, Vasss UBys, Yass, Unys. In the ABC trilayer graphene
the middle layer has in general a non-zero potential V,,, due to screening effects.
Here we can use the same arguments as in the case of the bilayer graphene to
neglect the Bychkov-Rashba effect in the very vicinity of the K points.

4.4 Bilayer graphene

The electronic structure of bilayer graphene around the K point, unlike the sin-
gle layer graphene, does not exhibit massless particles. The bands are parabolic,
but the possibility of a widely tunable band gap using electric field perpendic-
ular to the layers shows fascinating behavior that opens promising prospects
in applications [56, 57, 7|. In conventional materials, the band gap is fixed
by the crystalline structure, preventing the band gap control, which does not
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4 Tight binding description of few-layer graphenes

allow further control of transport and optical properties. Spintronics applica-
tions, however, require spin manipulation in which SOC plays a significant role
[58, 22]. It has been recently proposed that the effects of SOC in bilayer and
trilayer graphene structures are at the order of hundreds of micro eV caused
by effective spin-dependent inter-layer hopping between p orbitals [35, 36]. Our
study presented here does not support such results.

Figure 4.2 shows the calculated band structure of bilayer graphene around the
K point along the 'KM high-symmetry lines; the SOC is taken into account.
The excellent agreement between the TB model and the FP calculations (lines
and points), respectively, persists to the lowest energy scales. Each of the shown
scales uncovers different physics. The largest scale in Fig. 4.2(a) shows parabolic
dispersions of four spin-degenerate m bands due to spatial inversion symmetry.
The high-energy bands (corresponding to orbitals at atoms A; and By at the K
point, see Fig. 4.1) are shifted in energy about 340 meV by the direct inter-layer
hopping 7, away from the low-energy bands (atoms Ay and By) lying close to
the Fermi level. The difference in the energy shifts between the conduction and
valence bands is taken into account by the parameter A. The fine structure of
the low-energy bands in Fig. 4.2(b) shows two overlaying parabolas crossing at
the K point as well as at the point of accidental crossing along the I'K line. These
crossings are governed by the indirect inter-layer hopping 3 and 4 which push
the bands towards each other. The presence of the SOC separates the states at
the crossing points by the value of 24 eV, see Fig. 4.2(c), which collapses below
1 eV if d orbitals are not considered in the calculations.

Applying a transverse external electric field F to the bilayer places the layers
to a different electrostatic potential. In terms of the TB model one introduces
parameter V' which includes all possible screening effects and corresponds to
the splitting of the low-energy bands at the K point [7]. Figure 4.3(a) shows V'
as a function of the electric field by fitting to the electronic structure obtained
from the FP calculations. The dependence is nearly linear with the slope of
about 0.1eV/(V/nm). The electric field bears also a slight variation of A and
direct inter-layer hopping ~;. Their dependences are shown in Figs 4.3(b) and
4.3(d). For tiny electric fields smaller then 6 mV /nm, bilayer graphene keeps its
semi-metallic property, which is given by a finite Fermi surface in the triangular-
warping structure of the low-energy bands even though the electric field induces
small energy gaps at the crossing points of the overlapping parabolas. Further
increase in electric field opens indirect band gap between the maximum of the
valence band present at the KI" line and the minimum of the conduction band at
the K point; see band structure for the field of 25 mV /nm shown in Fig. 4.4(b).
For electric fields larger then 0.45 V /nm the states at the K point get significantly
repelled; minima and maxima of the valence and conduction bands are then
present along 'K and KM lines [59, 7|. Consequently, there is a direct band
gap, shown in Figs 4.5(b) and 4.6(b). Due to the shift of the conduction band
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Figure 4.2: The calculated band structure of the = bands along the 'KM lines,
where K = [T'K| = 47/(3a) with @ = 0.246nm. First-principles results are
shown by circles while TB calculations as solid lines. (a) Low and high-energy
bands. (b) Fine structure of the low-energy bands. (c¢) Detail view at the low-

energy bands shows anti-crossings at the K point and at £ = —0.063 nm .

minimum away from the K point, the bandgap is no longer proportional to the
potential V' and saturates to a value of about 265 meV, similar to the values
found in previous works [60, 61, 57|, as it is shown in Fig. 4.3(c). The electric
field breaks spatial inversion symmetry and lifts spin degeneracy. Closer look at
the band structure along the KI'M lines for £ = 25mV /nm, £ = 1V /nm, and
E = 10V /nm shown in Figs 4.4(c), 4.5(c), and 4.6(c), respectively, illustrates
the low-energy conduction-band spin splitting, which is exclusively governed by
the d orbitals, and is of the order of 24 ueV at the K point. The values of the
corresponding TB parameters are presented in Tab. 4.2 .

The SOC effects at the K point can be understood in terms of the interplay
between the electrostatic potential V', direct inter-layer hopping 7;, and intrin-
sic intra-layer SOC controlled by the parameter A;, which has been found for
graphene 2\; = 24.4 eV |26, 62|. The energy spectrum at the K point reads

(4.6)
= A\ (V2N b= V24,

b= AR+ (V/2- M2 eh= V2 A

The sketch of the spectrum is shown in the Fig. 4.7. The eigenstates are con-
structed by the on-site (Bloch) wave-functions. Their form at the K point was

59



4 Tight binding description of few-layer graphenes

@) & (b)
0.8 o 348
{4 e
346 ~
S 0.6C- o >
24 .’Q’ g 344’ ,,//
> 04C7 ,/.'Q/ ;: 3427 /,,¢/
0.2C ’." 340 ///
ooce 338l
0 2 4 6 8 10 0 2 4 6 8 10
E[V/nm] E[V/nm]
0.3, ; 9.60 @
g 9.50-
; 0207‘6 I" S \\
[} o [} o
o 5 j £ 9.40- \
o] = — \\
> 0.1C < .
9.30
0.00% 9200 N
0 2 4 6 8 10 0 2 4 6 8 10
E[Vnm™] E[V/nm]

Figure 4.3: Bilayer graphene essentials in external electric field obtained from
FP calculations (circles) and TB model (solid line). (a) Electrostatic potential
V as a function of the applied electric field. The slope is described by the
effective inter-layer distance of d.g = 0.1 nm, which is defined by V' = eFEdg;
and (b) corresponding dependence of the hopping parameter ~;. (c) Energy
gap in biased bilayer graphene in comparison to V' (dashed-dotted line) as
a function of the electric field. (d) Decrease of the parameter A due to the
electric field. We note that E is the actual external electric field and not the
screened one as presented in Ref. [7].
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Figure 4.4: The calculated band structure of the m bands of the bilayer
graphene with the applied electric field of 25 mV/nm along the I'KM line
with the K point and Fermi energy at origin, where K = |[T'K| = 47/(3a)
with @ = 0.246 nm. Circles show the results of FP and lines are the TB
calculations. (a) Low and high-energy bands. (b) The fine structure of the
low-energy bands with the corresponding indirect band gap of 0.7meV be-
tween £ = —0.068 nm~! and the K point. (c) Detail view at the low-energy
conduction band shows its splitting due to SOC with the maximum value of
21 = 24 peV at the K point and at & = —0.063 nm™!.
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Figure 4.5: The calculated band structure of the 7 bands with the applied

electric field of 1V/nm. Circles show the results of FP and lines are the
TB calculations. (a) All bands: envolving band gap. (b) Detail view at the
low-energy bands shows the mostly direct bandgap of 94.5 meV between the
valence k = —0.2 nm~! and the conduction k¥ = —0.15 nm~! bands. (c) More
detail view at the low-energy-conduction band shows its splitting due to SOC
with the maximum value of 2A\; = 24 ueV at the K point and in its vicinity,
for the k points, whose values are the interval [—0.17,0.1] nm™.
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Figure 4.6: The calculated band structure of the 7 bands with the applied
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electric field 10 V/nm. (a) Hyperbolic high-energy bands and Maxican-hat
structure of the low-energy bands. (b) The fine structure of the low-energy
bands in the bandgap region with mostly direct bandgap of 265meV the
valence k& = —0.910 nm~! and the conduction & = —0.904 nm~' bands.
(c) Detail view at the low-energy conduction band shows its splitting due to
SOC with the value of 2A\; = 24 eV at the K point.



4.4 Bilayer graphene

proposed based on symmetry arguments decades ago by Slonczewski [27] and
derived considering TB model and introduced in Eq. (2.49).

Let us take a detail look at this on-site wave functions to use their properties
to explain the spin-splitting we observe in bilayer graphene. The on-site Bloch
wave functions for the m bands on the i-th layer is identified as

‘Il[_{”Ai’s - ‘III_{’AZ'J)Z,S + ZW\IJR,B’hdﬁ”s ’

v (4.7)

K Bjs' — @R,Bimz,s/ + ZV@R,Ai,d—,S/ )

where Wy, are the orbital resolved wave functions defined in Eq.(2.2),
s, = {1,]} denote the spin eigenstates pointing along the electric field, and
the quantum numbers A, B correspond to the eigenstates of the sublattice pseu-
dospin. The two states in Eq.(4.7) are given by a combination of p and d orbitals
with opposite pseudospin. But these states can be still labeled as the eigenstates
of the pseudospin because the contribution of the d-orbitals is very small with
v ~ 0.09 [62] (see Sec. 2.5.3). The degeneracy of the d, = d,. + id,. and
d_ = d,, —1d,, rotating orbitals is lifted due to the non-zero magnetic quantum
number and is governed by the L - S term with the energy-splitting ;. Each
of the states W4, s and Vg, ¢, therefore, become spin-split due to SOC with the
energy gap of 2\; = 4v%¢; by considering the SOC as a first order perturba-
tion. The d, (d_) orbital implies that the corresponding spin up (down) state
is higher in energy. Due to a unique relation between the magnetic quantum
number of the d orbitals an the pseudospin in Eq.(4.7) the states Wy, s and
Up, ¢ with opposite spin s # s’ and pseudospin stay degenerate. (see left side of
Fig. 4.7). This fact gives us an important argument for understanding the spin
splitting in bilayer and also in other FLGs: namely, if there are two degener-
ate eigenstates built by two on-site states in Eq.(4.7) with opposite pseudospin,
the eigenstates stay degenerate if SOC is applied, because the spin splittings of
each of the on-site states cancel each other. In contrast, if the given eigenstate
is built by on-site states with the same pseudospin, their splitting by the SOC
implies the spin splitting of the eigenstate. This argument can explain the spin
splittings at the K points to in FLGs band structures.

In the Bernal structure of bilayer graphene the inter-layer hopping ~; repels
the states Uy, and g . with opposite pseudospin in energy by building
bonding and anti-bonding states U, ~and Wy .. The hopping conserves spin
and does not break the pseudospin degeneracy, such that the resulting bands
stay spin-degenerate. Thus the spin-splitting of the remaining four low-energy
eigenstates Vs = Wp, cand Ve, = Wgey | results in the anti-crossing
of the corresponding spin-degenerate bands. When transverse electric field is
applied the energy of the on-site states at different layers differs by the potential
energy V. The pseudospin degeneracy of the high-energy states at A;, By and
low-energy states at Ay, By get lifted, see right side of Fig. 4.7. The spin-splitting
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Figure 4.7: Energy spectrum diagram at the K point of bilayer AB stacked
graphene without (left) and with (right) inter-layer hopping ;. The states
on different layers are separated in energy by the electrostatic potential V.
The states at the sites Ay and B are split due to SOC whereas the remaining
states are shifted in energy due to inter-layer hopping v, and spin split by
20\ V /v, with A\ « V < 7. For large V' > ~; there is charge transfer form
A; to By and thus the splitting saturates to 2A;. The energies are &; with
i=1{1,2,3,4} and s = {1, ]} from top to bottom, see Eq. (4.6).
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Figure 4.8: (a) Spin-splitting of the high-energy bands at the K point as a func-
tions of electrostatic potential V: (solid line) TB result with 2A\; = 24 eV,
(dashed line) TB result with 2A\; = 20 zeV and (circles) FP results. (b)
The absolute difference of TB with 2A; = 24 ueV and the FP results at
E =1V/nm as a function of relative inter-layer distance ¢/cy.

of the each low-energy state Wy, and Wp, , is |eh — 3| = [ef — €5 = 2\,
which results in the spin—splittiné of the corfésponding low-energy bands. The
spin-splitting of the high-energy states increases linearly with V' for V' < v, and
saturates to 2A; for V' > ~;. This behavior is well described by the functions
Aey = el — et and Agy = e} — ). But the results of our FP calculations are
reproduced only if 2A\; = 20 peV. If we increase the inter-layer distance in the
FP calculations any contribution of inter-layer effect vanishes. The absolute
difference between 2\;(c) as function of the inter-layer distance ¢ and the value
of SOC induced band gap in graphene, 2\; = 24 pueV, is shown in Fig. 4.8.
Already by ¢ = 1.4¢y with ¢ = 0.335nm the spin-splitting of the high-energy
bands is given for 2\; = 24 ueV. Consequently, the reduction of 2); from the
24 eV can be considered as an inter-layer effect.

The on-site coupling of the s and p, orbitals due to the Stark effect leads to-
gether with the SOC of p-orbitals to the extrinsic intra-layer effect, the BRSOC
[23, 26], whose strength is described by the parameter Agg (see chapter 2). The
resulting spin-splitting of the bands in single-layer graphene is constant in k,
corresponds to 2Agg in the reasonable interval of k values around the K point
and scales linearly with the electric field having the found value of 10 eV for
the electric field of £ =1V /nm [26].

In bilayer graphene the shape of spin-splitting as a function of k is more
complex due to an interplay of the Bychkov Rashba and intrinsic SOC effects.
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4 Tight binding description of few-layer graphenes

TB parameter [eV] A Yo " 3 Y4

bilayer 0.0096 2.6 0.339 0.29 -0.143
bilayer [F = 25mV/nm| 0.0096 2.6 0.339 0.28 -0.145
bilayer [F =1V /nm] 0.0096 2.6 0.339 0.25 -0.165
bilayer [E =10 V/nm]  0.0092 2.6 0.348 0.26 -0.100

Table 4.2: TB parameters obtained by fitting the band structure to the FP
calculations. The signs of the parameters are chosen to be consistent with
the SWMcC parameterization presented in Ref.[2]. The presented values of
the TB parameters are of the same order as in the literature.|3, 4, 5, 6] and
are consistent with values of Ref.|7] obtained from bilayer band-structure
calculation using WIEN2k code.

00 ! [ [ ! !
-50. -25. 0. 25. 50.

k/K x 1073

Figure 4.9: The spin-splittings of the low-energy-conduction band for the elec-
tric field of F = 25mV /nm (red), £ = 1V /nm (green), £ = 6 V/nm (violet).
The solid lines shows the FP and dashed lines the TB results.
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4.4 Bilayer graphene

Figure 4.10: The spin alignment in the low-energy-conduction band as func-
tion of k for different directions. The k, axes corresponds to I'KM line.
The circles corresponds to (1) k/K = 0.01, with the corresponding energy
€ = H6meV and angle between the spin pointing vector and the k, axes
0 = 55° (2) k/K = 0.0225, ¢ = 119meV, 6 = 45.5° (3) k/K = 0.05,
e =355meV, # = 80.5°.
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Figure 4.11: Solid lines shows the low-energy valence-band the spin splitting
on the left side and the conduction-band on the right side of the bilayer
graphene at £ = 1V /nm (violet) with increasing inter-layer distance ¢ with
co = 0.335nm in relation to graphene (red). The thin solid lines shows the
splitting if only p orbitals are included. The dashed lines shows the results of
the TB model, where the thin dashed line shows the spin-splitting given only
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4.4 Bilayer graphene

Such behavior can be understood by looking at the eigenstates of the spinless
Hamiltonian given for the n-th band and finite wave vector k. Such eigenstate
of nth band is expressed by the superposition of all on-site wave functions in
the unit cell, say
2 2
Vi, = a(”)lI]kAl +b kB1+a( )‘I’E,Aszb;(;;,,)fI]EB

,Ba*

(4.8)

The on-site wave function have in general the form given by Eq.(4.7), but in
general, there is a contribution from the s and in-plane p orbitals, which is
not presented explicitly here. In our discussion of the spin splittings the exact
expression is not important, it is enough to have in mind that this part is re-
sponsible for the inter-layer coupling the spin-up and spin-down states of the
neighboring on-site wave functions by BRSOC. Hence the resulting spin split-

ting of the elgenstates depends on the coefficients a,g)YL, b,(;n and correspond to

QABRZ \a Hb,(;n\ by considering the SOC as a perturbation. At the K point

either a,w or b,w are zero as shown in Fig. 4.7. Hence the BRSOC effect disap-
pears and the spin splitting of the bands is entirely given only by the intrinsic
SOC originating from the d orbitals as discussed above. For a finite k all on-site
wave functions contribute to the elgenstates and their spin-splitting due to BR-
SOC depends on the relative values of ak e b,(g)n, reaching the maximum value if
the coefficients became equal, like in the case of single layer graphene. In bilayer
graphene this case is reached for large k& being roughly 5% of the I'K line with
respect to the K point. Consequently the spin splitting saturates to the value of
single layer graphene 2\gr shown for the low-energy bands by the dashed lines
in the top part of Fig. 4.11.

The shape of the spin splittings as a function of k due to intrinsic SOC can be
handled in the same way, considering the coefficients in on-site wave-function
expansion of the nth eigenstate. There is an opposite situation to the BRSOC

effect: for equal coefficients a,(i)n and b,(j,)n the spin splitting is zero and has it

maximum value of 2)\; at the K point where either ag’)n or b,(;)n is zero. This is
due to the fact that the energies of the on-site states with the same spin but
opposite pseudospin sum up to zero.

Consequently, for very small k the eigenstates are similar to the ones at K
and the intrinsic SOC effect dominates the spin-splitting, being at the order of
24 peV for the low-energy states as shown in top picture of Fig. 4.7. In contrast,
for large k, the neighboring on-site functions W , and W 5 contribute equally
to the eigenstates and therefore the BRSOC determmes the spm—sphttlng This
fact has crucial consequences for the spin alignment as a function of wave vec-
tor k shown in Fig. 4.10 for the spin-up state of the low-energy conduction
band. The intrinsic SOC term is diagonal in the spin. Hence the spin vector
is orthogonal to the graphene plane (by definition) at the K point. Then it is
rotated into plane going with increasing k due to increasing contribution of the
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4 Tight binding description of few-layer graphenes

Bychkov-Rashba effect reaching the single graphene case, where the spin is in
plane as shown in Fig. 3.9.

The above discussed saturation of the spin splittings of the bands by 2\gg for
large k is observed in the FP results only for small electric fields (< 0.1 V/nm).
We believe, that the reason for the deviation of the spin splittings for larger
electric fields are inter-layer SOC effects, which couple the on-site spin-up and
spin-down states sitting on different layers. This statement is proved by in-
creasing the inter-layer distance. In Fig. 4.11 we show that the spin splitting of
the low-energy bands by the electric field of 1eV /nm (given by solid lines) ap-
proaches the graphene case (red solid line) as the inter-layer distance increases.
The thin solid lines shows the case where the d and higher orbitals are excluded
from the FP calculations. Hence they represent the splitting given by intra-
layer BRSOC and inter-layer SOC effects. The overlap of the thin and thick
lines defines the region where the BRSOC effect dominates the spin splitting,
where the contribution of the intrinsic SOC is nearly zero. In this region the
energy difference between the spin splitting of the bilayer (violet line) and single
layer (red line) graphenes gives the contribution of the inter-layer SOC.

The relative contribution of the inter-layer SOC effects reduces with the in-
creasing electric field, since the layers became more separated in energy by
the electrostatic potential V. Figure 4.9 shows the spin splitting of the low-
energy conduction band for different electric fields. For the smallest field the
spin-splitting is given only by the intrinsic SOC effect. For intermediate field
(1V/nm) there is a disagreement of the FP and TB results for large k£ due to
the inter-layer SOC effects as discussed above. At the same k points the relative
difference of the FP and TB results is hardly reduced for large electric fields.
Here the the spin splitting of the shown band is mostly given by the intra-layer
BRSOC effect, except the K point.

4.5 Trilayer graphene

In the previous section we have shown that the spin-splitting of the 7 bands
occurs in bilayer graphene when applying a transverse electric field. In tri-
layer graphene spatial inversion symmetry depends on the stacking itself. The
ABC stacked trilayer graphene possesses structural inversion. Consequently, the
bands are spin degenerate. As in the case of bilayer graphene, the spin degen-
eracy is removed by applying external electric field perpendicular to the layers.
In ABA trilayer graphene, in contrast, the spatial symmetry is not present and
thus spin degeneracy is lifted by the structure itself. In the following subsec-
tions we will discuss the band structures and their SOC effects for each stacking
case in detail using the on-site wave functions of Eq. (4.7). The unique relation
of spin and pseudospin degrees of freedom in the on-site wave functions allows
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4.5 Trilayer graphene

us to explain the appearance of spin splitting at the K points in the different
structures.

4.5.1 ABA-stacked trilayer graphene

Figures 4.12 present the band structures of the ABA-stacked trilayer graphene
for three different scales. The largest scale in Figs 4.12(a) shows the high-energy
band separations from the low-energy bands driven mostly due to v; hopping.
The number of the high-energy bands depends on the number of states repelled
by =1 hopping. ABA-stacked trilayer graphene contains eight low-energy bands
associated with atoms A;, By, Ay, and B;. The two high-energy bands are
combination of on-site states at atoms Ay, A3 and due to 75 and 7; hopping,
the states localized at atom By are involved as well. At the K point the energy
spectrum of the six bands reads

1
el = 3 (75 +2A + \/87% + (72 +2)\1)2) ;

e =5 <%+2A+\/87%+(v§—2h)2),
l2,:5_’}/24_)“) 8525_72_)\17
5§:A—75—|—>\1, 5§:A+%—>\I,
Z:)\Ia 81:—)\17

!

5

EE =0+ 7+ A, eg:5+72—A1,

1
eb =3 (75 +2A — \/873 + (73— 2A1)2) ,

™

1
B (75 +2A — \/87% + (v + 2)\1)2) .

The sketch of the energy spectrum is shown in Fig. 4.13. The corresponding
eigenstates are built by the on-site wave functions introduced in Eq.(4.7). The
fine structure in Fig. 4.12(b) shows the low-energy bands. It resembles the
bilayer and single-layer graphene low-energy spectra with a band gap when
comparing the parabolic and linear bands around the K point, respectively.
The 'gaps’ are given by the direct next-nearest-neighbor inter-layer hopping -
and v (see Fig. 4.13), where the graphene-like band gap is given by g3 — &3
and the K point splitting of the bilayer-like bands by €4 — &5 in Eq. (4.9). Due
to crossing of the graphene-like valence band the bilayer like conduction bands
there is no real band gap in ABA-stacked trilayer graphene. The on-site states
W A, are not coupled to other atoms of the primitive unit cell. Therefore they
form the low-energy band at the Fermi level. The on-site states W 7B, and
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Figure 4.12: The calculated band structure of m bands in ABA trilayer
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graphene along I'KM lines. Circles show the results of the FP and lines
the TB calculations. All six bands are shown in (a), where the two parabolic
high-energy bands are repelled by ~; hopping at K. Two of the four low-
energy bands have graphene-like linear dispersion, while the dispersion of the
two remaining bands is parabolic similar to bilayer. The fine structure of the
low-energy band is shown in (b) and discovers the bands gaps in the single
structures. The detail view in (c) shows the spin splitting of 24 peV in the
lowest conduction band.



4.5 Trilayer graphene

V3 B, are separated by 27, in energy and form the bonding and anti-bonding
states close to the Fermi level. The 5 hopping pairs the on-site states Uy ,
and W RAss forming one low-energy band.

SOC splits each of the low-energy bands. The spin splitting depends on the
wave vector and is of the order of tens of micro electron volts in the vicinity of
the K point with the maximum value roughly of 24 ueV at the K point. Fig-
ure 4.12(c) shows spin splitting of one of the conduction bands. The splitting
drops below 3 eV if d orbitals are not included in FP calculations. The corre-
lation between the value of the intrinsic SOC effect in a single sheet graphene at
the K point and the trilayer structure is conspicuous. Therefore, we perform fur-
ther analysis to have deeper insight into the physics of SOC in the trilayer struc-
ture. As in the case of bilayer graphene, we explore the effects of SOC in terms
of the on-site wave functions introduced in Eq.(4.7). Each on-site wave function
spin splits by to SOC due to the d orbital contribution, such that the states
with opposite sublattice pseudospin and real spin have the same energy. Thus,
there are six degenerate on-site states if any inter-layer hopping is set to zero.
When turning the inter-layer hopping on, the six-fold degeneracy is lifted. The
eigenstates at the K point in ABA are given by linear combinations of the on-site
states Eq.(4.7) and are shown in the spectrum sketch in the left part of Fig. 4.13.
The inter-layer hopping conserves the spin. Thus, the spin degeneracy of the
resulting bands is only possible if the chosen band is at least twice degenerate
and those eigenstates have different pseudospin. The eigenstates with the same
pseudospin will be split by the SOC in the real spin up and spin down states.
The hoppings 7, or 5 combine states with the same sublattice pseudospin, B
or A, respectively. Thus the low-energy bands become split by the SOC due to
spin-splitting of the on-site states Vi B and Vi Bys T ViAo respectively, as
shown in Fig. 4.13. The first neighbor inter-layer hopping 7, repels the on-site
states Uy y cand Uy and Wi p ~and Wi o by forming the high-energy
bands, such that each of the corresponding eigenstates is built by all three on-
site wave functions, states with opposite pseudospin. However, the eigenstates
are spin split as seen by FP calculations. This fact seems to be a contradiction
because the high-energy eigenstates should be degenerate due to the pseudospin
degeneracy statement. However, as we pointed out in previous section, the spin-
splitting depends on the coefficients in the expansion of the eigenstates in the
basis of the on-site wave functions. Thus the spin-splitting of the high-energy
states is given by 2A1(2—a2)/(2+a2) with ax = —7y5/(271) £ /2 + [v5/(271)]2
by considering the SOC as perturbation in the first order, where (4) denotes
the conduction and (—) the valence band. Here the second nearest inter-layer
hopping =5 plays the crucial role, even if 5 < v; (see Tab. 4.1). Setting 75 = 0
leads to the spin degeneracy of the high-energy bands, because oy = 4+/2 then.
Up to the first order in 5 the estimate of the spin splitting corresponds to the
energy differences |l — et = |ef — e§| &~ Arys/(2v/271). This explains the small
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Figure 4.13: Energy spectrum diagram with the corresponding eigenstates at
the K point of trilayer ABC stacked and ABA stacked graphenes. Solid lines
are the energy levels. For the SOC-induced splittings we use \j < V, V,,, <
with [ = {1,6} and 75 Iy, holds.
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Figure 4.14: The calculated band structure of 7 bands in ABC trilayer
graphene. There are four repelled high-energy band shown in (a). The
parabolic conduction (valence) bands cross at the K point. The low-energy
bands are split at the K point by 2+ but cross accidentally at the KM line
for k¥ = 0.1334nm™! as shown in (b). The detail view in (c) shows the band
gap at the crossing point with the value of 26 ueV.

values 2.3 peV and 4 eV for the spin-splittings of the high-energy valence and
conduction bands, respectively. However using the TB parameters in Tab. 4.1,
one obtains a splitting value one order of magnitude smaller then the numerical
results. Indeed, such small values are at the limit of numerical tolerance, such
that the high-energy bands appears to be nearly spin-degenerate.

4.5.2 ABC-stacked trilayer graphene

The electronic structure of ABC trilayer graphene involve a cone-like structure,
similar to the single layer graphene band structure at K, but the cones are shifted
to a point on the KM high-symmetry line. This fact does makes it impossible
to write down a simple Hamiltonian for the cones, as in the case of graphene.
Nevertheless, we will show that ABC trilayer combines the features of single
layer and bilayer graphenes: The crossing of the bands at the Fermi energy
makes ABC trilayer a gapless semiconductor, but with a widely tunable band
gap using transverse electric field as in the case of bilayer graphene.

In ABC-stacked trilayer graphene, there are four spin-degenerate high-energy
states [see Fig. 4.14(a)] associated with atoms Ay, By, Ay and Bj at the K points.
These states are repelled from the Fermi energy by the inter-layer +; hopping.
The two remaining low-energy states are associated with the atoms Az and B,
and separated by the v hopping parameter in energy. The accidental crossing
of the low-energy bands, shown in Fig. 4.14(b), determines the Fermi energy
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Figure 4.15: The calculated band structure of the 7 bands in ABC trilayer
graphene with applied electric field of 0.1 V/nm. (a) shows all six bands.
The low-energy bands are split at the K point by 21/V2+ 42, where the
band gap of 13 meV at the KM line is shown in (b). The high-energy band
splitting of 7.4 meV due to electric field is shown in (c).

level.

The applied electric field separates the outer layers in energy by the electro-
static potential V' and induces a tunable band gap, shown in Fig. 4.15(b) for an
electric field of £ = 0.1V /nm. Figure 4.16(c) shows the band gap as a function
of the electric field up to £ = 10V /nm. In comparison with the bilayer gap,
the ABC gap is always direct and does not saturate. The external field enlarges
the splitting of the low-energy bands at the K points, which is given by the
difference of the eigenenergies

=5V E N,
(4.10)

et =5V E N,

and at the same time provides the value of the electrostatic potential V' by fitting
the energies in Eq. (4.10) to the FP spectrum. The value of the parameter 74 is
fixed by the K point splitting at £ = 0. Figure 4.16(a) shows the shape of the K
point splitting as a function of electric field (red line). In comparison with the
low-energy splitting figure 4.16(a) also shows the splittings of the high-energy
bands at the K point (green and blue lines). Here the corresponding on-site
states are put to different potentials arising between neighboring layers (see the
right picture of Fig. 4.13). There is a small difference in the splitting values of
both high-energy and the low-energy bands. This difference is modeled by the
non-zero potential V,,, acting on the middle layer. The shape of V,,, as a function
of the electric field is shown in Fig. 4.16(e) and is obtained by comparing the
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4.5 Trilayer graphene

high-energy spectrum of the effective Hamiltonian in Eq. (4.5) at the K point,

1
5%:5(Vm+v+2A+\/(V—Vmih)2+4ﬁ) :

1
gg,izi(Vm—v+2A+\/(V+Vmi>\1)2+47f) ,

: (4.11)
ag’Tzi(Vm+V+2A—\/(V—VmiAI)”‘”%) !

1
génzi(vm—VHA—\/(v+vmiA1)2+47%) :

with the results of our FP calculations. The values of the electrostatic potential
V' are used as input to determine the values of V,,,, 71, and A from the spectrum
of the high-energy bands. The shapes of 7, and A as functions of the applied
electric field are shown in Fig. 4.16 by (b) and (d), respectively. The dependence
of the parameter ¢ on the electric field is shown Fig. 4.16(d). Both asymmetry
parameters A and ¢ yield a minimum for an electric field of 6 V/nm. The reason
for the appearing minimum is band inversion: The electric field pulls the low-
energy bands and the lower high-energy bands towards each other, such that for
a large enough value the bands touch each other. By further increasing of the
electric field, the eigenstates in Eq. (4.10) exchange places with the eigenstates
given by &5 and g5 in Eq.(4.11) in the spectrum of Fig. 4.13, such that the
former lower high-energy bands become low-energy bands and vice versa.

As in the case of bilayer graphene, the SOC effects at the K point in ABC
trilayer graphene can be understood in terms of the interplay between the elec-
trostatic potential V', the direct inter-layer hopping v, and 74, and the intrinsic
intra-layer SOC controlled by the parameter A\;. A detailed view in Fig. 4.14(c)
shows that there is a band gap opening due to SOC of about 26 ueV, which is
again controlled by the d orbitals. The difference between the gap value and
the value of 24 eV observed in graphene is due non-zero k that enters the split-
ting. For a finite k the on-site wave functions have different form as introduced
in Eq.(2.49). However, we assume that they posses a contribution form the
d orbitals, which causes a band gap if SOC is present. The spatial inversion
symmetry keeps the eigenstates spin degenerate, and the spin-splittings of the
corresponding on-site states with opposite pseudospin cancel each other; see
right picture in Fig 4.13. The spin degeneracy is lifted if an external electric
field is applied. Here we can use the same arguments as in the case of high-
energy bands in bilayer graphene. The splitting of the low-energy bands at the
K point is also proportional to V' for V' < 74 and saturates rather fast to the
value of 2\ = 24 peV for V > ~4. The spin splittings of the high-energy bands
are proportional to 2A;1V//~ if V' >> 7, as shown in Fig. 4.17(a) and saturate at
21 = 20 peV as in the case of bilayer graphene.
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Figure 4.16: ABC trilayer graphene essentials in an external electric field
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obtained from FP calculations (symbols) and the TB model (solid lines).
(a) Electric field induced splittings at the K point as functions of the elec-
tric field: (blue circles) and (green squares) shows the splittings of the high-
energy conduction and valence band, respectively and (red diamonds) shows
the splitting of the low-energy band. The inset of (a) shows the low-energy
band splitting approaching the value of the hopping parameter v for zero elec-
tric field, where the high-energy band splittings drop to zero. (b) The relative
dependence of the hopping parameter 7, in percent with respect the value in
the case of zero electric field. (c¢) Band gap in biased trilayer graphene (red
circles) in comparison to band gap of the bilayer graphene (blue squares) as a
function of the applied electric field. (d), (e) and (f) The shape of parameters
A, Vi, and § as functions of the electric field, respectively.
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Figure 4.17: (a) Spin-orbit coupling induced splitting of the bands in ABC
trilayer graphene as a function of electrostatic potential applied between the
outermost layers. Solid line shows the TB result, symbols are the FP cal-
culations, where circles shows the conduction bands and squares the valence
bands, where (red) low-energy bands, and (blue) and (green) the high lower
and higher high-energy bands, respectively. (b) Spin-orbit coupling induced
splitting of the low-energy conduction band along 'KM lines. Circles shows
the results of the FP and lines the TB calculations. Color-coded are dif-
ferent values of the electric field: (orange) E=0.1 V/nm, (light green) E=1
V/nm, and (pink) E=5 V/nm with Agr = 0.25 ueV, Agr = 2.5 ueV, and
ABr = 18 eV, respectively.

The BRSOC effect dominates the spin splitting of high-energy bands for finite
wave vectors and large electric fields except for the spin splitting at the K points.
Here the splitting is due to the intrinsic SOC as shown above. In the case of the
low-energy bands there is a competition between the intrinsic SOC and BRSOC
similar to the situation of bilayer graphene, but here the additional inter-layer
SOC effects play a significant role. Figure 4.17(b) shows the TB and FP results
for the spin splitting of the low-energy conduction band for three values of the
electric field, which differ in the order of magnitude. The effective Hamiltonian
involving the intra-layer SOC effect only gives a good description of the spin
splitting of all six bands for wave vectors in the interval of 5% of I'K line
around the K point and for small values of the electric field (up to 1 V/nm).

To model the exact shape of the spin splittings as functions of k for large

79



4 Tight binding description of few-layer graphenes

values of the electric field much more complicated models must be introduced.
It is possible to obtain by group theoretical arguments a maximum number of
SOC parameters in the SOC Hamiltonian at the K point. Doing so, one faces
a very complex minimization problem, which could provide the values of the
additional SOC parameters. However, there is no guarantee that the K-point
approximation stays valid, since the SOC parameters are in general wave vector
dependent. Moreover one must not forget in this discussion that we consider
electric fields here, which are hardly accessible in the experiments. Finally we
conclude that the presented simple model for the extrinsic SOC effects in ABC-
stacked trilayer graphene remains an adequate approximation.

4.6 Graphite

The electronic structure of graphite has been known for decades [28]. The
first investigation of the SOC effects by group theoretical analysis within a
k.p model was done by Dresselhaus [63]. We present here a more realistic TB
model to describe the SOC effects. The corresponding effective Hamiltonian of
graphite can be obtained be expanding the ABA Hamiltonian in Eq. (4.4) to an
infinite number of layers. The translation symmetric ordering of the layers in
the transverse z-direction allows to interpret the single layer as atoms ordered in
a linear chain with two atoms in the corresponding unit cell. The band structure
of a linear chain is easily obtained by Fourier transformation, and the infinite
effective Hamiltonian takes a form of a 4 x 4 matrix,

A+ v5x + TAns. Yof Yaf T ains
Yol Y2X — TARS: Y3/ T Y T
YaJ T Y3/ T Yo X + TAS: Yo.f
gt YafT Yol A+ y5x — TAns:

(4.12)
The consequence of the translation symmetry is that every inter-layer hopping
becomes dependent on the out-of-plane wave vector k, by I' = 2cos (k,c) or
x = (I> — 2). The nearest neighbor inter-layer hoppings v;, 73, and 7, stay
off-diagonal, while the second nearest neighbor inter-layer hoppings o and s
appear in diagonal matrix elements. The additional translation symmetry is
mirrored by the three dimensional BZ of graphite shown in Fig. 4.18. The band
structure of graphite along the 'KM-line in Fig. 4.19 is similar to the structure
of bilayer graphene, where the nearest neighbor inter-layer hopping parameters
are twice as large because I' = 2 and y = 0 here. The band structure along the
new symmetry line KH is shown in Fig. 4.20(a) where due to the k., dependence
of the inter-layer hopping (71I") the high-energy bands cross at the H points.
The fine structure of the crossing is shown in Fig. 4.20(c), where the upper
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4.6 Graphite

Figure 4.18: The 3-dimensional 1st BZ of graphite involving additional high-
symmetry points H and H" and corresponding high-symmetry lines.
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Figure 4.19: The calculated band structure of the m bands in graphite along
the 'KM lines, where K = |I'K| = 47/(3a) with ¢ = 0.246nm. First-
principles results are indicated by circles and TB results by solid lines. (a) Low
and high-energy bands. (b) Fine structure of the low-energy bands discover
the crossing of the parabolic bands similar to the case of bilayer graphene.
(c) Detailed view of the low-energy bands showing anti-crossings at the K
point with a value of Ay = 24 peV.
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4 Tight binding description of few-layer graphenes

high-energy band crosses the low-energy band. Figure 4.20(b) shows the fine
structure of the low-energy band which changes its character from conduction
to valence band when crossing the Fermi level.

The intrinsic SOC terms are diagonal in the infinite matrix and remain unaf-
fected by the Fourier transformation. Therefore we expect that the splitting of
the low-energy band remains constant at the value of 24 ueV (see Fig. 4.19(c)).
This statement is proved by FP calculations within the WIEN2k code. The re-
sulting spin splitting is shown in Fig. 4.20(d) and it remains constant along the
whole KH line including the H point. The linear dispersion of the high-energy
bands with arising band gap due to SOC is akin to the cone-like band structure
of graphene. The gap is of the order of 12 ueV, half of the spin splitting of the
low-energy band. We found by the group theory arguments that there are two
different intrinsic SOC parameters A;; and A related to the high-energy bands
and low-energy bands at K, respectively. Consequently, the non-equivalent val-
ues of the SOC parameters lead to different values of splittings at the K and H
points. This work is in progress.

4.7 Conclusion of the chapter

In this chapter we have shown that the SOC effects in FLGs and graphite
are predominately given by the physics manifesting in single-layer graphene.
The wave functions of the 7-bands, built by p. and d,., d,. orbitals, describe
sufficiently intrinsic SOC in FLGs. We expect the same SOC effects in all multi-
layer graphenes up to graphite. The results are supported by the FP calculations
providing a basis for the determination of the hopping parameters in the TB
model.
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Figure 4.20: (a) Electronic structure of graphite along the KH high-symmetry
line with a length of kg = 7/(2¢). (b) The transmutation of the low-energy
band from a the conduction to a valence bands. The Fermi energy (ep = 0)
crosses the band halfway along the KH line. (¢) The band structure in the
vicinity of the H point shows the linear dispersion of the high-energy in the
vicinity of the H point, where the conduction and valence high-energy bands
(anti-)cross at H and € = A — 2v5. (d) The spin-splitting of the low-energy
band is constant along the KH line and corresponds to 2A; = 24.9 peV.
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5 Conclusion

In this thesis a tight-binding model has been developed to explain realistic
electronic properties of single layer graphene, graphene bilayer and ABA and
ABC trilayers, as well as graphite. In the tight-binding approximation the
Bloch functions have been expressed by a linear combination of the on-site wave
functions, which are described by several quantum numbers, namely angular
momentum, magnetic, spin, and pseudospin quantum numbers. The on-site
wave functions are constructed from the atomic orbitals, localized at the position
of the atoms in the crystals. In the basis of the on-site wave functions we
have developed multi-orbital tight-binding Hamiltonians, which consider also
spin-orbit coupling in terms of additional tight-binding parameters. For the
experiments (for example the works in Ref. [18, 64, 12, 17| on spin transport and
spin relaxation) only specific regions of the band structure are relevant. In these
regions, at the vicinity of the K high-symmetry points, the relativistic effects
of spin-orbit coupling can be modeled by a spectrum of effective Hamiltonians.
In this work we have derived such effective Hamiltonians for all the considered
structures from the multi-orbital Hamiltonian. The effective Hamiltonians are
given in the reduced basis of the antisymmetric orbitals with respect to the
graphene sheets and involve the intra-layer, intrinsic and extrinsic, spin-orbit
effects. The corresponding parameters in the effective Hamiltonians have been
expressed by the tight-binding parameters of the multi-orbital tight-binding
Hamiltonian. We have presented the realistic values for the spin-orbit coupling
parameters obtained by fitting the energy spectra obtained by first-principles
calculations. The spin-orbit coupling effects in the first-principles band structure
of graphene, few layer graphenes, and graphite are well reproduced be the energy
dispersion of the effective Hamiltonians.

The derived effective Hamiltonians represent a simple model for graphene
and graphene structures, which can be used for investigating spin-dependent
phenomena such as spin injection, spin relaxation, and spin transport. Further,
our derived model of the effective hopping can be used to study spin effects also
for finite single or multi-layer graphene and/or in structures like nanoribbons
or graphene flakes. The spin polarization seems to be strong by localized along
the edges of graphene nanoribbons due to Bychkov Rashba effect as shown in
the work [65]. Our work gives realistic values for the parameters used in such
model calculations.

Our main achievements have been the quantitative understanding of the spin
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orbit coupling effects on the electronic band structure, the symmetries of these
band structure effects. We have uncovered the long forgotten prediction of Slon-
czewski that one needs d (and some higher, which are however less important, as
the first principles calculations show) orbitals. In modern investigations work-
ers have mainly focused on s and p orbitals, obtaining erroneous results, greatly
underestimating (by more than an order of magnitude) the actual values of the
spin-orbit coupling. On the other hand, we have also manifested that some other
modern predictions, predicting an order of magnitude larger spin-orbit couplings
in bilayer and trilayer structures, are unfounded. We have demonstrated, in a
unique combination of tight-binding modeling, independent first-principles cal-
culations, and group symmetry analyses, that all the major spin-orbit coupling
effects indeed come from the intra-layer single sheet graphene. The interlayer
coupling is purely orbital, contributing to spin-orbit phenomena indirectly, by
coupling already spin split orbitals. The number of 24 ueV which is the spin-
orbit gap in single layer graphene, appears in all the multilayer structures.

In addition, our understanding of spin-orbit coupling in graphene structures
in applied transverse electric field leads to the conclusion that realistic fields are
insufficient in producing spin-orbit splittings beyond tens of micro eVs. If an
experiment sees a larger value (say, meV), it must come not from the electric
field (Stark effect), but from direct sp® hybridization, pulling up the in-plane p
orbitals into the 7 band. Such a hybridization is capable of giving locally up to
perhaps 10 meV of spin-orbit splitting, about three orders of magnitude higher
than the Bychkov-Rashba electric field effect. We have given the Bychkov-
Rashba spin-orbit coupling magnitude as a function of the electric field.

Finally, our calculations are also putting bounds on mode simplified symmetry
argument derived Hamiltonians, which are in general valid very close to high
symmetry points. For example, for graphene itself such a Hamiltonian at the
K points is adequate within 5% up to 200 meV. In bilayer systems the simple
Hamiltonians are more complicated, involving up to 10 parameters, and the
assessment of them is difficult, and it is also questionable if such models are
then useful. It seems, but this is still work in progress, that the electronic band
structure with spin-orbit coupling of a graphene bilayer can be well described
by the intra-layer couplings faithfully.

As an outlook to our work, we have laid foundations for future realistic inves-
tigations of the tight-binding electronic structure of graphene with spin-orbit
coupling. We can envision several extensions of our efforts. One would be
looking and confined systems, such as the aforementioned graphene ribbons and
flakes, looking at the edge effects with spin-orbit fields. One can also apply mag-
netic fields to these systems, modeled by a Peierls phase, and directly obtain
the quasi one-dimensional Landau level spectra of the nanoribbons and flakes,
to see the effects of the spin-orbit coupling on g-factors and cyclotron orbits, for
example. Furthermore, graphene ribbons are predicted to be magnetic at the

86



edges (opposite magnetization at the opposite edges). The spin-orbit coupling
gives the mechanism for the magnetic anisotropy. Coupling the ferro-magnetism
and spin-orbit coupling in a tight-binding model could be one way of studying
these anisotropies. Further possibilities are provided by investigating ad-atoms.
For example, it is predicted that a H atom on top of a C atom in graphene hy-
bridizes in sp?, giving large spin-orbit fields in the local (few nm) environment.
This could give the large spin relaxation seen in the experiment. Tight-binding
investigations of this effect appear within reach. Similarly, one could study
defects such as vacancies and ripples using modified spin-orbit tight-binding
models similar to ours.
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