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Manifestations of intrinsic and induced
magnetic properties of graphene nanostructures

Abstract

The dissertation can be roughly divided into two parts. In the first part it deals
with magnetic properties of quasi-zero dimensional graphene structures, such as
nanodots and nanorings. In particular, a circular graphene quantum dot is analyzed
in Chapter |3 using the Dirac-Weyl equation. The energy and the optical absorption
spectra are computed for the case of the present external magnetic field. The results
are obtained for two distinct boundary conditions, namely infinite-mass and zigzag
boundary conditions, which model different physics in the structure with different
edges. It is found that the energy spectrum of a dot with zigzag boundary condition
exhibits a zero energy band regardless of the value of the magnetic field, while for
the infinite mass boundary condition the zero energy states appear only for high
magnetic fields in the form of the zeroth Landau level. The analytical results are
compared to those obtained from the tight-binding model in order to show the
validity range of the continuum model. It is found that the continuum model with
infinite mass boundary condition describes rather well its tight binding counterpart,
which can partially be attributed to blurring of the mixed edges by the staggered
potential.

The mean-field Hubbard model is subsequently used to investigate the formation
of the antiferromagnetic phase in hexagonal graphene quantum rings with inner
zigzag edges. The outer edge of the ring is taken to be either zigzag or armchair,
and it is found that both types of structures exhibit a larger antiferromagnetic
interaction than hexagonal quantum dots. This difference could be partially ascribed
to the larger number of zigzag edges per unit area in rings than in dots. Furthermore,
edge states localized on the inner ring edge are found to hybridize differently than
the edge states of dots, which results in important differences in the magnetism of
graphene rings and dots. The largest staggered magnetization is found when the
outer edge has a zigzag shape. However, narrow rings with armchair outer edge
are found to have larger staggered magnetization than zigzag hexagons. The edge
defects are shown to have the least effect on magnetization when the outer ring edge

is armchair shaped.



In the second part of the dissertation, the focus is shifted onto bulk graphene
structures with augmented properties, and the resulting transport traits. This part
reflects recent trends in 2D materials research, involving sandwiching different layers
together, enabling functionalities beyond those found in the constituent parts. These
structures are termed van der Waals heterostructures, and in particular case of
graphene enable engineering of massive quasiparticles, either through enhancement
of spin-orbit coupling, or by breaking the inversion symmetry. This is of interest
because in honeycomb Dirac systems with broken spatial symmetry for instance,
orbital magnetic moments coupled to the valley degree of freedom arise due to
the topology of the band structure, leading to valley-selective optical dichroism.
On the other hand, in Dirac systems with prominent spin-orbit coupling, similar
orbital magnetic moments emerge as well. It is shown that they are coupled to
spin, but otherwise have the same functional form as the moments stemming from
spatial inversion breaking. Moreover, the impact of these moments on graphene
nano-engineered barriers with artificially enhanced spin-orbit coupling is studied in
detail. In particular, the transmission properties of such barriers in the presence of a
magnetic field are examined. The orbital moments are found to manifest in transport
characteristics through spin-dependent transmission and conductance, making them
directly accessible in experiments. Moreover, it is found that Zeeman-type effects
appear without explicitly incorporating the Zeeman term in the models, i.e., by
using minimal coupling and Peierls substitution in the continuum and tight-binding
methods, respectively. It is shown that a quasi-classical view is able to explain all
the observed phenomena.

Finally, the interplay of massive Dirac fermions with strain induced pseudomag-
netic fields in 1D barriers is studied. The combined presence of spin-orbit coupling
and broken spatial symmetry in bulk graphene results in a spin-valley dependent
gap. Thus, a barrier with such properties can act as a filter, transmitting only op-
posite spins from opposite valleys. It is shown that the pseudomagnetic field in such
a barrier will enforce opposite cyclotron trajectories for the filtered valleys, leading
to their spatial separation. Since spin is coupled to the valley in the filtered states,
this also leads to spin separation, demonstrating a spin-valley filtering effect. Fur-
thermore, it is shown that filtering behavior can be controlled by electrical gating

as well as by strain.

Keywords: graphene, magnetic field, magnetic moment, quantum dot, spin-

orbit coupling, valley, transport



Scientific field: Electrical and Computer Engineering

Research area: Nanoelectronics and Photonics

UDC number: 621.3



NcnomaBame CONCTBEHNX U MHIYKOBAHUX
MarHeTCKIUX CBOjcTaBa rpadeHcKmx
HAaHOCTPYKTYypa

Ancrpakt

OBa mokTOpCKa jaucepraruja ce Moxke rpybo MojeJuTH y 7Ba jena. Y MPBOM
JleJly, OHa ce 0aBM MArHETCKHM CBOjCTBHMA KBA3H-HYJITO JUMEH3UOHUX TIpadeH-
CKHUX CTPYKTYpa, Kao IITO Cy HAHOTAYKEe W HAHONPCTEHOBH. KOHKpETHO, KpY:KHA
rpadeHCKa KBAaHTHA TAUKa je aHaJu3upaHa y norsassby [3|kopucrehn Inpak-Bejiosy
jennaunny. Emneprercka cramba M ONTUYKH AlNCOPIIUOHU CIEKTAp Cy U3pavyHaTH
3a CJIy4aj IPUMEHEHOT CHOJbAIlEheI MAarHeTHOr MmoJhba. Pesyaratu cy jpobujeHu 3a
JIBA PA3JIUYUTA CJIy4daja, IPUMEHOM IPAHUYHOI YCJIOBA OECKOHGYHE Mace U TaKO3-
BAHOT YUKYGK TPAHIIHOT YCJI0BA, KOjU OMUCY]Y CTPYKTYPe Ca PAJIUIUTHM BPCTaMa
uBuia. lIponaleHo je ma eHepreTckum crekTap Tauke 3a NMHUKIAK TPAHUYHE YCJIOB
OJ/Ip2KaBa, HYJITOCHEPTeTCKU HUBO, Oe3 003upa Ha BPEJIHOCT MATHETCKOT 110Jba, JTOK
ce 3a TPAHUYHU yCJIOB OECKOHAYaHe Mace HYJITOCHEPreTCKa CTaiba MOjaBJ/byjy CaMO
3a BHCOKE BPEJIHOCTH MArHETCKOI 110/ba M TO y 00/UKY Hy/ITOT JlaHaayoBor HHBOA.
AnanmuTuuku moOMjeHH pe3yaTaTu ¢y 3aTuM yuopehenu ca pesynraruma moGujeHHM
nmoMohy merosa jake Be3e, jga O6u ce oapeania 06JIaCT BayKemha KOHTHHYAJIHOT MO/I-
ena. Ilponabeno je na ce KOHTHHYaIHU MOJE] Ca& IPAHUYHUM yCJIOBOM OECKOHAYHE
Mace JI00Po cjIazke ca METOJIOM jake Be3e, IITO ce JTOHEKJe MOKe MPHITUCATH MUHH-
MU30Bamy YTHUIIaja UBHUIA, IITO je MOCTeINTa HAN3MEHUIHOT ITOTEHITHjAIa.

Haxon oBora mucepranuja ce 6aBu ana/m3oM popMupama aHTudepoMarieru3mMa,
y XeKCaroHaJHUM TI'padeHCKUM KBAHTHUM IIPCTEHOBHMA Ca IUKIAK YHYTPAIIHOM
uBHuIOM KopucTehun XabapJoB MoJe/ Y alpOKCHUMAIUju cpejimber mnosba. CrosbHa
MBUIA IPCTEHA je Wn NUKIAK mian ¢orebacTor tuma. lIponaheno je jia obe Bpcre
cTpykTypa nokasyjy sehy ckiionoct ka anrudepoMarHerusMy HEro XeKCaroHaJHe
KBaHTHe Tauke. OBa pasjuka ce JeJIUMHYIHO MOKe IPUIHCATH Behoj MyKUHU IHK-
IIAK WBHIA Yy IIPCTEHOBUMAa HEro y Tadkama. llopes Tora, xubpujausaluja WBUY-
HUX CTalba JOKAJU30BAHUX Ha YHYTPAIho] CTPaHU MPCTEHa je Jipyraduje Ipupojie
Hero XHOpUIM3alnja cTamba Ha UBUIU TavaKa, ITO JTOBOIU 10 OMTHUX PAa3JIUKa Mar-
HeTU3Ma MPCTeHOBa y oxHOocy Ha Tadke. Hajseha marnermsamuja je mobujena 3a

CJydaj KaJla je U CHOJballltba MBUIA IMUKIAK THHa. Mnak, BpJio yCcKu IpPCTEHOBH ca



doTe/hacTOM CHOBAIIIHFOM HBHIIOM HMAajy Behy MartHeTusarujy Hero IecToyraoHe
KBAHTHE TadyKe ca MUKIAK UBUIaMa. Takobe je moka3aHo J1a UBHYHU JTeDEKTH UMajy
HajMaibe YTHUIAja Ha MarHeTU3alMjy Kaja je CIIo/bHA CTpaHa MpcTeHa (poTe/bacTor
THUIIA.

Hpyru seo tese je pokycupan na macushe rpadeHcke CTpyKType ca BeIITauKuM
CBOJCTBHMA, U IUXOBE TpaHCIOpTHE ocobune. OBaj Jieo JgucepTalldje IpeIcTaB/ba
CKOpalllha ucTpaxkupama 2/ marepujaia Koja ce OaBe cjarameM Pa3/jImIUTUX CJIO0-
jeBa, mrro omoryhyje mojaBy (pyHKIIMOHAJHOCTH KOja ce He MOxKe Hahu y 1ojejuHad-
HUM MaTepujamuMa. OBaKBe CTPYKTYpe ce HA3WBajy BaH Jjiep Bajcose xeTepocTpyk-
Type U KoJ rpadena oMoryhyjy WHKemepuHT MACUBHUX KBa3W4IeCTHIIA, O1I0 ToMohy
CIUH-OPOUTHE HHTEPAKIje, ONI0 HAPYITaBAheM HHBEP3UOHE CUMETPHje. 3aHUM/HIB
edekaT je Ja ycjen TONOJOTHje eHepreTcke cTpykType cahactux IupakoBux cuc-
TeMa 0Oe3 MPOCTOPHE CHMeTpHje J0Ja3’W JO IojaBe OPOWTATHUX MATHETHUX MOM-
eHaTa CIIPErHyTUX Ca JOJUHCKHUM CTEIeHOM CJ000/1e, MITO JOBOJAU JIO JIOJTUHCKH-
CeJIEKTUBHOT ONTHYKOT auxpousma. C apyre crpane, y IupakoBuM cucreMuma ca
UCTAKHYTOM CITMH-OPOUT MHTEPAKIUjOM TIOjaBJ/bYjy Ce CJIWIHH MArHETCKU MOMEHTH.
[Tokazano je ja cy OBM MOMEHTH CIIPErHYTH Ca CIUHOM, aJd UMajy UJICHTUYHY
dYHKIMOHAJHY 3aBUCHOCT KAO0 U MarHeTHM MOMEHTH HACTAJM YCJeJ| HeIloCTOjarba
WHBep3HOHe cuMeTpHje. HarmoceTky, aHaauswpaH je yTHUIA] OBAX MOMeHaTa Ha
Hanobapujepe dpopMupane y rpadeny moMohy BelTadyku TojadaHe CHUH-OPOUTHE
nnrepakiuje. KoHkperHo, ncnuTuBaHa cy TPaHCMHCHOHA CBOjCTBA OBUX Oapujepa y
OPUCYCTBY MarHeTHOT Mmosba. OpOUTATHE MOMEHTH ce MaHUMECTY]y V TPaHCIOPT-
HUM OCOOMHAMA CIIMH-3aBHCHOM TPAHCMECH]OM H ITPOBOJHOIINY, IITO WX YHHU -
PEKTHO BHJ/bUBHUM y eKciepuMenTuma. llponaheno je ma ce edpektn 3eMaHOBOT THIIA
jaB/bajy 6e3 eKCILTUIUTHE yHnoTpede 3eMaHOBOT WiIaHA Y MOJIeINMa, Tj., KopucTehn
caMO MUHUMAJTHO crpe3ame u llajepacoBy 3aMeHy y KOHTHHYAJTHOM U METOMIY jaKe
Be3e, pecrnekTuBHO. [loKa3aHO je jga KBa3WKJIACHYHU OMKC J0OpO obOjarrmaBa CBe
upumehene edekre.

Konauno, ananusupana je crupera MacuBnux JlupakoBux ¢pepMuoHa ca Imceyuo-
MarHeTCKuM MmoJbuMa n3a3aBanuM Harpesamem y 11 bapujepama. [IpucycrBo crimn-
opOMTHE MHTEPAKIIMje U HEIOCTOjarbe MPOCTOPHE CUMETPHje UMa 33 MOCJIeIUILY M0~
jaB/bUBAME CIIWH-IOJTMHCKH 3aBUCHOT €HEPreTCKOr Mpolena. 300T Tora ce OBaKBa
Oapujepa moHala Kao (puyrap, MponymTajyin caMo cynpoTHE CIIMHOBE M3 CYIPOT-
Hux jgosimHa. [lokazaHo je ja 1ceyJoMarHeTCcKO I0Jbe JIOBOJIM JI0 1I0jaBe CYIIPOT-
HUX IUKJIOTPOHCKUX TPAjeKTOPHja y CYTPOTHUM JOJHUHAMA, JTOBOAeNN MO HUXOBOT
HPOCTOPHOT pa3iBajama. llomTo je cuuH cuperuHyr ca JOJUHOM Y (DUATPUPAHHM

cTarbuMa, OBO Takohe JIOBOJAM W JI0 pa3/Bajarba CIMHOBA, IITO CBEYKYIHO IIPEJI-



craBsba edekaT cnuH-a0nHCKe puarpaiuje. [Tope Tora mokazaHo je ja ce edekar

dbuaTpupama MOXKe KOHTPOJIUCATH JeKTPUIHAM I'ejTOBUMA KA0 U HAIPE3AHhEM.

Kipyune peunm: rpadeH, Mar{HeTrcko 1oJbe, MarHeTHH MOMeHAT, KBaHTHA TadKa,

CHUH-OPOUTHA MHTEPAKIUja, JOJUHA, TPAHCIOPT
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Chapter 1

Introduction

1.1 Elementary properties of carbon and its al-
lotropes

Carbon is arguably the most versatile chemical element in nature. One illustration of
this is offered by two of its 3D allotropes: diamond and graphite. While diamond is a
very hard, transparent insulator, graphite is a soft, opaque conductor. Furthermore,
carbon is a prolific atomic connector, able to form more compounds than any other
element in nature, and allows unique and complex structures to take shape [1].
The molecules it builds also display a Goldilocks-like combination of stability and
reactivity, a feat essential for metabolism, which makes carbon the building block
of life. Such a wide diversity of properties stems from the electronic configuration
of carbon.

Carbon has 6 electrons, which in the ground state occupy the 1s22522p? config-
uration. However, once the possibility of forming covalent bonds arises, the excited
state becomes energetically favorable, the basis of which is formed by the orbitals 2s,
2p., 2p, and 2p, [1} 2]. The hybridization of these orbitals gives rise to a variety of
ways carbon atoms can bond with other atoms, including themselves. For instance,
in diamond the valence electrons form the sp® hybridization, resulting in four o
bonds between neighboring sites. While diamond has been familiar since antiq-
uity, recent additions to the family of carbon allotropes include the exotic fullerens:
quasi-0D buckyballs and quasi-1D nanotubes. These could be envisaged as a sin-
gle membrane of triply connected carbon atoms wrapped around in a spherical and

cylindrical shape, respectively. These low-dimensional structures were discovered at



1.1 Elementary properties of carbon and its allotropes

the very beginning of the nanotechnology era, and feature a mixture of sp? and sp?
hybridization due to their highly curved surfaces. Larger bending requires higher
ratios of tetravalent orbitals, which in turn increases the amount of unsaturated
bonds, making the structure more reactive and at the same time ties up more en-
ergy in the form of strain [3, |4]. It should not be surprising then that sheets of
triply connected carbon atoms favor pure sp? hybridization, which is realized only
in a fully planar structure - graphene.

Therefore, graphene is a honeycomb monolayer of carbon atoms connected with
three ¢ bonds. Apart from being the fabric from which carbon’s 0D and 1D al-
lotropes are fashioned, stacking graphene layers on top of each other forms graphite,
carbon’s 3D allotrope. In fact graphene derives its name from graphite, which is
itself an 18—th century coinage rooted in the Greek word for writing; the sufix -ene
refers to the 2D nature of its structure akin to benzene. The basic properties of
graphene shed light on this feature of graphite. Since in graphene the connections
between carbon atoms are completely due to in-plane sp? hybridization, made up of
s, p, and p, orbitals, the remaining valence electron is to be found in the p, orbital,
wandering perpendicularly to the sheet. The sp? bonds are the strongest in nature,
making each sheet robust. On the other hand, p, orbitals hybridize weakly between
the adjacent layers, thus keeping them loosely connected through the van der Waals
forces. This loose connection, easily broken by hand, is what gives the ”lead” pencils
the ability to write.

While in hindsight the theory sounds clear and straightforward, imagining a
stable, freestanding, one-atom thick structure requires a leap of faith, which might
explain why graphene was discovered so late. This is further substantiated formally
by the famous Mermin-Wagner theorem [5], stating that no crystal can be stable
in two dimensions, with the conventional wisdom on this matter being laid out
even earlier, by Peierls and Landau [6, [7]. It was therefore quite unexpected and
surprising to learn about the observation of monolayer graphene, reported in 2004,
the sheets of which were peeled away from a high quality graphite sample in a
rather low-tech process known as micromechanical exfoliation, also known as the
Scotch-tape technique [8]. The fact that this material displayed remarkable crystal
quality and room-temperature stability sparked a world-wide research frenzy, aimed
at tapping the previously unexplored theoretical and experimental resources that
suddenly appeared. Such a widespread effort resulted in an expansion of knowledge

further than anyone could have imagined, providing new and rich physics along



1.1 Elementary properties of carbon and its allotropes

the way. Amongst other things, graphene research stimulated the discovery of time-
reversal invariant topological insulators, which is proving to be a remarkably fruitful
field of study on its own [9, 10].

One of the main selling points that fueled the graphene-frenzy were its extraor-
dinary material properties. Graphene is currently the strongest and stiffest material
known [11], while at the same time having the best thermal conductivity [12], out-
performing its carbon cousins such as nanotubes and various forms of diamond.
Moreover, it has the best electrical conductivity ever measured [13], in no small part
thanks to record high electron mobility [13-15]. The fact that graphene features
electrical conductivity higher than the most conductive metals, such as silver, cop-
per or gold, is even more astonishing having in mind that graphene is not a metal at
all, but a semimetal, or, alternatively, a zero-gap semiconductor, with a vanishing
density of states at the Fermi energy. Despite this, the conductivity does not vanish
at this point, reflecting a peculiar underlying nature of what is best described as
charge-carrying quasiparticles of graphene. As it turns out, the band structure of
graphene does not bear resemblance to that of massive particles described by the
Schrodinger equation; this usual description of semiconducting materials in which
quadratic dispersion relation is attributed to an effective mass is inadequate here.
Instead, its low-energy excitations obey a linear energy-momentum relation, akin
to photons, with the difference that the charge carriers in graphene are electri-
cally charged fermions of spin one-half. In other words, graphene is a material in
which electrons behave as ultrarelativistic massless particles, describable only by the
Dirac equation, forged out of the union of quantum mechanics and special relativity.
Therefore graphene is a unique and exotic condensed matter emulator of relativistic
quantum physics, a property ultimately responsible for the first unambiguous and
definitive detection of single layer graphene signatures experimentally, through the
so called anomalous quantum Hall effect |16} 17]. All of the fundamental electronic
properties of graphene are quite easily obtainable by standard procedures such as
tight binding (TB) modeling, while the continuum picture emerges as its low-energy
expansion. At the same time this process provides great insight and the ability to
grasp the physics unexpected at the solid state level, so it becomes beneficial to an-
alyze these problems analytically. This is what the following sections of this chapter

are devoted to.
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1.2 Tight-binding band structure of graphene

We start with the Schrodinger equation in it’s most fundamental, second quantized

form in two dimensions

H= /drqﬁ(r) {—%VQ - U(r)] W(r). (1.1)

Here ¥'(r) and ¥(r) are quantum field creation and annihilation operators, and
U(r) is the atomic potential landscape due to the lattice. As already mentioned,
the bonds that hold carbon atoms together in the honeycomb shape originate from
the s, p, and p, orbitals, which hybridize strongly and thus shift the energies of
the corresponding ¢ bands away from the Fermi level, leaving them without any
impact on the electronic structure of graphene. On the other hand, since we focus
on a single layer here, the leftover p, orbitals do not have an adjacent layers to bind
to, which leaves them free to hybridize relatively weakly among themselves. As we
will soon show, this will result in bands touching conically at the Fermi energy, near
certain points in the Brillouin zone. We therefore chose to expand the quantum field

operators in a basis of atomic p, orbitals of carbon atoms ¢(r)

Ui(r) |0) =]r)
:Z lia) (io|r)
:Z¢* (r — Ria) cf, [0, (1.2)

and similarly

U= Z¢(r_Ria) Cias (13)

where ¢ denotes the unit cell in the sum. The periodicity of the honeycomb structure
can only be appreciated by acknowledging the fact that there are two unequal atomic
sites. This basis can be imagined to consist out of two interpenetrating hexagonal
sublattices A and B, which are labeled by the variable o« € {A, B}, as depicted
in Fig. (a), and whose position in space is denoted by R,;,. In other words,

the honeycomb lattice is not a Bravais lattice, and the three nearest neighbors of
.I.

a carbon atom in one sublattice belong to the opposite sublattice. ¢, and c¢;,
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1.2 Tight-binding band structure of graphene

are the creation and annihilation operators of the electron for the p. orbital at
the appropriate site. Note that in a certain way the field operators represent the

superposition of all the ways to create a particle at a given position. Replacing Eqgs.
(1.2) and ([1.3)) in Eq. (1.1) one obtains the following operator

iad’ o

H= /d[’ Z ¢* (I‘ — Ria) C;ra [—%VQ + U(I‘):| ¢ (I‘ — Ri’a’) Cira - (14)

Only two classes of integrals are relevant in the most simple procedure, which turns
out to describe graphene rather well [18]. The first one represents the site energy e,

of the « sublattice sites

€q = /drqb* (r — Ria) {—%W + U(r)} " (r — Rig) . (1.5)

r
This is basically the energy of the p, orbitals. In graphene this quantity does not
depend on the sublattice, and therefore only has the effect of shifting the Fermi
energy, so we shall ignore it. Note that one must take this factor into account when
dealing with hexagonal boron-nitride (hBN) for instance, since in that case the
sublattices A and B in the honeycomb structure are made up of boron and nitrogen
atoms, rendering their on-site energies different. In fact, breaking the sublattice
symmetry will result in the appearance of a band gap in honeycomb crystals in
general, giving rise to massive quasiparticles. Nevertheless, these systems will still
require the relativistic quantum treatment, as will be demonstrated below. The
only remaining non-zero integral is the nearest neighbor matrix element, the so

called hopping integral

—t= /drgb* (r — Ria) {—%Vz + U(r)] ¢ (r—Riz), (1.6)

r
where t ~ 2.7eV is the hopping term. Note that we anticipated the negative sign,
and defined the hopping term to be positive. The Hamiltonian now reduces to the

standard tight binding picture

H=—t Z C;racilo/. (17)

(i’ ')



1.2 Tight-binding band structure of graphene

Figure 1.1: (a) Crystal lattice of graphene. Unit vectors a; and ag connect adjacent
unit cells, which consist out of a two-atom basis, A and B. (b) The first Brillouin
zone and the corresponding reciprocal unit vectors b; and bs, with distinctive points
in the reciprocal space K, K’, M and I". This is the Wigner-Seitz cell of the reciprocal
lattice.

The angled brackets denote that the hopping occurs only between the nearest neigh-
bors in this model. In order to emphasize the 2D periodicity of the lattice, the
Hamiltonian needs to be reordered. To do this, we define the two unit vectors,
depicted in Fig. [L.1[a), as

+v3 3
Ay = a (T, 5) ) (1-8)

where a = 0.142 nm is the carbon-carbon distance. The two-atom basis unit cells
are also shown in Fig. [1.1[(a), while the corresponding first Brillouin zone is depicted
in Fig. [L.1|(b), alongside with the reciprocal unit vectors and characteristic points
in the inverse space. Denoting a unit cell with the coordinate R of the middle of a

line joining the two atoms, a manifestly periodic Hamiltonian can be written

H=—t Z hu (CR-a,B + CR_ayB + CrRB) + hoC.. (1.9)
R

Here h.c. stands for Hermitian conjugate. Thus the Hamiltonian describes the
hopping within a given unit cell, and between this and the adjacent cells displaced by
—a; and —ay with respect to it, for all cells. In order to diagonalize the Hamiltonian
at hand, it is helpful to apply the thermodynamic limit, by imagining that there
are N unit cells in a superlattice, then enforcing the periodic boundary conditions
at the edges, and subsequently letting N — oo. In this way we are able to apply a

unitary (Fourier) transformation taking us into the momentum basis



1.2 Tight-binding band structure of graphene

1 kR
CRoy = —— 5 e M Cras 1.10

while the Brillouin zone becomes a continuous space. Note that we chose the same
phase factor regardless of the sublattice index. This is not necessary, but it is more

convenient [2 [19]. The periodic boundary conditions ensure the closure relation

1 e
~ D TR = G (1.11)
R

This procedure is formally equivalent to applying the Bloch theorem (see Appendix
Al). Replacing this into the periodic Hamiltonian we obtain

t kRt (k- (R—ay) iK' -(R—as) KR
H——NZG Cra (6 cxwB + € CxyB + e CkB)

Rl ' . (1.12)
= — tz ok ik (7™ 4 e 4+ 1) + hec.
k

Thus the diagonalized Hamiltonian in momentum space takes the form (here we

explicitly represent the sublattice degree of freedom through spinors)

H= Ek: [CLAacLB] [ 7T(()k) Wok) ]

with y(k) = —t (1 + e 4 ¢7a2)  Obviously the Hamiltonian remains to be

e ] , (1.13)

CkB

diagonalized in the sublattice subspace. The eigenvalues of the previous matrix

result in the energy dispersion

e(k) = it\/?; + 2cos (\@kﬂ) + 4 cos (\/ﬁkxa/2> cos (3kya/2), (1.14)

where + (—) refers to the conduction (valence) band stemming from the anti-bonding
(bonding) state, also referred to as the 7* (7) band. The dispersion relation, Eq.
(1.14), is shown in Fig. . One can see that near certain points in the inverse
space, the bonding and anti-bonding states are degenerate, i.e. the conduction and
the valence band touch. Even though it appears that there are six such points,
the periodicity of the dispersion in the inverse space ensures that only two of them

are unique. Those points are K, = (T%,O), where we explicitly include the
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Figure 1.2: Energy dispersion of graphene, as obtained by the nearest neighbor tight
binding method. The conduction and valence bands touch at the two distinct valleys.
Insets show that this forms low-energy conical dispersion near the K and K’ points.

valley index 7 = =41, denoting the K and K’ valley, respectively. This occurs
because the effective hopping between the two sublattices in the momentum basis,
~v(k), vanishes, which also means that states at this particular point will have a
probability amplitude either on A or on B sublattice. Since graphene is half-filled

it means it is a semimetal.

1.3 The ultrarelativistic quasiparticles around the
Dirac points

The insets in Fig. show that the low-energy excitations in the two valleys ex-
perience conical dispersion. The resulting linear energy-momentum relationship re-
sembles that of ultrarelativistic particles. With this in mind, we proceed to Taylor
expand the kernel up to linear terms around these points

YK +q) =7K:)+q Viry (K-) + ...

3ta 3ta



1.3 The ultrarelativistic quasiparticles around the Dirac points

Then, by promoting the momenta displacements to operators,

(42, ay) = =1 (9/0,,0/0,)

we obtain the effective continuum theory for low-energy quasiparticles, in which the
underlying atomic structure is neglected, since the influence of the crystal lattice on
the electron motion is inherent in it. This procedure is also known as the effective
mass model, or the k - p model, with the resulting wave function being the envelope
of the detailed atomic wave function. One benefit of the continuum approach is that
it allows one to study large structures analytically, while the tight-binding approach
is limited to relatively small structures due to the computational complexity of the

numerical scheme. The continuum Hamiltonian reads

0 Gz — Gy 0 0
et 0 0 0
0 0 0 —(z — 1Qy
0 0 —(z +iqy 0
where vp = 3;—; ~ 10% m/s is the energy-independent Fermi velocity, at which the

electrons travel inside graphene. This Hamiltonian is written in the
T

[\I!AKa \I]BKv \I]AK’7 q/BK’]
basis. The specific form of the Hamiltonian depends on the orientation of the axis
used and on the basis implicitly assumed, and varies significantly in the literature
[2, 20]. However in both valleys, and in all forms the low energy dispersion is linear.
It is instructive to reorder the basis to the form [Vax, Vpk, Vpkr, \IJAK/]T, which

allows one to write the Hamiltonian in the compact form

H = hvpr, ® 0 - k, (1.17)

where 7, is the Pauli z matrix operating in the valley subspace, o = (0,,0,) is
the vector of Pauli matrices operating in the sublattice subspace, and ® denotes the
tensor product. Equation is now fully analogous to the celebrated Dirac-Weyl
equation, the relativistic quantum equation corresponding to massless fermions.
Since neutrinos have negligible mass, they are often described by this equation,

leading to the popular picture, according to which carriers in graphene behave as
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charged neutrinos [21].

There are four points that must be stressed here. i) The Dirac-Weyl equation for
neutrinos is fully three-dimensional, the equation describing electrons in graphene
operates in the 2D geometrical space. ii) The o matrices in the neutrino case
operate in the real spin space, while they denote the sublattice degree of freedom
in graphene, consequently referred to as pseudospin degree of freedom as well. iii)
Even though non-relativistic Schrodinger equation was our starting point, in the
end we obtained the Dirac-Weyl equation of the relativistic quantum theory in the
process. Therefore this is only an effective low-energy approximation, and not in
any way some manifestation of the relativistic nature of carbon’s valence electrons.
iv) While massless neutrinos travel at the speed of light, electrons in graphene travel
at the Fermi velocity vp, which is approximately 300 times slower. This leads to
a frequent misconception that electrons in graphene travel at speeds so great that
they can only be described by the relativistic quantum theory. While it is true that
electrons in graphene travel very fast, the fact of the matter is that even if this
speed was orders of magnitude slower one would still have to use the Dirac-Weyl
ultrarelativistic equation in order to properly describe the conical dispersion. It is
the masslessness of the carriers that forces this prescription, and not their speed.
Due to these properties, K and K’ are known as Dirac points, while the linear
low-energy dispersion in their vicinity is referred to as the Dirac cone. Note that,
while it results in breaking of the electron-hole symmetry, including the next-nearest
neighbor hopping in the starting model will not result in first order corrections to
the low energy dispersion [18].

Another frequent misconception is that electrons in graphene are a table-top
experiment in quantum electrodynamics (QED). While charge carriers on a honey-
comb lattice do effectively behave as relativistic quantum particles, and are treated
as such through the Dirac-Weyl equation, this approach is almost always short of
the true quantum field theory. One way to see this is to note that one of the most
famous achievements of QED, popularized by Feynman, is the precise calculation of
the anomalous magnetic moment. The Dirac equation does not capture this small
deviation of the g—factor away from two. Another way to see it is through the fact
that position and momenta are still treated as operators in the present theory, while
they are demoted to parameters in quantum field theories.

One more important thing is worth pointing out. The valley subspace, repre-

sented by 7, in Eq. (1.19)), ensures the existence of two effectively independent, and
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1.3 The ultrarelativistic quasiparticles around the Dirac points

nearly identical Dirac-Weyl fermions. The only feature distinguishing these quasi-
particles is called helicity. In the case of graphene, the helicity operator is defined
as the projection of the sublattice pseudo-spin on the direction of the momentum
h = %. (1.18)
Referring back to Eq. , one can easily verify that in the conduction band
h = +1 (=1) in K (K') valley, meaning that the pseudospin is pointing parallel
(antiparallel) to the momentum, while the opposite is true in the valence band. The
states with o = 4+1 (h = —1) are also known as right-handed (left-handed). This
situation corresponds exactly to the relativistic Dirac-Weyl equation for massless
neutrinos, except that all neutrinos (antineutrinos) in nature are only found to be
left-handed (right-handed), while in graphene both states are allowed thanks to the
existence of the additional valley flavor.
Note that it might be misleading to compare the helicity in the two valleys
though. This is because we have chosen a different sublattice basis in the K’ valley

as opposed to the K valley, so that the Hamiltonian corresponds exactly to the one

for the neutrinos. For instance, one could also chose the [V ax, Vg, —Vpk:, W4 K/]T
basis, leading to the so-called valley-isotropic Hamiltonian [20]
H=hypmy®o -k, (1.19)

where 79 is a 2 X 2 unit matrix. In this way, both valleys feature a right-handed (left-
handed) Dirac-Weyl fermion in the conduction (valence) band. What is important to
stress though, is that the pseudospin is tied to the momentum direction, regardless
of the representation chosen. The most important consequence of this is that any
normal-incidence backscattering process must include pseudospin flipping. The lack
of any sublattice symmetry breaking potential (such as the staggered or sufficiently
steep electric potential) capable of doing this, will lead to pseudospin conservation,
which is the cause of the so called Klein tunneling [22, 23].

Finally, the valley subspace can be trivially taken into account, through the
use of the valley quantum number 7 = +1 (7 = —1) for K (K’) valley, which is
beneficial since it reduces the size of the spinors and matrices used in the derivations.
Then, after adopting the same basis for both valleys, [V 4, ¥ B]T, one is left with the

Hamiltonian

11
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ho (eV)

Figure 1.3: ARPES measurements verifying the TB band structure of graphene. (a)
Cut along principal momentum direction gives a very good match with the theoretical
results for ¢ = 2.82 eV. (b-d) Energy cut shows how the conical dispersion diverges
from a near-perfect linear one, and deforms through trigonal warping. Adapted from

2.

H = hop (thyo, + kyoy), (1.20)

with the corresponding plane-wave given by

eik~r 1
U= N [ e ] , (1.21)

where a = +1 (-1) denotes the conduction (valence) band, and ¢ = arctank,/k, is
the angle of phase propagation with respect to the = axis.

In the end, we would like to stress that besides the indirect, albeit unambiguous,
verification of the ultrarelativistic nature of graphene’s quasiparticles through their
magnetic properties (which are covered in Section , direct measurements of the
band structure are accessible via the angle resolved photoemission spectroscopy
(ARPES). This procedure is based on one of the most famous experiments which
stimulated the development of quantum theory - the photoelectric effect. Energies
and momenta involved in the photon-electron scattering must obey the laws of
conservation, enabling precise reconstruction of the band structure throughout the
Brillouin zone, and away from the Fermi energy. The corresponding measurements
from Ref. are depicted in Fig. , and spectacularly confirm the validity of the
simple nearest-neighbor, single-orbital tight binding calculations we presented here.
In particular, Fig. [1.3(a) compares the dispersion given by Eq. (black line)
with the experimentally detected energy and momenta of ejected electrons in the
valence band along the principal directions, shown by a colormap. Note that this
sample is slightly electron-doped, which is expected for a layer grown epitaxially on
SiC . Figs. (b—d) depict the energy cut through the dispersion relation, and

12



1.4 Massive relativistic particles: spin-orbit coupling and the staggered potential

a deviation from the conical spectrum, called trigonal warping, which emerges for

sufficiently energetic quasiparticles (Fig. [1.3(d)).

1.4 Massive relativistic particles: spin-orbit cou-

pling and the staggered potential

The second half of the thesis deals with spin-orbit interaction, staggered potential
and their interplay with the (pseudo)magnetic field. Even though spin-orbit interac-
tion in intrinsic graphene is vanishingly small due to the small atomic number, there
are some functionalization techniques through which this property can be enhanced.
Similarly, a staggered potential does not appear naturally in graphene, but can be
induced by forming the so-called van der Waals heterostructures. Therefore, the in-
fluence of these parameters on the band structure, effective continuum theories and
the nature of quasiparticles they describe is not only of academic significance, but
also practically relevant. In this section, we will give a basic introduction, leaving
the practical details and particular experimental achievements for the introduction
of Chapter

The tight binding model with spin-orbit interaction (the celebrated Kane-Mele
model [9]), alongside with the staggered potential is

A
H=—t Z ) 50 Z sviicl Cio + A Z (=1l _cia (1.22)
3V3 ((le,jar)) oy

(i’ ')

The first term describes the usual hopping between nearest neighbor p, orbitals, and
is identical for both spins. The second term describes the intrinsic spin-orbit coupling
(SOC), through the next-nearest-neighbor (NNN - symbolized by double brackets)
hopping amplitude Agp. Note that v;; determines the sign of the hopping; it is
positive (negative) if an electron makes a right (left) turn at the intermediate atom in
hopping from site j to site i. s = 4+1 (s = —1) is the spin quantum number denoting
spin up 1 (spin down J). It is important to stress that the single-orbital SOC part of
the Hamiltonian is only phenomenological, since the underlying microscopic process
leading to the appearance of the intrinsic SOC necessarily includes coupling with
other orbitals. In particular, the entire process is still NNN in nature, and besides the

atomic spin-orbit coupling, it also involves hopping (which are integrated out in the
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1.4 Massive relativistic particles: spin-orbit coupling and the staggered potential

effective Kane-Mele model) through either o bands or d orbitals of the intermediate
atom as well [25, 26]. The latter is dominant in determining the size of the SOC
gap in pure graphene [27].

The final part of the Hamiltonian represents the so-called staggered potential,
where (—1)%is +1 (—1) on the A (B) sublattice; hence this term has opposite values
on opposite sublattices, and appears when describing a material with inequivalent
on-site energies on the two sublattices. This occurs either because the basis orbital
energies are different on the two sublattices (since the sublattices are composed out
of different atomic species - hBN), or due to a buckled lattice structure allowing a
perpendicularly applied electric field to distinguish the two sublattices energetically,
as is the case in silicene and germanene for example. Note that, while these effects
do in general shift the zero energy point, the only non-trivial effect is the difference
in on-site energies between the two sublattices, which can always be represented
through a symmetric term by declaring the new zero point.

Let us focus now on the spin-orbit part of the Hamiltonian in order to obtain
its form in momentum space. Indeed, the first part of the Hamiltonian was already
studied, while the third part is trivial to write in momentum space. Rewriting Hgo

in a manifestly periodic form one obtains

Hso = is—7= ZCJ{:{A (—CRtaA + CRtaza + CR+ay—as4)
V3 R
+chp (CRtaiB = CRtasB = CRta—anB) T huc.. (1.23)

Here the sum again runs over all unit cells. Enforcing a unitary transformation to

the momentum basis, as in the previous subsection, we get

. ASO ; 1.7 1./ 1./
Hgo =ts E G_Zk.RCLACkA <_elk (Rtar) | k'(Rtaz) | ik '(R+a1—a2)>

+d yenn (e — ez — eik'(al_aQ)) + h.c.. (1.24)

In the more compact spinor form

14



1.4 Massive relativistic particles: spin-orbit coupling and the staggered potential

10

E(eV)

-2 0

k. (a™) 2 a5 k(e ko (a™)-242 k, (a-)

Figure 1.4: Energy dispersion of graphene with a staggered potential included. The
conduction and valence bands are nearest to each other at the two distinct valleys,
however they do not touch, as shown in the two insets.

=s el x(k) 0 Cled
S N | e

where

x(k) = % [sin(k - a;) —sin(k - ay) — sin(k - (a; — az))]. (1.26)

Adding now the kinetic and staggered potential terms, the full tight-binding band

structure is given by

(k) = /17 (k) + (sAsox(k) + A). (1.27)

Having in mind that x(K,) = 7, the low-energy expansion around K and K’ provides
us with the effective continuum picture [9,

H = hvp (Tkyo, + kyoy) + sTAgo0, + Ao, (1.28)

Apart from the spin-valley dependence, it is clear that the effective term for the
spin-orbit interaction takes the form of a staggered potential. However, while SOC
assumes the form given in Eq. ((1.28)) only for low energies in momentum space, the

staggered potential term remains unchanged compared to its real space representa-
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tion. Also, note that the staggered potential breaks inversion symmetry, while the
SOC term does not. They both also preserve time-reversal symmetry.

Setting Ago = 0 at the moment, we depict the band structure given by Eq.
for A = 0.05 eV in Fig. . Note that the majority of the dispersion
remains similar to the intrinsic band structure, displayed in Fig. [1.2. However, as
shown in the insets, a difference arises near the two valleys; namely a band gap
appears, indicating a transition to an insulating phase. This property reflects on

the dispersion of low-energy quasiparticles near the two valleys

E = +4/p*v% + A2 (1.29)

This is the energy-momentum relation obeyed by a massive relativistic particle,
in which the Fermi velocity again plays the role of the speed of light, while A
mimics the rest energy. Therefore a stationary quasiparticle sits at A (bottom of
the conduction band), while its antiparticle counterpart is to be found at —A (top
of the valence band), meaning that the band gap is given by 2A. In the case of
hBN for example, the staggered potential leads to the opening of a 5.97 eV large
band gap [28]. However, the band structure for A = 0 and Agp = 0.05 eV is
practically indistinguishable from the one depicted in Fig. [I.4] while the low energy

quasiparticles have virtually identical dispersion relation

E = £,/p*vi + AZ,. (1.30)

So the question arises, what, if any, are the differences between the two cases? The
key to answering this question lies in acknowledging the fact that quantum mechanics
provides us not only with eigenvalues, but also with eigenvectors. And, not only
are the eigenvectors in the two cases different, they are different throughout the
entire Brillouin zone; so much so, that a topological invariant, denoted as Z5 is used
to distinguish the aforementioned insulators. The number in the index indicates
that there are two such insulator classes; ordinary insulators with Z, = 0, and the
so-called topological insulators with Z = 1.

It must be said that topological insulators are not a new occurrence. The most
famous example is the quantum Hall effect (QHE - the integer version in particular),
which takes place in sufficiently cold 2D electron gases (2DEG) exposed to strong
magnetic fields. The effect is easily interpreted semiclassically; magnetic field en-

forces cyclotron motion, which in turn leads to the formation of the Landau level
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(LL) spectrum for closed orbits in the bulk. Because of this quantization, electrons
can only occupy discrete energy states with vanishing group velocity, making the
bulk insulating. On the sample boundary, however, the cyclotron trajectories do
not close in on themselves; instead the electrons are backreflected every time they
encounter the edge, thus effectively drifting along them in a motion referred to as
skipping orbits. Therefore, not only are they able to carry current, but the states on
opposite edges also form physically separate channels of flow in opposite directions,
enabling dissipationless conduction. As a result, the Hall conductance can take only
discrete values, given as n multiples of the quantum of conductance e?/h, which
itself is the conductance of a single transmission channel spared of any scattering.
Besides measuring the number of channels contributing to transport (the filling
fraction), n also turns out to be a topological invariant called the Chern number.
This comes out as a result of a more rigorous, and in-depth quantum treatment. The
formal procedure bears an analogy to the process of characterizing closed surfaces
in differential geometry through a topological attribute. As Gauss-Bonnet theorem
shows, the integral of the Gaussian curvature on a closed surface equals to an even
integer multiple of 2m; this integer is the topological invariant known as the Euler

characteristic. In a similar fashion, the Chern index of an energy band is obtained

as
c—lfg (k) (1.31)
n - 27'[' n ) °
where Q,, (k) = Vi X (Unk|Vi|tnk) and |u,) are the so-called Berry curvature

and the periodic part of the Bloch wave function, respectively. The Chern number
distinguishes different QHE states.

The phenomenal transport performance of the QHE regime, however did not
become of significant practical importance. The reason is that the effect appears only
when the 2DEG is subject to strong magnetic field, something not achievable easily
outside the lab (or even inside the lab). The major breakthrough of Kane and Mele
in 2005 was the realization that a nontrivial insulating phase can arise even in the
absence of magnetic fields, thus paving the way for time-reversal invariant topological
insulators. Their Hamiltonian is a generalization of the Haldane model, which for
spinless electrons provides quantum Hall effect strictly from the band structure,
and in the absence of a (net) magnetic field and Landau levels [29]. Combining two

opposite copies of this model for each spin gives rise to the so-called quantum spin
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Hall (QSH) effect, that Kane and Mele showed appears in honeycomb lattices with
sufficiently strong spin-orbit interaction. Roughly speaking, spin-orbit interaction
plays the role of an effective magnetic field, with opposite directions for opposite
spins, hence creating two copies of the Hall effect. As a result, on the edges of the
sample the two spins are counter-propagating. It follows that the two spin sectors
have opposite Chern numbers, but the entire system has a vanishing Chern number
(no Hall effect), so the important index instead becomes the Zs number. Another
way to interpret the appearance of edge states in the QSH phase is through the
bulk-edge correspondence; since the material in the QSH phase and the vacuum
surrounding it are topologically distinct insulators, the band gap must close and
reopen between them for the topological invariant to change, resulting in gapless

metallic edge states.

1.5 Magnetic field

We now return to the discussion of intrinsic graphene. One of the most remarkable
manifestations of the ultrarelativistic nature of graphenes quasiparticles is the exotic
Landau level spectrum. In fact, this spectrum provided the first definitive proofs of
the monolayer structure of exfoliated samples through the QHE. We therefore study
the impact of a magnetic field on an infinite graphene sample here (the Zeeman
energy is disregarded).

The influence of the magnetic field on the Hamiltonian is captured through the

minimal coupling scheme (a replacement rule p — IT) so that

H = vp (1,0, + 1,0,), (1.32)

where IT = p + eA (e > 0) is the kinematical or mechanical momentum, and A
is the magnetic vector potential. The magnetic field is associated with the curl of
the vector potential, B = V x A. Different functional forms of the vector potential,
called gauges, can give the same magnetic field. While the canonical momentum
p is gauge dependent, the kinematical momentum II is gauge invariant, since its
expectation value is proportional to a measurable property - the electron velocity.
Since we are interested in a magnetic field perpendicular to the graphene plane,
B = Be,, we will employ the so-called Landau gauge A = B (0, x,0). The resulting

Hamiltonian is translationally invariant along the y direction, rendering k, a good
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quantum number

U = i) (x). (1.33)

Replacing this into the Dirac-Weyl Hamiltonian one obtains the coupled equations
0 =«

hop (@) = Bi(a), (1.34)
a0

where 7 = —itd, — ik, — iz/l%. We transform the system of two coupled first
order differential equations into two independent second order differential equations
through H?y = E*)

2 E? Tk
[—7#85 + 0k + ) 2] barm = (_2 - 7) bass. (1.35)
B Up lg

Compare for instance the equation for the B sublattice in the K valley, with the
equation of the quantum harmonic oscillator (shifted by zg = k1%, and rescaled by
2m)

[pfc + m?w? (2o + a:)z] Y = 2mey, (1.36)

where m is the mass of the electron and w is the angular frequency. By direct
matching, we are able to ascertain that mw = h/l%. Substituting this in the standard

n-th eigenstate of the quantum harmonic oscillator, shifted by xy we obtain

4 (:c+lcy2123) .
— 2l P
(x|n) = \/me B H, (lB + k’le) : (1.37)
Solving for the eigenfunctions we obtain
[¥B) = [n). (1.38)

Going back to the coupled equations, and employing H) (x) = 2nH,_1(x) one can

obtain the other spinor

ha) = —ialn — 1), (1.39)

where a = +1 (—1) in the conduction (valence) band. After performing similar

calculations for the K’ valley, the total spinor for both valleys can be written as
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1.5 Magnetic field

) = cikyy ( —ialn — 3= §> ) . (1.40)

-4
On the other hand, having in mind that € = hw (n + 1/2), the Landau levels in

graphene are given as

E, = avpV2nheD, (1.41)

with n > 1. Besides these solutions, a peculiar zeroth LL is a valid solution with
energy Fg = 0. The corresponding eigenfunction is derived from Eq. ((1.35), and

reads

ik [ TT/2H1/2
|tho) = < /2412 )|0>- (1.42)

Note that the zeroth LLs are fully localized on only one sublattice, a property re-
ferred to as pseudospin polarization. There are two striking features of the magnetic
spectrum of massless, Dirac-Weyl fermions as compared to the one corresponding
to massive and nonrelativistic 2DEG particles. On one hand, the level energies de-
pend on the square root of the magnetic field and the level index in the former case,
whereas they disperse linearly in the latter case. Moreover, apart from the usual
spin-degeneracy, each level also appears in both valleys, making the total degener-
acy of a given level four-fold. On the other hand, ultrarelativistic particles form
a Landau level at exactly zero energy (i.e. at the Dirac point). Intriguingly, this
level is shared equally by the conduction and the valence band because of the inher-
ent electron-hole symmetry of graphene, i.e. two of the levels have an electron-like
character, while the other two have a hole-like character.

Consider what that means for the QHE measurements, given that an occupied
electron (hole) LL state contributes e?/h (—e?/h) to the Hall conductance. When
the Fermi energy lies between n = 0 and n = 1 levels, the zeroth LL is completely
occupied, providing 2¢?/h of conductance, due to the spin degeneracy. Each higher
LL occupied by electrons participates with 4e?/h of conductance, due to full spin
and valley degeneracy. Likewise, when the Fermi energy is between n = —1 and
n = 0 levels, electron states are completely empty, however the zeroth LL is fully
occupied by holes contributing with —2¢?/h (again due to spin), with each new

hole level contributing with —4e?/h of conductance. Finally, this all leads to the
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1.5 Magnetic field

anomalous Hall conductance plateaus, expressed as

2 2
Oay = i% 2n+1), (1.43)

for n > 0, which were experimentally confirmed in Refs. [16] [17], thus paving
the way for the explosion of scientific exploration of graphene. It is also worth
mentioning that transport signatures of the QHE in graphene can also be seen at
room temperatures [30].
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Chapter 2

Theoretical models and graphene

nanoribbons

2.1 Introduction

In the previous chapter, we investigated the case of infinite honeycomb lattices
using an analytical approach. In this chapter, we will do the opposite by applying
the numerical techniques and procedures that we will introduce in order to find
more about the fundamental properties of graphene nanostructures. In particular
we will present the nonequilibrium Green function (NEGF) formalism for studying
quantum transport for nanoscale devices [31-33], as well as the Hubbard method
for predicting the appearance of spontaneous magnetic ordering due to the electron-
electron interaction. Furthermore, we will employ the tight binding method for
extracting the band structure for a particular type of one-dimensional graphene

structures, called nanoribbons.

2.2 Nonequilibrium Green function method

The numerical transport formalism that is NEGF starts with three basic building
blocks: the left lead, the device and the right lead. The leads are assumed to be
translationally invariant and connected to electron reservoirs at the far ends. Given
that NEGF operates in the quantum domain, all of the blocks are described by a
corresponding Hamiltonian, written in a matrix form in the tight binding language.
Therefore, NEGF explicitly incorporates the atomic structure into the calculations of

the conductance, through the probability amplitudes for transition between different
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2.2 Nonequilibrium Green function method

orbitals that are the matrix elements.

The quantum nature of transport that NEGF captures, differs substantially from
the Ohmic point of view. For instance, enlarging the length of the channel (resis-
tor), would always bring about the increase in the resistance of the device in which
transport is diffusive. On the other hand, for the devices in which the decoherence
effects are minimized (by fabricating very small structures for example), the under-
lying quantum nature can be manifested and a resistance decrease can occur. Such a
counterintuitive phenomena comes about from the interference of the electron waves;
a feature captured only by the complex numbers present in the Hamiltonians. The
NEGF is a robust and powerful formalism, easy to implement numerically due to
its straightforward approach. However, this also means that some of the underlying
physics remains obscure. In fact, a deep and detailed theoretical understanding of
the obtained results is often missing. Therefore, it is always helpful to supplement
these sorts of calculations with some analytical, usually effective low-energy theories,
which could provide the essential details for interpreting the obtained results.

The Green’s function of a system is given by

G=(EI-H)", (2.1)

where H is the Hamiltonian of the entire structure. Here it is implicitly assumed
that the energy is shifted infinitesimally along the imaginary axis, i.e. £ — (E+1n).
This is done so as to enforce the computation of a retarded Green’s function, while
the advanced one can obtained by simply taking the Hermitian conjugate [33]. In
the case of a system consisting of a device attached to a couple of leads the tight

binding Hamiltonian can be written as

H;, Hpp 0
H=|u, m H, | (22)
0 Hgrp Hp

The only finite matrix here is the device Hamiltonian Hp, while all other matrices
are infinite in size. Hj describes the hopping in the left lead, Hr describes the
hopping in the right lead, H;,p and Hgp describe the hopping from the device to
the left lead, and from the device to the right lead respectively, while their Hermitian
adjoints describe the hopping in the reverse direction.

The corresponding Green function is likewise represented via submatrix blocks

23



2.2 Nonequilibrium Green function method

GL GLD CJLR
G = GDL GD GDR ) (23)
GRL GRD C¥R

Having in mind the definition of the Green function, Eq. (2.1), one can arrive at

the following set of equations

(E—HL)Grp + HLpGp =0,
Hl,Gip+ (E—Hp)Gp+ HprGrp =1, (2.4)
HL,Gp + (E — Hg) Grp = 0.

After some manipulation one obtains
Gp=(E—Hp-xF—xf)" (2.5)

where ¥ = H} Jg.Hp and ©F = Hl, grHpp are the effective self-energy terms
appearing in the Green function of the device due to the semi-infinite left and right
leads, and gr,/r = (E — Hyp, R)_l are their respective Green functions [34]. The self-
energy matrices are not Hermitian, which reflects the fact that stationary states are
absent in the device connected to the leads. This is analogous to the case when the
complex energy of a particle results in a finite life time - there is a nonzero rate of
electrons escaping from the device. The entire coupling between the device and the
leads is contained in the self-energy matrices. A beneficial trait of the self energy
matrices is that they are finite, thanks to the fact that the semi-infinite leads connect
via hopping elements only to the surface sites in the device. Therefore it can be
said that in this procedure the leads are integrated out of the problem, since we are
left with the finite-size Green function of the device itself. In order to obtain these
functions we employ the scheme laid out in Ref. [35]. It is important to point out
that incorporating the influence of the infinite leads through the finite self-energy
matrices is exact, although it may not appear so.

Once these and the broadening matrices I'r /g = 1 (EL/R — ZE/R>, are obtained,
the transmission probability through the structure can be calculated via the Fisher-
Lee relation [36]

T="Tr (FLGgrRGD) . (2.6)
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2.8 Graphene nanoribbons

Note that this equation holds for infinitesimal bias (V' — 0), and the conductance
is then given by

2

(&
G=-T (2.7)

This is the Landauer-Biittiker expression, which treats the devise as a scattering re-
gion, in which the waves from different leads are incident or reflected. Therefore, in
quantum transport the conductance is fundamentally related to the transmission co-
efficient of the incoming waves, with the proportionality constant being the quantum
of conductance. Execution of the exposed algorithm can become computationally
intractable, since the process involves matrix inversion which is numerically trou-
blesome. An additional procedure is then taken, known as the recursive algorithm
[37].

Having introduced the NEGF method, one could wonder, how justified is it
to employ it in studying graphene nanodevices? As it turns out, owing to excep-
tional crystal quality, electrons in graphene have phase coherence lengths of several
micrometers [38]. This puts nanoscale graphene structures well into the ballistic

quantum regime of transport, warranting the NEGF approach.

2.3 Graphene nanoribbons

Graphene nanoribbons are one-dimensional quantum wires, in which a finite width
leads to quantization of transverse modes, with freely propagating longitudinal chan-
nels. The two most important types of graphene nanoribbons are classified according
to the orientation of their edges, which can be either zigzag or armchair. These are
depicted in Figs. 2.1(a) and (b), respectively, alongside the corresponding unit cells.
Note that in contrast to armchair nanoribbons, edges of a zigzag nanoribbon are
composed out of atoms of only one sublattice. The edge atoms are considered to
be the ones which have dangling bonds, i.e. that are connected only with 2 carbon
atoms. The dangling bonds are implicitly assumed to be saturated by hydrogen,
thus providing no contribution to the energy dispersion. The two methods of cat-
egorizing the width of the nanoribbons is presented as well. In the case of zigzag
structures one counts the number of zigzag lines, while one counts the number of
atomic dimer pairs along the width in the case of armchair nanoribbons (Nzg = 8

and Nac = 14 for the particular structures presented in Fig. [2.1)).
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2.8 Graphene nanoribbons

= N W ke ot N

Figure 2.1: Graphene nanoribbons, created by translation of the unit cells depicted in
gray along the x direction. (a) zigzag and (b) armchair nanoribbons. The numeration
system used to denote the width of the structures is displayed on the right-hand side;
in particular Nzg = 8 and Nac = 14.

In order to obtain the corresponding band structures, one can again follow the
recipe used in Chapter However, the structures are periodic only along one
direction (x), while they enforce quantum confinement along the other direction (y).
Therefore the band structure is not represented by surfaces, but by lines depending
on the Bloch momentum k,. The number of bands, as in the case of plane graphene,
is equal to the number of atoms in the unit cell.

In Figs. 2.2(a), (b) and (c) we depict the density of states, the band structure
and the conductance, respectively, for a zigzag nanoribbon with N;5 = 10, while
the corresponding diagrams for Nz = 40 are shown in Fig. [2.3] The conductance
is calculated using the NEGF approach introduced in the previous section, and the
crystal momentum k, is normalized by the lattice vector of the nanoribbon (in this

case \/§a). The density of states is obtained as

D (E) :% > [ - k), (2.8)

‘%2/32; B (k)] (29)
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Figure 2.2: (a) Density of states, (b) band structure and (c) conductance for a
Nz = 10 nanoribbon.

where F, (k;) is the n—th band energy dispersion, and k,; are the roots of the
function £ — E,, (k;). Alternatively, the NEGF formalism also yields the density of

states through the Green function

D(E) = %Tr (GD - Gg) (2.10)

which coincides with the one calculated from the band dispersions.

Therefore, only those bands intersecting a particular energy contribute to the
density of states at that energy. Furthermore, this contribution is inversely propor-
tional to the steepness of the bands at the intersection points. This in turn means
that flat bands provide a major boost to the density of states, as can be witnessed
in Figs. and [2.3] In particular note that there are flat bands at the neutrality
point, appearing roughly within 27 /3 < |k,| < m, which is a general trait of zigzag
nanoribbons. Therefore, not only are they metallic, they also exhibit a large density
of states at the Fermi energy. These are the so-called zero-energy or edge modes of
the zigzag nanoribbons, and they are stationary at the edges since their group veloc-
ity is vanishing |39]. This is also manifested in vanishing effective hopping along the
longitudinal (x) direction in the momentum-space Hamiltonian. In fact, at k, = 7
the longitudinal hopping is zero, and only the transverse hopping exists ensuring
connection within the atomic dimers. In this case the edge states are completely

localized on the edge atoms, which do not have a dimmer pair and are effectively
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Figure 2.3: (a) Density of states, (b) band structure and (c) conductance for a
Nz = 40 nanoribbon.

isolated, making them incredibly sensitive to local perturbations. This property will
turn out to be quite important, and will be studied in more detail, both in the rest
of this, as well as in the subsequent chapters.

Additionally, note that zigzag nanoribbons preserve the two-valley structure of
bulk graphene. This comes about as a consequence of the transverse quantization,
which being along the y direction, "samples” both valleys of the band structure of
graphene (shown in Fig. along discreet k, values. In other words the bands can
be obtained by projecting cuts of the dispersion ({1.14]) along particular values of k,,
and for the range of (v/3a normalized) longitudinal momentum —7 < k, < 7. This
range is large enough to contain both valleys, albeit k, quantization criteria always
misses the exact K and K’ points. The line closest to these points represents the
bottom (top) of the conduction (valence) band. Having this in mind, we can deduce
that the valley near k, = —27/3 (£ a multiple of 27) is a projection of the K valley
onto the F — k, plane. Zone-folding does not capture the flat, gapless part of this
band, since such a feature is not present in bulk graphene.

The two-valley structure reflects on the conductances, shown in panel (c). Since
the structure is translationally invariant, all bands provide a quantum of conduc-
tance, which, given the twofold spin degeneracy and the aforementioned valley degree
of freedom, for low energies means that G jumps in steps of 4e?/h.

On the other hand, armchair nanoribbons reveal different behavior. In Figs. [2.4
and we again show D, E (k,) and G, but for armchair nanoribbons of widths

Nac = 10 and Nyo = 40, respectively. Unlike for zigzag nanoribbons, zone-folding
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Figure 2.4: (a) Density of states, (b) band structure and (c) conductance for a
Ngc = 10 nanoribbon.

captures the entire spectrum of armchair nanoribbons. It can be seen that they are
insulating, with a vanishing density of states at the Dirac point. However, armchair
nanoribbons with N,¢ + 1 divisible by three are metallic; otherwise their band gap
is inversely proportional to the width [39]. The zero-energy edge states are actually
a generally robust property of all edge orientations, however their density varies
from zero in armchair, to a maximum value in zigzag nanoribbons [40]. Armchair
nanoribbons also do not feature a valley degree of freedom like their zigzag counter-
parts; in fact the two valleys get mixed. The lack of valley flavor is reflected in the
conductances of the two cases. In particular, even though there are equal number
of energy bands for Nz = 10 and N = 10 nanoribbons, the conductance in the

former case is double that of the latter case.

2.3.1 Staggered potential and spin-orbit coupling

In Figs. [2.6(a) and (b) we examine the energy dispersion of zigzag graphene nanorib-
bons in the presence of the parameters A and Agp introduced in Chapter [1], respec-
tively. While in bulk graphene both terms lead to an insulating state, indistin-
guishable from the band structure point of view, the situation here is drastically
different. In particular, only A preserves the band gap, while a pair of linearly dis-
persing bands crosses what used to be the band gap in bulk for Agp, rendering the
nanoribbon conducting. Obviously, the topological nature of the insulating state

dictates this phenomenon; the pair of linearly dispersing bands originates from the
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Figure 2.5: (a) Density of states, (b) band structure and (c) conductance for a
Nac = 40 nanoribbon.

flat bands of ordinary zigzag graphene nanoribbons (Fig. due to the aforemen-
tioned bulk-edge correspondence.

The ribbon with SOC is topologically different from the surrounding vacuum,
which is considered to be a trivial insulator with an infinite band gap. This difference
is overcome only after smoothly closing the band gap, which occurs near the edges
and produces the chiral states. The left (upper panel) and right (lower panel) moving
chiral states are shown in real space next to Fig. [2.6(b), with spin up (down) denoted
by red (blue) filled circles, and they correspond to a particular Fermi energy depicted
in Fig. [2.6(b). Spin up (down) propagates to the right mainly along the top (bottom)
edge, while the opposite is true for the left-movers. In other words it is effectively
as if there are two opposite copies of the QHE for the opposite spins.

Note that we have chosen a quite high Fermi energy, for which the chiral states
penetrate deeply toward the opposite edge. The closer the Fermi energy to the
neutrality point, the more localized the states get. This prevents any overlap be-
tween the left and right moving channels located on the opposite sides of the ribbon,
leading to the prevention of backscattering. This in turn results in disipationless
conductance, and gives rise to the quantum spin Hall effect. Note that the effect is
undermined in the presence of time-reversal breaking perturbations, such as localized
magnetic defects. In this case, spins can get flipped, and the counter-propagating
modes on the same edge can get coupled.

In the particular case of zigzag nanoribbons, the penetration depth is propor-

tional to the SOC [41]. Turning on the SOC from zero is an adiabatic process, during
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Figure 2.6: Band structure of a Nz = 10 nanoribbon with nonzero (a) A = 0.5
eV, and (b) Ago = 0.5 eV. The panels on the right show the real space weight of left
(top) and right (bottom) moving chiral states marked in (b). Spin up is shown in red
and spin down in blue, while the marker area is proportional to the probability.

which the flat bands get progressively more tilted, and turned into topologically pro-
tected modes. However, in semiconducting armchair nanoribbons such an adiabatic
process can not discontinuously close the gap. This is manifested through the pen-
etration depth which in this case is inversely proportional to the SOC. Hence, for
small SOC, the zero energy modes on each edge hybridize with each other leading to
bonding and anti-bonding bands, which explains the enduring band gap, a feature
often referred to as the finite size effect. Therefore, the quantization of conductance
in armchair nanoribbons appears for higher SOC than in zigzag nanoribbons.
Incidentally, one realization of a quantum valley Hall effect (QVHE) can occur
in systems with inversion symmetry broken by a staggered potential. The lowest
conduction band in Fig. [2.6(a) inherits the localization properties of the state it
is smoothly deformed from, namely those of the flat gapless zigzag bands. Again,
the state at k, = 7 is the most extreme with all of its weight on the outer atoms,
while the surrounding states display an increasing penetration depth. Therefore, the
application of the potential at the edge will shift the flat bottom of the conduction
band to a varying degree, thus creating dispersing bands. The energy at k, = 7 gets
bent the most, while outside the region 27/3 < k, < 47/3 extended states scarcely
feel the potential, so that there the band remains firmly in place. A sufficiently
strong potential applied to the outermost atoms can lower the band at k, = 7 into
the valence band. At this point the band represents a left-moving channel in one

valley and a right-moving channel in the other valley. On the other hand, in the
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Figure 2.7: Band structure of a (a) Nzg = 10 and (b) Nz = 40 nanoribbon with
A = 0.5 eV and a potential applied to the outermost atoms of the ribbon. The panels
on the right show the real space weight of corresponding states depicted in (b). The
markers are colored purple since they correspond to both spins, while the marker area
is proportional to the probability.

valence band the situation is similar, albeit with localization on the opposite edge.
Hence disipationless valley current becomes possible in theory [42].

The situation is depicted in Fig. . In panel (a) the effect gets spoiled since for
a narrow nanoribbon (in this particular case Nzg = 10) the states on opposite edges
overlap, resulting in hybridization and preservation of a gap. For wider nanoribbons
(panel (b)), this is not the case, and the low energy spectrum consists of Dirac cones
for the two valleys. Counter-propagating states on a given edge belong to opposite
valleys, as shown in panels I, II, IT and IV. Note that besides the spin-degenerate
band structure, in this scenario there are no spin-distinguishing real space features

either, as opposed to the QSHE case.

2.4 Electron-electron interaction and the Hubbard

model

The most simple way of incorporating the influence of electron-electron interaction

within the tight-binding models is through the Hubbard model

H=—t Z CIIBCjﬁ + UZ NNl (2.11)
(i)B i
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where the first sum is the standard kinetic part of itinerant electrons describing
jumps between sites on a lattice. The second part is the Hubbard term which
describes the potential energy cost arising due to the Coulomb repulsion energy of
two electrons with opposite spins orbiting the same atom. The operator n;s = cj.ﬁcz-g
is the number operator of spin  on site 7. In the large U limit, the energetic
penalty of such a repulsion is high, which signals the on-set of strongly correlated
physics. The ground state is forced to avoid this expense by minimizing the double
occupancy. Due to the competition between the kinetic and potential energy, at
half-filling, when the number of electrons equals the number of lattice sites, it can
be more favorable for the entire lattice to consist of singly occupied sites with non-
itinerant electrons. In such a case a Mott insulator is formed, whose nature does
not derive from the band structure, but rather from the interaction between the
particles.

While the kinetic part of the Hamiltonian is quadratic in terms of the number
of creation/annihilation operators, the Hubbard part is quartic, meaning it has four
of them, a general feature of interaction terms. This has some serious implications
regarding the applicability and solvability of the model. The quadratic Hamiltoni-
ans, that we have studied thus far, are easy to diagonalize. Such Hamiltonians can
in general be expressed as H = Zij czT hijc;, with h;; being the matrix elements of
the Hermitian matrix h. As such, there will exist a unitary matrix U transforming
h into diagonal form H =), eiaIai, with the rotated bases given by a; = zj Uijc;,
which is true for any single-particle problem.

In the case of many-body problems, to which the Hubbard model belongs,
the Hamiltonian can also be solved by exact diagonalization, albeit in a much
larger generalization of Hilbert space known as Fock space. The Fock space is
a set of Hilbert spaces, each of which describes a given system with a different
number of identical particles. The fact that the total electron number operator,
N =", niy +n;,, commutes with the Hubbard model is somewhat alleviating, since
it reduces this space to the case of particular filling. To illustrate that this is still
not enough to render the problem numerically tractable let us consider the case of
a simple three-site model at half filling. In such a case the number of electrons
equals the number of sites, N = 3, and the relevant space is spanned by vectors
{4548, 144810, 18,4, 10,4, 1), .| 1,1, 1) }. The size of this space is in gen-
eral easily calculable and amounts to every possible rearrangement of N electrons

on N sites
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> (M,

nTZO

which for N = 3 gives 20. Therefore, instead of diagonalizing a 3 x 3 matrix
one is forced to diagonalize a 20 x 20 matrix. This quickly gets out of hand with
increasing system size. Note that since there are no spin-flipping processes, n;s also
commutes with the Hamiltonian, and one might further break down the problem
into subspaces with definite n4 and n, for which the problem is block diagonal.
Still, this does not help resolve the issue in general, since the bottleneck subspace
size for n, = ny = N/2 is given by ( )2, which for N = 30 electrons comes to
about ~ 2.4 x 101,

N
N/2

Because of the computational obstacles in analyzing even the smallest systems
people usually resort to the so-called mean field approximation (MFA). This approx-
imation allows the transformation of the problem to a quadratic one at the expense
of disregarding the quantum fluctuations, while still retaining some of the essen-
tial physics. The mean field approximation then allows the study of much larger
system sizes, with the drawback of overestimating the stability of the magnetic or-
der. Moreover, the lower the Coulomb repulsion U, the better the fit between exact
diagonalization results and the MFA.

In order to make this transition one starts by expressing the number operators
in Eq. , as an average plus the deviation from the average n;s = (n;s) +
(nig — (nip)), and then ignoring the product of the two deviations

H=—t cleig + U (nanlnag) +naglna) — (ni) (nay) (2.13)
(if)B i

The quartic nature of the interaction is lost, while the resulting quadratic form
captures only an interaction of one spin species with the average occupation of the
other spin species at a given site. Besides the loss of fine details, one other drawback
of this approach is that the problem now has to be solved self-consistently. The
procedure begins with an assumed distribution of spins, expressed trough (ng).
At each iteration the Hamiltonian is diagonalized, and until the change of average
occupation is not sufficiently low the next iteration step is started. The method is
suitable for analyzing periodic structures as well [39]. One again needs to perform the
Fourier transformation of the basis, while the occupation is obtained after averaging

over the entire Brillouin zone.
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Figure 2.8: (a) Band structure of N.; = 10 nanoribbon with (solid) and without
(dashed) interactions. (b) Real space distribution of magnetic moments.

As it turns out, the large density of states at the Fermi energy in zigzag nanorib-
bons discussed previously leads to an instability once the electron-electron interac-
tion is taken into account. This instability is avoided by transitioning into a broken
symmetry state, with the most stable configuration being the antiferromagnetic one.
In this phase, spins of opposite orientation get localized on opposite sublattices. In
Fig. [2.8 we depict the band structure and the real-space distribution of the magnetic
moments, (n;)—(n;), for a Nz¢ = 10 nanoribbon with U = 1.2¢. The gapless band
structure of the non-interacting model (dashed lines) is stabilized by the opening of
an interaction-induced band gap (solid lines). On the other hand, the magnetic mo-
ments are predominantly localized near the edges, where the instability originated.
The spin arrangement along the edges is ferromagnetic, since only a single sublattice
is present there. Recent transport experiments seem to confirm the validity of the
simple MF Hubbard model [43]. Moreover, the data is best fitted by a Coulomb
repulsion parameter U = 3.24 eV, i.e., with U = 1.2¢ [43].

35



Chapter 3

Electronic and optical properties
of circular graphene quantum dots

in a magnetic field

3.1 Introduction

As already mentioned in Chapter [I], the energy spectrum of graphene is linear at
two inequivalent points (K and K’) in the Brillouin zone, and such a linear behavior
is a characteristic of relativistic massless particles, which can be described by the
Dirac-Weyl equation [44]. Due to the well-known Klein tunneling effect [22], which
prevents carrier confinement, manufacturing graphene based quantum structures
is a big challenge for its future applications in electronic devices. However, the
energy of charge carrier states in graphene can be manipulated either by using
external magnetic fields, which leads to the appearance of Landau levels for an
infinite graphene sheet, or by using finite size graphene quantum dots (GQD’s),
which will be the subject of this chapter [45].

The energy levels of circular graphene dots in the presence of a perpendicular
magnetic field were first investigated analytically in Ref. [46], for the special case of
the infinite mass boundary condition (IMBC). On the other hand, it is well known
that the electron and hole states in graphene nanostructures depend sensitively on
the edge topology. As has been extensively shown and discussed in Chapter [2] in
graphene nanoribbons with zigzag edge termination a band of zero-energy edge-
localized states is found, a feature present in graphene flakes, such as triangular and

hexagonal GQD’s [47, 48]. In fact, except for the case where all the edges of the
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graphene flake have armchair shape, the appearance of the zero energy states seems
to be robust with respect to edge roughness, as demonstrated by the persistent finite
density of these states observed in realistic quasi-circular GQD’s [40].

In the end of previous chapter it has been shown that zigzag nanoribbons with
zero energy edge states are prone to spontaneous magnetic ordering once the electron-
electron interaction is included [49]. This many-particle interaction leads to a small
energy gap. In similar systems, such as zigzag-edge dominated GQD’s, spin polar-
ization is found as well [50]. In the presence of an IMBC, the single-particle energy
spectrum of a GQD already exhibits a gap around zero energy for low magnetic
fields [46]. Thus in this case no magnetic ordering is expected. Therefore, it is
important to determine what notable differences in the energy spectra may arise
from the application of different boundary conditions. Furthermore, because of the
possible applications of the GQD’s for light detection and solar energy conversion
[51], it is interesting to explore how the choice of the boundary condition affects the
absorption spectrum.

In this chapter, we analytically solve the Dirac-Weyl equation for a circular
graphene quantum dot in the presence of a perpendicular magnetic field, for both
infinite-mass and zigzag boundary conditions (ZZBC). A comparison between the
energy spectra and angular current densities obtained for each boundary condition
will be made. In addition to the exact solutions, we also present analytic expressions
where the magnetic field is treated as a perturbation, which agrees well with the
exact solution for small fields. Further, we discuss the effect of a magnetic field on
the optical spectrum of a circular GQD, where we analyze the effect of different
boundary conditions (i.e. ZZBC and IMBC) on the inter-band optical transitions.

Finally, in order to validate the continuum model we will also present the results
obtained within the tight binding model, where there is no ambiguity as far as the
boundary conditions are concerned [52]. The analytical spectra obtained by the
Dirac-Weyl equation will be compared to those obtained by the tight-binding (TB)
model for circular dots. Two kinds of dots will be considered in the TB model:
i) a circular dot cut out from a graphene honeycomb lattice, and ii) a circular
confinement region delimited by an infinite-mass barrier. The former case has an
admixture of zigzag and armchair edges and, due to the zigzag parts, a band of quasi-
zero energy levels is found. In the latter case, no zero energy states are present. It
is critically examined how the continuum model results compare to the TB results,

and which microscopical details in the latter are not captured by the approximations
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made in the former.

3.2 The continuum approach

The Dirac-Weyl Hamiltonian for low-energy electron states in graphene, in the pres-

ence of a perpendicular magnetic field and a mass-related potential, reads
H=vp(p+eA) o+ V(r)o,. (3.1)

Here A = (0,Bp/2,0) is the vector potential in symmetric gauge and o denotes
the Pauli matrices, which takes into account contributions of two different graphene
sublattices. The polar coordinate system is employed since it better suits the geom-
etry at hand. In this chapter we uphold the convention so that this equation holds
for the K valley states, and o in this equation should be replaced by its complex
conjugate o* when considering states in the K’ valley. It is assumed that the carri-
ers are confined in a circular area of radius R, which is modeled by an infinite mass
outside the dot, i.e. V(r) =0 for r < R, and V(r) — oo for r > R, where r is the
radial coordinate of the cylindrical coordinates system. In the case of the adopted
77BC, the two Dirac cones are labeled by the quantum number k&, which has the
value +1 in the K valley, and —1 in the K’ valley. For the IMBC, however, we
use the so called valley-isotropic form of the Hamiltonian, with fixed & = +1, and
the valleys are differentiated by another quantum number 7, which appears in the
boundary condition itselff] Furthermore, we introduce the dimensionless variables
p=r/R, B=R?/21% = eBR?/2h and ¢ = E/FEy = ER/hvg, where E is the carrier
energy, vp is the Fermi velocity, and lg = \/m is the magnetic length. The Dirac

equation ([3.1]) in these dimensionless units reduces to the form

0 7| [ ¥ile@) | __| talp,0) (3.2)
m+ 0 7 |

¢2<p7 ¢) ¢2(p7 ¢>
where 7 = —ie**¢ [ap + %8(;5 F kB p] . Because of the coupling between the orbital

angular momentum L, and pseudospin fio, /2 we define the total momentum J, =

L, + ho./2. We have [H,J.,] =0, i.e. the total angular momentum is a conserved

1k is used for ZZBC and 7 is used for IMBC which was done in order to simplify our calculations.
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quantity, and thus the two-component wave function has the form:

b(p, @) = o ( 2a(e) ) , (33)

€Zk¢X2(P)

where m = 0,41, 42, ... is the total angular momentum quantum number. The
two components of the wave function correspond to different sublattices, say xi
corresponds to the sublattice A, and y, corresponds to the sublattice B.

Equation (3.2)) is solved with the boundary condition which expresses that the
outward current at the graphene edge is zero. This leads to the following relation

at the dot edge [53]

tan(g) = —R[P1(L, 0)va(L, 0)] /S [W7 (L, ¢)¢a(L, )] (3-4)

where $(S3) is the real (imaginary) part. The following two boundary conditions

T = iTe — =T, (3.5a)

both satisty Eq. . The condition given by Eq. is called the infinite mass
boundary condition [53| and imposes the requirement that the region outside the
dot is forbidden for particles, due to the relationship vg < 1/m, as demonstrated in
Ref. [54]. 7 = +1(—1) is used to label the K(K"’) states. The condition Eq.
requires that one of the wave function components is zero at the dot edge, which is
called the zigzag boundary condition (ZZBC) [55]. Note that a graphene quantum
dot with circular geometry in principle includes both armchair and zigzag edges at
the boundary, which will be considered in Section within the TBM model. Here,
within the continuum model, we consider for definiteness only ZZBC at the edges.
In the case of armchair edges the boundary condition includes the wave function

spinors corresponding to both K and K’ points which is given by

K zK’r + ,QZ)1 ’LK o O (36&)
KzKr_i_wK ’LKT‘_O <36b>

In addition to k£ and 7, we show below that the states in the analyzed circular

GQD are labeled by the total angular quantum number m and the principal quantum
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number n. Therefore, it is convenient to denote them by the symbol (m,n). The
symbol n is also identified as the Landau level number. In discussing the various
properties of the spectrum in the continuum model we use the notation aimm, where
p € e, h denotes electron (hole) eigenvalues, k is the valley index if considering
the ZZBC spectrum, while it is relpaced by 7 if considering the IMBC spectrum.

Furthermore n is omitted in zero field discussions.

3.2.1 Zero energy solutions

When e = 0, the differential equations (3.2)) are decoupled,

)
dxa(p) N (mk + 1)
dp

kBpxi(p) =0, (3.7a)

x2(p) + kBpx2(p) = 0. (3.7b)

which offers straightforward solutions of the form x1(p) = Cyp™*e*#°/2 and y4(p) =
Czp—(mkﬂ)e—kﬂp?/%

These solutions can not simultaneously satisfy the IMBC of Eq. and be
normalizable. Namely, if the normalization condition is imposed, either C or Cs,
depending on the sign of m, should vanish, which prevents Eq. from being
satisfied. Thus, we conclude that there are no zero energy states in the IMBC
spectrum.

If the ZZBC, Eq. is employed, it is possible to find normalizable zero
energy solutions in both valleys. Those solutions are constructed by assuming
Cy = 0, and Cy # 0 for both the m < 0 states in the K valley and the m > 0
states in the K’ valley. Therefore, adopting the ZZBC allows the appearance of a
zero energy band. Those wave function components have the form x;(p) = 0 and
x2(p) = Cp~ (M0 e=kBr*/2 with mk = —1,—2,—3,.... Obviously, these states are
completely pseudo-spin polarized, and reside on the B sublattice sites. The form of
the wave function indicates that all states, except mk = —1, are edge localized, as
is expected for zero energy zigzag states. Furthermore, states with larger |m| are

localized closer to the edge.
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3.2.2 Non-zero energy solutions for =0

When ¢ # 0 and when the magnetic field is zero, i.e. =0, Egs. (3.2)) are coupled.
Substitution of y, from the second into the first differential equation leads to the
Bessel differential equation

2 *x1(p) dx1(p)

i T + (20" =m?) xa(p) =0, (3.8)

p
with solution
x1(p) = CiJm(ep). (3.9)

From Eq. (3.2), the relation between the first and the second component of the

wave function follows

6ik¢> k‘
0ap.0) = = (=10, + 20, + i) wn(p.0), (310
and thus
X2(p) = ikC1 Tk (ep). (3.11)

The boundary condition leads to the equation 7.J,,(¢) = Jp,41(€), while the
boundary condition gives J,,(¢) = 0. Recalling that the Bessel functions obey
the properties J,, () = (=1)"J_,,(¢) and Jy,(g) = (—=1)"J,n(—¢), several interesting
properties of the zero-field energy spectra are derived: i) there is electron-hole sym-
metry in both valleys for ZZBC, which is reflected by the expression €%, ,, = _53:1,m'
Unlike ZZBC, IMBC is known to break electron-hole symmetry [55], so the former re-
lations do not hold. However there is a similar symmetry property for the IMBC, for
which the expression €%, ,, = _511,—(m +1) holds. ii) Intervalley spectrum symmetry
is present for the ZZBC: si’}f’m = 5?’117,%, whereas for the IMBC 5ilfm = ei}fﬁ(mﬂ).
The latter two properties for IMBC further indicate intervalley electron-hole sym-
metry between states of the same m, ie. €%, = —51177”. iii) Finally, we may
deduce that the energy spectrum within each valley is either doubly degenerate (for
m # 0, ei}f . ei’}i_m) or non-degenerate (for m = 0) if ZZBC is adopted where

this is not the case for IMBC.
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3.2.3 Non-zero energy solutions for 3 # 0

For the general case € # 0 and 8 # 0, we obtain the differential equation for x;

> 1d m?
-2 )+ 4+ 32p2 — &2 =0 3.12
(dp2+pdp [28(m k) + 5 + 5" =<7 Jalp) =0, (3.12)
where the symmetric gauge is used for the magnetic field. This equation has the

normalizable solution

i(p, ¢) =Cempme P2
5 <2m+k+1 g2 ) (3.13)

= 1. B>
141 9 467m+ 76/)

where we used the relation ¢ (p, @) = €™?x1(p), obtained from Egs. (3.2) and (3.3,

and lﬁl(a,b, z) is the regularized confluent hypergeometric function. The second
component of the wave function is extracted from Eq. (3.10)), and for the K(k = 1)
and K'(k = —1) valleys read

o 20" T(1—k) (14 k)&
— i(m+k)o -
Ua(p, @) = ikCe &? { 5 + 5 1 X

e —_———.m .
141 9 457 PP
The IMBC leads to the following eigenvalue equation:
TE ~ g2
—1F1 m+1——,m+2,ﬁ —
2 45
N 2 (3.15)
F 1—— 1 =
1 1<m+ 4ﬁ7m+ 7ﬁ) 07
while for the ZZBC we obtain
~ (2m+k+1 2
v (mT—i—ﬁ,m—l—l,B) — 0. (3.16)

From (3.15)) and (3.16]) we may deduce that for each BC the magnetic field breaks all
but one symmetry property, which were stated in previous section. Thus from Eq.

(3.15)) one may notice that the energy levels of the K and K’ valleys are symmetric
as €5, = —e” On the other hand, when the ZZBC is adopted, Eq. (3.16))

Fl,m:
depends on €2, and consequently the electron and hole states in each valley are

symmetric with respect to each other.
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Figure 3.1: Energy spectrum of a circular graphene quantum dot with R = 70 nm
in a perpendicular magnetic field for: (a) the IMBC, and (b) ZZBC. The energy levels
corresponding to the K and K’ valleys are shown respectively by the blue solid curves
and red dashed curves. The zigzag zero energy state (ZES) is shown by the black solid
line. The green solid curves display the fitted function to the first energy levels. Only
the six lowest electron and hole energy levels are shown for —4 < m < 4. The inset of
panel (a) shows an enlargement of the energy levels, corresponding to the K valley,
around the region where the quantum dot states merge to form the first LL for both
IMBC (solid curves) and ZZBC (dashed curves).

3.2.4 Energy spectrum

We now analyze the magnetic field dependence of the energy spectra in more detail.
In Fig. [3.1] we show the energy levels of a circular dot with radius R = 70 nm and
—4 < m < 4 for both the (a) IMBC and (b) ZZBC cases. The spectrum at the K
valley is displayed by the solid blue curves, whereas the red dashed curves denote
the energy levels in the K’ valley. The zero energy localized zigzag state (ZES) is
shown by the horizontal solid black line in Fig.|3.1{(b). Notice that IMBC leads to
an energy gap in the spectrum for low magnetic fields, as evident in Fig.|3.1{(a). The
lowest non-zero electron energy level in both IMBC and ZZBC initially decreases
linearly with magnetic field (as is similar for semiconductor quantum dots) but
then decreases as a Gaussian at high magnetic fields (which is different from the
1/6 behavior found in semiconductor quantum dots). We fitted the energy level
to a Gaussian function () = aexp(—([3 — b]/c)?) (see green solid curves in Fig.
B-1(a,b)) where (a,b,c)impe = (3,—3.9,4.55) and (a,b, ¢)zzpc = (4.47,—7.1,9) are
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the fitting parameters, respectively, for the IMBC and ZZBC. We found a relation
between the parameter ¢ of the different energy levels: ¢}y, 50 ~ 1.15 ¢y 5o and
¢y ype ~ ¢ ype (with i being the eigenstate index) respectively for IMBC and ZZBC
[56].

The magnetic ordering at the dot edge breaks reversal symmetry, and thus the
electron-hole symmetry for each valley is broken, even when an external magnetic
field is absent. Therefore, the energies of the electron and hole states in a given
valley are not mutually related. However, the magnetic ordering cannot break the
intervalley electron-hole symmetry for IMBC which is apparent by the €%, =
%\ relationship in Fig. [3.1(a) [46].

Unlike the IMBC, the ZZBC produces the ZES, composed of the m < —1 states
in the K valley, and m > +1 states in the K’ valley (see Section [3.2.1)). Zero-

energy states are a trademark feature of infinite structures with bipartite lattices

—&

which have the property of a global imbalance in the number of sublattice sites.
These states are pseudo-spin polarized, inhabiting exclusively one sublattice, and
are found at exactly zero energy. On the other hand, GQD’s possess local imbalance
in the number of sublattice sites, and should therefore exhibit quasi-zero-energy
states, without pseudo-spin polarization. As a matter of fact, the shift from zero
energy occurs due to the hybridization between close sites with different character
of the imbalance [57]. This means that the zigzag edges in real GQD’s will be host
to quasi-zero energy states, a property captured well with the Dirac-Weyl model,
since we find a band of states at exactly zero energy in the case of zigzag boundary
condition. This issue will be discussed in more detail in Section 3.3} where we use the
TB model when calculating the energy spectrum of a circular GQD. For a different
geometry which includes both zigzag and armchair edges at the boundaries, e.g. a
rectangular graphene flake, the energy spectrum exhibits zero-energy states due to
the presence of the zigzag edge. It was shown in Ref. [58] that for the case of a
rectangular graphene dot the number of degenerate zero energy states depend on
the number of armchair atoms.

With increasing magnetic field, the quantum-dot states merge to form the Lan-
dau levels of graphene. In contrast with semiconductors, the LL’s in graphene are
non-equidistant and exhibit a square-root dependence on the magnetic field [59].
For the IMBC, the first LL (n = 1) is composed out of m < 0 states, and the higher
energy (n > 1) LL’s are formed out of m < n states in both the K and K’ valleys.

Such a behavior is similar to semiconductor QD’s [59]. This behavior is also true
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for the LL’s in the K valley of the ZZBC, displayed by the solid lines in Fig. 1(b).
The m < 0 states in the K’ valley spectrum for the adopted ZZBC and the m < 0
states in both valleys for the applied IMBC form the zero energy (n = 0) Landau
level (ZLL). We point out that for both IMBC and ZZBC, only one of the valleys
contribute to the zeroth Landau level in each band, which is known to be the case in
bulk graphene, and is the reason behind the anomalous QHE [44]. For the IMBC,
Eqgs. and do not exhibit a physical solution at zero energy, therefore
the quantum dot states which form the ZLL cannot have exactly zero energy in the
employed continuum model.

The asymptotic dependence of the energy levels (except for the n = 0 state) in
both the K and K’ valleys for the employed IMBC and large [ is given by

Xt mn(B) = i\/ 46 (np + ‘m’%) (3.17)

where + (—) corresponds to electrons (holes). For the ZZBCD this relationship also
holds for the K valley LL’s, whereas the energy level dependence on magnetic field
in the K’ valley for large [ is given by

e n(B) = /28 (20, + [m| + m — 26(m)). (3.18)

Here, n, = 1,2,3,... is the radial quantum number, which labels the solutions of
Eqgs. and and 0(m) is the Heaviside step function. For m = 0 Eq.
leads to Eq. for IMBC. Note that each expression in parentheses in
Eqgs. and is equal to an integer, and therefore has the meaning of the
Landau level index n, as discussed in Chapter [I} Furthermore, two different regimes
of carrier confinement might be resolved: at low magnetic fields, the confinement
is due to graphene termination (i.e. edge confinement). The influence of the edge
is suppressed when the magnetic field is large, and the confinement becomes domi-
nated by magnetic field. However, in the continuum model, no matter how large the
magnetic field is, it will not suppress the zero energy band. ZES and its degeneracy
will persist throughout the magnetic confinement regime in the ZZBC spectrum,

while its wave function is pushed inwards, toward the center of the dot (see Sec-

1One can also easily calculate the spectrum stemming from 2(1,¢) = 0. The differences, as
opposed to the ¥1(1, ¢) = 0 spectrum, can be summed up by valley inversion and a shift in angular

momentum quantum number so that Eiﬁ(’},’j))zo = Eill(inﬁ:)l: %, This means that the ZLL is found
only in the K valley, i.e. € = 0 states exist only for mk = +0,+1, 42, ..., etc.
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tion 3.2.1)). For both adopted boundary conditions, the transition between the two
confinement regimes takes place as the magnetic field increases (see Fig. [3.1)). We
may define the transition points between the two regimes as the points where the
energies of the states in the quantum dot differ negligibly from the LL energy. These
transitions shift towards larger magnetic field with lower m. We should note that
the observed dependence of the electron and hole energy levels on magnetic field
differ from the one in semiconductor quantum dots, where neither ZES nor n = 0
LL are found, and the Landau levels increase linearly with 8. Moreover, energies
of the negative m states obtained from have a tendency to undershoot the
positive m energies of the same Landau level, which is not the case for solutions of
Eq. (3.16), as displayed in the inset in Fig. [3.1f(a).

Approximate variations of the electron energy levels with magnetic field, as ob-
tained from first order perturbation theory (see Appendix , are displayed in Fig.
3.2l These energy levels are compared with the exact solutions for the IMBC K
valley. Because the applied magnetic field is considered as a perturbation for the
zero-field states, a good agreement between the approximate and exact energy levels
is found at low magnetic fields. As a matter of fact, the two approaches start to
disagree when the confinement starts to be dominated by the magnetic field. Except
for the ZES, similar agreement between the exact calculations and perturbation the-
ory is found for the states in both valleys when the ZZBC is adopted. Notice that

the approximate model cannot describe the states which form the n = 0 LL.

3.2.5 Angular current

In spite of the major differences in nature of the low-energy quasiparticles, there are
some unexpected similarities between semiconductor and graphene quantum dots.
One such similarity is the magnetic field dependence of the spatial distribution of

the angular current density. The angular current for the K valley states is given by

j=vr [Ylog], (3.19)

where

oy = [ 0 e ] . (3.20)
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Figure 3.2: Energy levels of a circular graphene dot as function of magnetic field,
B = eBR?/2h with R = 70 nm. The red dashed curves show the approximated
spectrum in low magnetic fields, while the exact results are shown by the black solid
curves.

For K’ valley one has to use the complex conjugate of the previous operator. The

final expressions for the angular currents are:

JoK = —2i0pX1X2, (3.21a)
j¢K’ = 2iUFX1X2. (321b)

A density plot of the angular current as a function of magnetic field and radial
coordinate is shown in Fig. [3.3] The ZES exhibits a peculiar property of zero
angular current, due to their pseudo-spin polarization. Eq. indeed indicates
that if any of the two wave function components is zero, the current vanishes. The
angular currents for the m = +1,n = 2, m = —4,n = 0; m = —10,n = 1 and
m = —1,n = 1 states are shown in Fig. [3.3] We show results for the positive
m states, the states which form the ZLL, and the m < 0 states which form the
n = 1 LL. The angular currents are shown for the IMBC K valley, but quite similar
contourplots are obtained for IMBC K’ valley, and both valleys for the ZZBC. The
angular currents for the non-negative m states have the same direction as the current
of classical orbits (see Fig. [3.3[a)). The internal magnetic field (due to the motion

of the electron) is in the opposite direction to the external magnetic field, therefore
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Figure 3.3: Contourplot of the angular current density for several states versus the
normalized magnetic field and the radius. (a) The (+1,2) state, (b) the (—4,0) state,
(c) the (—10,1) state, and (d) the (—1,1) state. The counterclockwise and clockwise
currents are denoted by red and blue colors, respectively.

all non-negative m states exhibit diamagnetic behavior.

Conversely, the state (m,n) = (—4,0) which forms the ZLL shows weak param-
agnetism (small angular current) at low magnetic fields, which diminishes when the
magnetic field increases, as displayed in Fig. [3.3(b). Such a paramagnetic behavior
might be explained by edge skipping orbits close to the edge of the dot that result
in a clockwise current. However, as the magnetic field increases, the angular current
in the n = 0 states vanishes due to the sublattice polarization, like in the ZES.
Indeed, a closer look at Eqs. reveals the reason behind it: since |1)9] ~ |1)1|/e,
shrinking € will cause the second sublattice wave function to increase in magnitude
as compared to the first sublattice wave function. Hence, the ZLL state becomes
almost completely localized on the second sublattice with increasing magnetic field,
which results in the reduction of the angular current.

The m < 0 and n > 0 states exhibit a different behavior with increasing mag-
netic field, as demonstrated in Figs. [3.3(c) and (d) for the (—10,1) and (—1,1)
states. Both these states converge to the n = 1 Landau level as § increases. As is
depicted, paramagnetic, i.e. clockwise current located mostly close to the edge is the
prominent feature of an uncondensed state (—10,1) at low 8. On the other hand,
the (—1, 1) state is energetically closer to the respective Landau level at 5 = 0 than

(=10, 1), which accounts for the larger diamagnetic part of the angular current in
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Figure 3.4: Contourplot of the sublattice contributions for several states versus the
normalized magnetic field and the radius. (a) m = +1,n = 2 state, (b) m = —4,n =0,
(¢c) m = —10,n = 1 state and (d) m = —1,n = 1 state. Red and blue denote electron
weights on sublattices 2 and 1, respectively.

this state. As the magnetic field increases, three effects take place: i) the regions of
clockwise current shift towards the ring center, which might be explained as the dis-
placement of the centers of the electron classical orbits inward, i.e. towards the dot
center. ii) Two concentric regions of oppositely oriented angular currents become
distinct, i.e., increasing field gives rise to a counterclockwise current on the outer
side of the orbits. In fact the latter property is related to the degree of Landau level
condensation of each state, i.e. to the energy difference between the quantum dot
state and the Landau level. The lower this difference is, the more pronounced the
diamagnetic component is. This is made clear in Fig. [3.3(d), for the (—1, 1) state,
which is closer to the first Landau level than (—10,1), and thus has comparatively
stronger counterclockwise current. iii) The region of the counterclockwise current
shifts inward too, almost parallel to the region of the clockwise current, as shown in
both Figs. [3.3](c) and (d).

In order to describe in more details how the magnetic field affects the electron
localization and the angular currents analyzed above, we show in Fig. contour-
plots of [11]? and |¢;|?, in the p and 3 plane, for the same states as in Fig. ﬁ
All the states become localized close to the dot center with increasing magnetic

field, with the n = 0 state resisting the most. Notice that the components of the
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wave function of the (41,2) state are comparable to each other over the consid-
ered magnetic field range. The latter state has |1)|? localized close to the dot edge
when the magnetic field is low. For the (—4,0) state, when 3 increases, 1, starts to
dominate, as previously explained, and at high magnetic field (§ = 10) it becomes
pseudo-spin polarized, as shown in Figs. [3.4(c) and (d). Notice the transition from
a non-polarized to a polarized pseudo-spin state, which also highlights the transition
from the edge dominated to the magnetic field dominated confinement regime. The
eigenfunction representing the n-th Landau level in an infinite monolayer graphene

sheet, considering the Landau gauge for the vector potential, is given by [60]

et £y = 1)
Z, n = ) 3.22
(@.91) m( o ) (322)

where k, is the wave vector in the x-direction and |n) is the n-th eigenfunction of
the quantum harmonic oscillator in the y-direction. For the ZLL (n = 0), the upper
component is zero and, consequently, this state is fully pseudo-spin polarized for
an infinite graphene sample. In the GQD case, as the magnetic field increases, the
lowest energy states, which are not pseudo-spin polarized in the edge confinement
regime, approach the ZLL and become pseudo-spin polarized, as expected for this
level if no edges are present, i.e. in the regime where the magnetic field confinement
dominates. Figures [3.4(e) and (f) show how the wave function components vary
in the (—10,1) state. The spatial localization in this state is less affected by the
magnetic field than the localization of the (—1,1) state, which is displayed in Figs.
3.4(g) and (h). However, [¢s|*(p) of both the (—10,1) and (—1,1) states have
two maxima, which is related to the simultaneous presence of paramagnetic and

diamagnetic currents in these states shown in Figs. [3.3(c) and (d).

3.2.6 Optical absorption

Optical absorption, for transition between states ¢ and 7, is measured by |Mij|2 =
|(W;|re*?r|W;)|?, where ¢, is formally the polarization angle, having no impact on
the final result. Having calculated the matrix elements describing the transition
for each possible pair of states, we introduce a Lorentzian-type broadening for the

absorption spectrum, and consider Fermi-Dirac statistics:

Ui; (frp(eiser, T) — frp(ej,er, T)) My;

]( ) w (5—6”)2—|—F12]

, (3.23)
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Figure 3.5: Contourplot of the total absorption spectrum A(e) for the IMBC, versus
magnetic field and transition energy for different values of temperature. Left and right
panels respectively correspond to temperatures 7' = 100 K and 300 K. (a) ep = —5,
T=10K, (b)ep=-5T=300K, (¢c) ep=0,T=100K, (d) ep =0, T =300 K,
(e)ep =45, T=10K, (f) ep =5, T =300 K.

where T is the temperature, and w corresponds to the energy of the incident photon
(E = hw). frp is the Fermi-Dirac distribution and I';; is the broadening parameter,
which is assumed to be 1 meV in our calculations. The total absorption spectrum
is taken to be the sum of all individual transitions A(E) = >, ; A; ;(E) for both
valleys.

The integral with respect to ¢ in the matrix element M;; is non zero only when
mj = m;. Furthermore, no selection rule applies to n, which differs from the case of
massive graphene, where transitions are allowed only between adjacent Landau levels
[61]. Although transitions between states which do not differ by £1 in the value of n
are allowed in the GQD, we found that their contribution to the overall absorption is
a few orders of magnitude smaller than the contribution of the n — n41 transitions.
The matrix elements between the six lowest energy states for m in the range [—4, +4]
are taken into account when computing the absorption spectra, which are displayed
as contour plots in Fig. for the applied IMBC and two values of temperature,
T =100 K and T" = 300 K. For each T, the absorption spectra are computed for
(dimensionless) Fermi energies ep = —5, 0, +5. In all cases displayed in Fig. [3.7]
there exist bright spots around ¢;; = 3. They arise from the n = =2 = n = —1

and n = 1 — n = 2 transitions, and are appreciable when the Fermi level is either
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T=100K T=300 K

Figure 3.6: The same as in Fig. but for the ZZBC.

in the conduction or the valence band (Figs. [3.5(a), (b), (e) and (f)). Because of
the peculiar statistical distribution for e = 0 at temperature as low as T' = 100
K, the central bright spot disappears from the absorption spectrum, as Fig. (C)
indicates. However, when T increases to 300 K, the statistical distribution of the
initial and final states changes, and the bright spot reappears for e = 0 (see Fig.
33d)).

The absorption spectra for the ZZBC shown in Fig. display similar features
as the absorption for the IMBC in Fig. [3.5] In addition to the bright spot, the
absorption spectra for both applied boundary conditions exhibit the bright and
narrow absorption line which traverses all diagrams in Figs. and nearly
diagonally, and it is stronger for the IMBC. This absorption takes place by means
of then = -1 -+ n =0and n =0 — n = 1 transitions in the case of the IMBC.
For this case, the energies of the transitions between the states in the two valleys
are equal, which favors the appearance of this line. On the other hand, for the
adopted ZZBC the energy spectrums of the electron and hole are symmetric within
each valley, whereas intervalley electron-hole symmetry is absent. It leads to a less
pronounced central absorption peak in the spectrum, which is due to transitions
between the ZES and n = £+1 LL in both valleys. The other noteworthy feature for
the ZZBC and er = 0 is the absorption due to interband transitions between the
n = 0 quantum-dot states in the K’ valley, whose transition energy tends to zero

when the magnetic field increases [62].
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Figure 3.7: The absorption spectra A(e) for ep = 0, and two different boundary
conditions. Results are shown for 7' = 100 K and 300 K which are displayed in the
left and right panels, respectively. (a) The IMBC and 7' = 100 K, (b) the IMBC and
T =300 K, (c) the ZZBC and T' = 100 K, and (d) the ZZBC and T' = 300 K.

The absorption spectra for e = 0 and three values of the magnetic field, § = 5,
10, and 15, are shown in the left and right panel of Fig. for T' = 100 K and
T = 300 K, respectively. The strongest absorption line is due to then = -1 - n =0
and n = 0 — n = 1 transitions for the IMBC and for transitions between ZES and
n = +1 LL for the ZZBC. As previously explained, the lack of intervalley electron-
hole symmetry for the ZZBC leads to much smaller absorption than for the IMBC.

Furthermore, the absorption might increase when the magnetic field increases [63].

3.3 The tight-binding analysis of circular graphene
dots

It is clear that the advantage of using the continuum model lies in the fact that
it illuminates the underlying physics with analytical solutions which are easy to
handle. However, the continuum model was derived from the tight-binding model
[18] for an infinite graphene sheet, under the restriction of low-energy charge carriers
around the Dirac cones in K and K’. Therefore, it is of interest to investigate the
validity range of the continuum model for finite size structures such as GQD’s.

Actual dot structures are normally cut out from a graphene honeycomb lattice,
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Figure 3.8: Sketch of the two circular graphene dots of radius R considered in our TB
calculations: (a) a circular dot cut out from the graphene honeycomb lattice, where
the red (blue) sites refer to zigzag (armchair) boundaries; (b) a circular region (green)
surrounded by an infinite mass medium, which is obtained by applying a staggered
potential, i.e. a +1 (—1) eV on-site potential for lattice A (B) sites, represented by
red (blue) atoms. In both cases, the dot is made out of all the atomic sites which are

inside a circle of radius R, and which have at least two nearest-neighbors sites inside
the circle. Adapted from .

instead of being surrounded by an infinite mass media, and therefore cannot have
only one type of edges, as illustrated in Fig. 3.8 However, we intend to demonstrate
that the simple boundary conditions described in Section [3.2] provide results which
agree somewhat with the TB results. The results in this section are obtained from

the nearest-neighbor tight binding Hamiltonian, which is given by
H = Z Enc);cn — Z tei¢"mchm, (3.24)

where E,, is the on-site energy and cl-(cJ-r

1) is the annihilation (creation) operator,

t = 2.7 eV is the zero magnetic field hopping term for the C-C distance ag = 0.142
nm, Qpm = 3 f;:” A - dl is the Peierls phase with ¢y = h/e being the magnetic
quantum flux (see Appendixfor a detailed derivation of this factor), and A = Bx y
is the vector potential taken in the Landau gauge for perpendicular magnetic field

B.

Let us first analyze the case of a circular dot cut out from a graphene lattice,

o4



3.3 The tight-binding analysis of circular graphene dots

Figure 3.9: Density plot of the energy spectrum as function of the magnetic field,
obtained from the TB model for (a) the cut-out graphene dot and (b) for confinement
in the quantum dot delimited by the region with massive particles. The dot radius
equals R = 10 nm in both cases. The black curves represent the Landau levels in
graphene. The blue dashed curve in panel (b) shows the function which fits the
dependence of the first energy level from ¢/¢g.

which is shown in Fig. |3.8[(a). The energy spectrum for R = 10 nm is shown in
Fig. 3.9(a) as a function of the magnetic flux through one carbon hexagon ¢ =
(3v/3a2/2)B. Tt looks qualitatively similar to the one shown in Fig. [3.1(b) for a
circular dot with ZZBC computed by the continuum model. In both cases, groups
of states decrease in energy with increasing magnetic field, eventually converging to
the Landau levels, and the zero energy level is observed irrespective of magnetic field.
On the other hand, some details of the energy spectrum at low magnetic field are
not properly described by the continuum model, even at low energy. For instance,
the results of both the continuum and TB models exhibit a decrease of the first non-
zero level with increasing field, whereas the second level starts to increase with field
until it crosses a higher energy level. However, the TB results exhibit anticrossings

immediately above the crossing, which are not observed in the continuum model
with the ZZBC. The IMBC results shown in Fig. [3.1(a) lack such anticrossings.
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3.3 The tight-binding analysis of circular graphene dots

One should note that this feature is observed even in the low energy range, in which
the continuum approximation should be valid. Therefore, it can be said that the
continuum model cannot capture the details of edge physics in this case.

There is also a surprising feature in the energy spectrum obtained by the TB
model: as we zoom in around the zero-energy region, we realize that it is not really a
single F/ = 0 curve, but rather a band of curves, as Fig. shows. We considered
three different ranges of energy and found curves that exhibit a self-similar-like
pattern, which persists except for the lowest energy levels, which are indeed very

close to zero (= 1078 eV).
The results in Figs. and were obtained for R = 10 nm. As the dot
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Figure 3.10: The energy spectra shown in Fig. (a) are repeated at three different
energy scales. The red dots are obtained by fitting the several lowest energy states
with the Gaussian functions.
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3.3 The tight-binding analysis of circular graphene dots

radius is reduced, similar results are observed but the low energy states appear
further away from the zero level. For example, for R = 2 nm, the lowest level has
the energy E' ~ 0.095 eV, i.e. a 0.19 eV wide energy gap, even though the dot
still exhibits zigzag edge segments. The wave functions of these low energy states
are localized at the zigzag edges of the circular dot (see Fig. [3.11). The lowest
energy states are maximally localized, being confined only to pockets in the vicinity
of zigzag-edge dominated regions (indicated by the red dots in Fig. [3.8(a)). Notice
furthermore that for small B those low energy levels are grouped in threesomes: 1)
the two lowest are degenerate for B = 0 and their wave functions are identical up
to a rotation of 60° and 2) the third level has a slightly larger energy with a wave
function exhibiting more pockets at the edge with a higher rotational symmetry
than the previous two. As the magnetic flux increases, the degeneracy of the two
lowest levels becomes lifted in each group and the second state crosses the third
non-degenerate state at some value of the magnetic flux. For even higher flux, all
these states decrease and eventually form the zeroth Landau level.

Similar to the results of the continuum model the first energy levels for both
IMBC and ZZBC can be fitted by the Gaussian function, f(®) = aexp ( — ([® —
bl/c)?), where (a,b, c)npe = (0.16,—0.0006,0.0007) are the fitting parameters for
the IMBC (see the blue dashed curve in Fig. [3.9(b)) and the fitting parameters
for the first energy level for the ZZBC are (a,b,c)zzpc = (0.0008, —11,92) x 107°
(see the red dotted curve in Fig. [3.10(c)). Note that the upper energy levels (those
decreasing with magnetic field) can also be fitted by the Gaussian function, as shown
by the red curves in Figs. [3.10|(a,b) for the ZZBC. The fitting parameters for the
states shown by red lines in Fig. [3.10(a) and Fig. |3.10(b) equal (a, b, c)gl%BC =
(0.13,—0.0022, 0.0018) and (a, b, )2} 5. = (0.0053, —0.00018,0.0009), respectively.

We now analyze the case of a circular dot surrounded by an infinite mass medium,
as illustrated in Fig. |3.8(b). Spatial symmetry breaking in epitaxial graphene, al-
though challenging, is quite achievable, as recent experiments demonstrated [64-67].
As explained in Chapter [I} such a symmetry breaking is translated into a mass term
in the Dirac-Weyl Hamiltonian for graphene. This suggests that a circular graphene
dot embedded in an medium with massive fermions might be experimentally feasible
by means of substrate engineering. Besides, as previously mentioned, the IMBC pro-
vides a good description of the magnetization at the edges of a graphene dot. This
motivated us to study circular GQD surrounded by a staggered potential, which is

illustrated in Fig. [3.8(b). For this case we have applied the magnetic field through-
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3.3 The tight-binding analysis of circular graphene dots

out the entire structure. The results obtained by the TB model for such a system
are indeed comparable to those obtained for the IMBC in the continuum model.
As a matter of fact neither case demonstrates zero energy levels. Furthermore the
anticrossings in the structure displayed in Fig. [3.9(a) are not present in the energy
spectrum for the infinite mass confinement in the TB model.

Finally, we investigate how the size of the graphene dot affects their energy
spectrum and compare the results from the TB and continuum models. The energy
spectrum in the case of the mass confinement, illustrated in Fig.[3.8(b), obtained by
means of the TB model is shown by the solid bullets in Fig.|3.12((a). The Dirac-Weyl

results for the IMBC are shown by red curves, and exhibit very good qualitative and

\ A

0%9%0%0%0%¢%:%®
3 X o’o °9%%0%:%:9,®

*®%e°

Figure 3.11: Electron densities corresponding to the energy levels shown by the red
dots in Fig. for ¢/p9 = 0. The black dots are the position of the C-atoms, and
only a small strip in the first quadrant of the circular graphene flake is shown. The
energy of the states are (a) 0.0287 eV, (b) 0.0051 eV and (c) 8.7 x 1072 eV.
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3.3 The tight-binding analysis of circular graphene dots

Figure 3.12: Energy spectrum as function of the dot radius, in the absence of
a magnetic field, obtained from the continuum (red curves) and TB (solid bullets)
models, for (a) the infinite-mass confinement in a quantum dot, and (b) the flake cut
out from a graphene layer.

quantitative agreement with the TB results, especially for the low-energy states and
large dots. Some curves in the TB results do not decay monotonically as o 1/R.
Instead, they exhibit a fluctuating behavior, which is more pronounced for smaller
radii. Such fluctuations can be linked to the fact that the GQD’s studied within the
TB model are never perfectly circular, as verified in the sketch of Fig. 3.§(b). In
other words, the microscopical details become important as R decreases, and these
details cannot be described properly by the analytical model for circular GQD'’s,
based on the continuum approach. For a larger dot radius, these edge imperfections
are less important, which explains the less pronounced fluctuations in the energy
levels when R increases.

The energy spectrum as function of the radius of the circular dot which is cut
out from the graphene layer is shown in Fig. (b) When compared with Fig.

3.12((a) it exhibits even larger fluctuations, the energies decrease much faster than
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3.3 The tight-binding analysis of circular graphene dots

1/R, and the energy levels are spread out more evenly in the shown energy window.
This is due to the fact that besides the imperfections in the circular shape of the
dot, the variations in the number of zigzag and armchair atoms at the edge of the
dot also plays a role in the energy spectrum when R increases. Also, the increase
of the radius forces the low-energy states to merge into a very dense £ = 0 band.
This is not expected to be the case in the continuum approximation, where the
states of zero energy band are perfectly degenerate with zero energy even for small
radius, and higher energy states tend to zero only for R — oo. Along with the
self-similarity behavior mentioned earlier, this feature is a pure manifestation of a
microscopic character of the GQD’s, which cannot be described by the IMBC nor
Z7ZBC, or by any analytical model within the continuum approach known to date.
Indeed, the results obtained by the ZZBC in the continuum model (red curves)
do not capture the (somewhat) chaotic energy spectrum, except for the fact that
they predict the 1/R behavior of some states observed in the TB results. The
energy states that decrease much faster than 1/R, can be fitted by an exponential
function, i.e. E' = Ele ™% where E} and R} are the fitting parameters and i
denotes the eigenstate index. In Fig. [3.12(b) the five lowest energy levels are
shown by the green solid curves where Eézl’z""’5 = [33.3,17.96,6.24, 3.78,3.82] eV
and Ry %" = [0.67,0.87,1.2,1.58,1.84] nm. The parameters R} can be related to
each other by R} ~ 1.3 x R . Given these results, one is led to the conclusion that
the analysis of very small graphene flakes is best done with atomistic methods able

to account for the detailed picture.
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Chapter 4

Antiferromagnetism in hexagonal

graphene structures

4.1 Introduction

Tremendous progress in graphene research is driven by its remarkable properties, e.g.
high crystalline quality, high electron mobility, lack of a band gap, and a minimal
possible thickness, to name a few [8]. The mentioned properties are advantageous
for various emerging applications of graphene, such as piezoelectric devices [68],
supercapacitors |69, photodetectors [70], and field-effect transistors |71, 72]. On
the other hand, magnetic ordering favored by zig-zag edge dominated structures is
potentially advantageous for spintronic applications |73} 74]. This effect is essentially
related to either the global or local imbalance of sublattice atoms in bipartite lattices.
An imbalance might give rise to zero energy states in the electron spectrum. These
states are localized near the zigzag edges or vacancies, and along with the repulsive
electron-electron (e-e) interaction could eventually lead to a spin polarization of the
ground state of the system [73]. Furthermore, the spins on the same sublattice are
found to exhibit ferromagnetic coupling along the graphene edges, whereas the spins
on different sublattices along the graphene edges couple antiferromagnetically.

In theory, magnetic ordering has been demonstrated for graphene flakes [50],
nanoribbons [75], and vacancies in bulk graphene [57]. On the other hand, experi-
mental reports on magnetism in graphene structures have been rare and conflicting.
They range from the detection of ferromagnetic or antiferromagnetic ordering |76\
78] to measurements of defect-induced paramagnetism |79, [80]. Magnetic ordering

was even found to be preserved at room temperature [81} 82]. The essential cause
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of magnetism in graphene is the existence of a peak in the density of nonbonding
edge states near the Fermi energy. However, due to the high reactivity of these
states, magnetism might be strongly suppressed [83]. Several theoretical studies
offered explanations for a diversity of phenomena related to magnetic ordering and
its suppression, which might occur by means of nonmagnetic edge passivation, edge
reconstruction, or vanishing of spin correlations with increasing temperature (83,
84]. Hence, in order to experimentally detect magnetic ordering graphene samples
should be kept under rigorously controlled conditions. In the latest turn of events,
these conditions seem to have been met, as reported in Ref. [43]. This experimen-
tal work is the first to offer convincing evidence of magnetic ordering in graphene
nanoribbons with precisely fabricated edge structure.

The tendency of electrons in graphene to reorganize in response to the Coulomb
interaction served as an inspiration to many proposals for practical applications.
They involve half-metallicity with electrically controlled spin propagation [74], defect
induced spin filtering [85], and spin logic devices |86, 87]. In this chapter we employ
the mean-field Hubbard model to study the formation of local magnetic moments in
hexagonal graphene rings. Our aim is to explore how magnetic ordering is affected

by the ring size and the edge type.

4.2 Magnetic ordering in hexagonal rings

In order to identify different hexagonal rings, we introduce the following notation
which might be visually aiding. We assume that the type of the inner ring edge is
zigzag, and that N unit hexagons are adjacent to this boundary. The outer ring
edge is assumed to be comprised of either M dimers if it is of armchair type, or M
unit hexagons if it is of zigzag type. Therefore, the ring is denoted by M : N. As
an example, consider the ring shown in Fig. .1 which is assumed to be formed
out of the hexagonal dot with armchair edge, which contains seven dimers at each
side of the hexagon, as shown in Fig. |4.1(a). The ring is formed when the carbon
atoms around the center of the dot are removed, as depicted in Figs. [4.1(a) and
(b). Potentially these exotic structures could be manufactured via substitutional
doping of boron nitride nanostructures with carbon [88]. Because the edge of the
removed dot has four unit hexagons at each side, the ring is denoted as 7a¢ : 4z¢-.
The distributions of the magnetic moments in the graphene rings will be compared

with the magnetic moment distributions in the hexagonal graphene dots. Those

62



4.2 Magnetic ordering in hexagonal rings

dots are assumed to have zigzag edges, and are labeled by Nzg, where N has the
same meaning as the symbol M for the rings.

Magnetic ordering of a graphene structure is governed by Lieb’s theorem [89).
It states that the total ground-state spin of a bipartite lattice with repulsive e-e
interaction as described by the Hubbard model equals half of the difference of the
sublattice sites. For symmetrical structures, this rule is related to the arrangement
of the carbon atoms with respect to lines of reflection symmetry in the graphene
plane: if there is a symmetry line which does not intersect any of the carbon atoms
the total ground state spin is zero; otherwise there exists a finite magnetic moment.
All the hexagonal rings analyzed here possess such a symmetry, thus their total
magnetization equals zero, unlike triangular rings which display a ferrimagnetic
phase [90]. However, Lieb’s theorem does not dictate the distribution of the local
magnetic moments or the lack of zero energy states. Furthermore, the number of
zero-energy states in the analyzed ring is an integer multiple of six, which is a
consequence of the Cpg, symmetry of the ring. In the 94¢ : 10z4 ring, six zero
energy states are found, which agrees with graph theory, and which is a topological
property related to the nonperfect matching of the p, orbitals [73].

The Hubbard Hamiltonian

H = Hy + Hy, (4.1)

is employed to compute the distribution of magnetic moments. Hj is the noninteract-
ing part, which represents the standard nearest neighbor tight-binding Hamiltonian,
and is given by

Hy=—t Z ¢l Cig, (4.2)

<i7j>70
where c¢;, and c;r-g are the annihilation and creation operators, respectively, and t

denotes the hopping integral. The interacting part H; describes the e-e interaction

Hy =UY " (nip(nig) + nig(nig) — (nig)(nay)) (4.3)
where n,, = c;rgcig is the number operator, and U denotes the on-site Coulomb
repulsion energy for each pair of electrons with the opposite spins orbiting the same
atom. As elaborated in Chapter , Eq. (4.3)) is formulated within the mean-field

approximation, which assumes that the spin-up (spin-down) electrons interact with
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the average density of spin-down (spin-up) electrons on a particular atomic site.

In our calculations, we take t = 2.7 eV and U = 1.2t [73]. We note that there is
no consensus on the actual value of the strength of the Coulomb interaction to be
used in the Hubbard model in graphene. Recent density functional theory (DFT)
calculations came up with a value closer to U = 3.4¢ [91]. However, having in mind
that the mean-field approximation can overestimate the tendency for magnetic order
for large U [92], we chose the more conservative value of U = 1.2¢. The solution is
then obtained by means of a self-consistent procedure which starts from an initial
distribution of the spins, and ends when the maximum change of the electron density
over the atomic sites drops below 107°. When the self-consistent spin densities are

determined, the magnetic moment per site m; is computed as

mi = (s7) = () — (ny)) /2. (4.4)

For the antiferromagnetic order parameter we take the staggered magnetization
i = s, (15)

where (—1)¢ symbolizes that we sum up the contributions from opposite sublattices
with opposite signs. This is the appropriate order parameter for antiferromagnetism
when examining spin polarization occurring in bipartite lattices. The larger pu? is,
the stronger the antiferromagnetic phase. In addition to pZ, the shift in the electron
and the hole energy spectra which arises from the magnetic order is quantified as
AE = (EHO5 + BFUS) /2, where EH99 and E'US are the highest occupied and
lowest unoccupied states in the ground state at half filling, respectively. Note that
in the nonmagnetic state we have AE = 0. We will explore how the maximum
magnetic moment m,,,, varies with the ring width.

The distribution of the local magnetic moments in the 94¢ : Nzg rings for
several values of N is shown in Fig. 4.1c). The symmetry of each hexagonal ring
is Cgy, whereas the symmetry of the magnetic moment distribution is ICy,, i.e. the
magnetic moments alter sign when rotated over /3 rad. Therefore, it suffices to
display the distribution of magnetic moments in sectors of 7/3 rad, as done in Fig.
4.1)(c), which combines the sectors of different N. Orientation and color of triangles
denotes the orientation of the magnetic moments, and the absolute value of m; is

depicted by color intensity.
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Figure 4.1: (a) The dot (red color) with four atoms at the zigzag edge removed
from the larger dot (black color) which has seven dimers at the dot edge. (b) The
formed ring is labeled by 74c : 4zG. (¢) The distribution of magnetic moments in
the 94¢ : Nzg ring shown in a sextant of the ring for NV taking the values 3, 4, 5, 9,
10 and 11. The majority spin is labeled by both orientation and color of a triangle
centered at an atomic site. The local magnetic moment value is proportional to the
color intensity.
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Figure 4.2: Density of states in the 94¢ : Nzg rings for N taking the values 3, 4,
5,9, 10 and 11 in the noninteracting system (black lines) and the interacting system
(purple lines).
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Figure 4.3: Distribution of magnetic moments in the 1324 : Nzg rings for N ranging
from 6 to 11.

It is evident in Fig. 4.1c) that both the appearance of staggered magnetization
and the total magnetic moment situated on the inner edge of the ring depend on
the ring width. Furthermore, we observe a phase change from nonmagnetic order
for N < 3 to antiferromagnetic order for N > 4, which is similar to previous
calculations for zigzag hexagonal graphene dots |50, 75]. No magnetic ordering for
zigzag segments shorter than three unit cells is found because of the close proximity
of the opposite sublattice imbalance on the adjacent sides of the ring inner edge.
When this edge is short, the edge states on the different sides of the inner ring
boundary are subject to strong hybridization, and therefore their energy is lifted
from the Dirac point. Hence, spontaneous spin polarization does not occur, which
is similar to the case of nanoribbons [47].

For N > 4, the spatial spin symmetry is broken due to the e-e interaction. When
the ring width decreases, the maximum magnetic moment, which is located near the
middle of the zigzag edge segment increases. Furthermore, nonzero magnetization
is built up on the outer ring edge, and it increases when the ring width decreases.
However, as a consequence of the increasing influence of the outer edge with decreas-
ing ring width, the difference between the distributions of the magnetic moments
on the two edges is not large for N = 10 and N = 11. Similarly, the staggered
magnetization increases when the ring width decreases.

Figure shows how the density of states (DOS) of the 94¢ : Nz rings (the
cases depicted in Fig. {4.1]) varies with N. The density of states for the noninter-
acting (interacting) case is displayed by the black (purple) lines. In order to align
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Figure 4.4: (a) Staggered magnetization p?, (b) maximum moment my,.,; and (c)
energy shift AFE as they vary with the length of the side of the inner ring edge.

the interacting and noninteracting spectra for easier comparison we subtracted AFE
for each interacting spectrum. Note that the density of states is spin degenerate,
which is in accordance with Lieb’s theorem. For N = 3, magnetic order is not
present, therefore the energy dependence of the density of states for the interacting
and noninteracting systems coincide (see Fig. [4.2(a)). The interacting and nonin-
teracting electron case exhibit a small difference in the energy dependence of the
DOS for rings with N = 4 and N = 5, which is shown in Figs. [£.2(b) and (c). As
could be inferred from Fig. [4.1|c), the magnetization along the inner ring edge is
rather small for these values of N. For larger IV, the discrepancy between the DOS’s
for the interacting and non-interacting systems becomes larger, as demonstrated by
Figs. [£.2(d)-(f) for N =9, 10, and 11. In all these cases, appreciable DOS for the
noninteracting system is found around zero energy. Such a configuration becomes
unstable in the presence of e-e interactions, which results in the appearance of an
interaction gap.

In order to demonstrate how the shape of the outer boundary affects the distri-
bution of the magnetic moments in the ring, we show in Fig. the magnetization
in the 1324 : Nyzg rings. It is apparent that the shape of the outer edge has a
large effect on the localization of the magnetic moments on this boundary (compare

Figs. (c) and . It is clear that in the case of zigzag outer ring edge, the
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4.8 Suppression of magnetic instabilities via hybridization

magnetization propagates much further into the ring.

Figure 4.4 displays how 2, e, and AE vary with the length of the side of the
inner ring edge expressed by the number N. Along with the rings whose magnetic
moment distributions were shown in Figs. [£.1c) and [1.3] the case of a hexagonal
graphene dot having zigzag edge, is also displayed in Fig. [£.4] Both the staggered
magnetization p? and the energy shift AFE increase with N, i.e. with the size of
the inner ring, except for the extremely narrow Myzq : Nyzg rings. Interestingly,
the staggered magnetization in the hexagonal quantum dots does not exceed 0.02,
whereas for the 13z : Nz ring it can reach almost up to 0.05. The nearly twofold
enlargement of the staggered magnetization could be accounted for by the double
number of zigzag edges in the Mz : Nz ring as compared to the Ny graphene dot.
On the other hand, most 94¢ : Nz¢ rings exhibit larger staggered magnetization
and all show larger maximum magnetic moment than the hexagonal graphene dot.
As a matter of fact, in hexagonal graphene dots the zero-energy orbitals which are
localized along the adjacent zigzag sides of the edge are oriented toward each other,
whereas inner zigzag edges in rings face away from each other. Hence, hybridization
between the states of the two edges is larger in the former case than in the latter
case. This is why 940 : Nz rings turn magnetic for shorter lengths of zigzag edges
than hexagonal dots (four versus seven, respectively). The decrease of m,q, with
N for 135 : Nz is due to the more effective hybridization between the quasi-zero-
energy states localized on the inner and outer edges of the ring when the ring width
decreases. Hence, the electron energy shifts from the band of zero energy states,
and therefore magnetic ordering decays, which is manifested by a smaller m,,,, in
the 135 : 114 ring than in the 1155 dot. The shapes of the AE(N) curves shown
in Fig. [£.4]c) resemble the pZ(N) and myq(N) curves in Figs. [4.4)(a) and [4.4](b).

4.3 Suppression of magnetic instabilities via hy-

bridization

In order to elucidate the difference between magnetic ordering in rings and dots, one
may also analyze how the local density of states (LDOS) depends on the geometry
of the structure. More specifically, the spatial distribution of the states close to zero
energy determines how the magnetic moments evolve when the dimensions of the

structures varies. In order to enhance the contribution of the low-energy states, we
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Figure 4.5: (a) Contour plot of the WLDOS at several stages of the carving process
forming the 74¢ @ 7zg ring and the 774 hexagonal dot; the number in the upper
left corner indicates the number of bonds cut. (b) Summed WLDOS in the ring, the
dot, and in the whole structure as well as the zero energy density of states versus
the number of bonds cut. (c) Stacked plot of the density of states; red depicts the
densities of the stages displayed in panel (a).

will compute the weighted LDOS (WLDOS) [57]:

Wi=3 e el (4.6)
J

Here, 7 indexes the lattice sites, j labels the eigenstates, § is the damping coefficient
chosen as 1//8 = 0.1 eV, whereas ¢;; is the value of the probability amplitude of
the j-th state at the site 2. Such defined WLDOS assumes that the contribution of
the states with |E;| > 0.1 eV is negligible. The plots of the WLDOS in Fig. [1.5a)
illustrate how the edge states form when the inner 7,4 hexagonal dot is cleaved out
of the outer 740 hexagonal dot. The inner dot is separated from the ring by severing
the bonds one by one between the dot and the ring. The number of the severed bonds
between the dot and the ring is explicitly shown in Fig. (a), and the dot edge is
depicted by the blue line. The local sublattice imbalance accumulates quickly with
the number of severed bonds, but no edge states emerge when the number of cut

bonds is less than four. The edge states, which are depicted by red contours around
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4.8 Suppression of magnetic instabilities via hybridization

the edge, are initially distributed evenly between the ring and the dot, but they
extend more to the ring when the number of cut bonds increases.

To explore this finding in more detail, we show in Fig. [4.5(b) how the total
WLDOS (full purple circles), which is the sum over the atomic sites in the dot (full
blue circles) and the ring (empty red circles), varies with the number of severed
bonds. Also, the DOS at zero energy is shown by the black triangles in Fig. |4.5(b).
Notice that the variation of the WLDOS has a similar shape for each side of the
ring’s inner edge, and that the WLDOS displays step-like features. These steps arise
because the imbalance between the two local sublattices, found at the ring and dot
sides of the newly formed edge, are maximized when the formation of each side of
the rings inner edge is completed. The next side of the rings inner edge contains the
opposite sublattice imbalance, and therefore the states on this side hybridize with
the states on the previous side, which leads to a decrease of WLDOS [57]. Note that
after the first edge has been cut the ring and the dot WLDOSs start deviating from
each other more strongly. This is because the hybridization in the dot is stronger,
as the edge states on adjacent segments hybridize inward and towards each other.
In the ring part the edge states face away from each other and hybridize radially
outward, hence the hybridization is weaker. This is why the WLDOS in the former
case experiences a decline with the beginning of each new edge segment, while in
the latter case the WLDOS keeps growing. The gradual increase of WLDOS for
both cases near the end of each segment is related to the accumulation of the local
sublattice imbalances. This pattern reappears with each new zigzag segment, with
the exception of the last bond, which after being cut results in the separation of the
two structures. By the end, the WLDOS in the ring is much larger than WLDOS
in the dot, which accounts for the fact that the rings exhibit a larger maximum
magnetic moment and staggered magnetization than the dots. Figure (c) shows
a stacked plot of DOSs for each resulting structure. Plots are stacked from the
bottom up, with each subsequent line corresponding to a structure with one more
bond cut. DOSs for structures depicted in Fig. [4.5(a) are colored red. It shows
that only features near zero energy evolve in a similar fashion as do the WLDOSs
during the separation of the ring and the dot. This justifies the damping of states
higher than 0.1 eV in calculating the WLDOS, as they are not artifacts of the edge
forming between the ring and the dot.

Finally, we examine the influence of the edge deformations on somewhat larger

structures; namely, the 2574 : 20z and 16 4¢ : 2044 rings and the 204 dot. Larger
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4.8 Suppression of magnetic instabilities via hybridization

Figure 4.6: (a) Perfect edges (black region) are randomly perturbed (red lines) to
produce a random set of defects. (b) Final outlook of the deformed ring. (c) Magnetic
moments distributions in 25z : 20z¢ ring for several values of fg.r. The scale is the
same as in Fig. 3. (d) Staggered magnetization of an ensemble of randomly defected
structures as a function of defect ratio for 25, : 20z ring (black dots), 164¢ : 2026
ring (red dots) ring, and 20z hexagonal dot (blue dots). The polynomial fitting
curves are added to guide the eye.

structures are considered here because they can be deformed in a larger number of
ways than smaller structures analyzed in the rest of the paper. Defects are induced
by randomly deforming the polygons which outline the perfect structure as shown
in Fig. [4.6(a). The amplitude of this deformation is itself a randomly selected
number out of a specific range and the final structure is made up of all atoms that
are enclosed by the deformed outline[l| which is shown in Fig. [4.6(b). In order
to quantify the amount of defects, the defect ratio fqc; is defined as a fraction of
the total number of the defects, which is a sum of the missing and the surplus
sites, and the number of the sites in the original structure. The magnetic moment
distributions in the 25z : 20z¢ ring for a few values of fz; are shown in Fig.
4.6(c). Also, variation of the staggered magnetization with the defect fraction for
the 16 4¢ : 2076 and 2544 : 2026 rings and the 2044 dot is displayed in Fig. 4.6{(d).

For the 25,4 : 20 ring and the 20,¢ hexagon, p? decreases with defect fraction.

'We remove all the dangling atoms which might appear after the edge is deformed. Also, we
ensure that all the deformed structures have equal numbers of the A and B sublattice sites, thus
our calculations always regarded the antiferromagnetic limit.
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4.8 Suppression of magnetic instabilities via hybridization

This is expected, having in mind that the defects can only impair the conditions
for magnetism in zigzag edges. On the other hand, for the 16 4¢ : 20z ring, small
random defects are more likely to make the larger outer edge magnetic than to make
the smaller inner edge nonmagnetic. This explains the initial rise in p? for fg.r up

to 0.02 [03).
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Chapter 5

Orbital magnetic moments in

insulating Dirac systems

5.1 Introduction

One of the more intriguing recent developments in the field of graphene research
is the artificial generation of properties that are otherwise vanishing in intrinsic
samples. For instance, carrier mass can be created by sandwiching graphene with
hexagonal boron nitride, in which case a gap arises for sufficiently aligned layers
|66, 67]. The occurrence of the gap is dictated by the interplay of the elastic energy
of the graphene lattice, and the potential energy landscape stemming from hBN
[94]. The energetically preferred commensurate structure, in which a carbon atom
sits on top of a boron atom, will maximize its area at the expense of other stacking
configurations by stretching the graphene layer. This in turn leads to the appearance
of an average gap in the resulting van der Waals heterostructure [67].

On the other hand, it was postulated that spin-orbit coupling in graphene can be
enhanced by hydrogen adsorption, which forces local rehybridization of bonds [95].
Note that quantum spin Hall transport signatures introduced by random adatoms
are well described by models taking into account a renormalized and uniform SOC
[96, 97]. Moreover, the proximity effect caused by an appropriate substrate was
speculated to lead to SOC enhancement as well. Both of these mechanisms were
recently confirmed experimentally, opening new avenues for theoretical research [98|,
99].

While in graphene the carrier mass and SOC have to be artificially engineered,

they are ubiquitous in other group IV monolayers such as silicene, germanene, and
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5.1 Introduction

stanene, thanks to their buckled structure and the heavier constituent atoms [100-
102]. Note that at the time of writing of this thesis only stanene remains to be
synthesized in this group; 2012 is the year in which silicene was first detected, while
germanene was reportedly observed in 2014 [103-107]. And, while silicene and
germanene are yet to display it, given their honeycomb lattice, they also belong to
the same class of materials as graphene, with relativistic quasiparticles described by
the Dirac equation. From the theoretical point of view, both of the aforementioned
parameters appear in a similar form in the low-energy continuum picture. They are
captured by staggered potential terms A and Agp in the case of mass and SOC,
respectively.ﬂ As explained in Chapter (1, the term ”staggered potential” originates
in the language of the tight-binding method, and it refers to the breaking of the
sublattice symmetry by a traceless potential. Unlike SOC, for which the staggered
potential changes sign depending on the spin and valley of the electron, A opens
up a topologically trivial band gap in the vicinity of the K and K’ points through
inversion symmetry breaking [10], as was also pointed out in Chapter .

At the same time, however, the inversion symmetry breaking leads to a nontrivial
alteration of the semiclassical equations of motion on a honeycomb lattice [108, 109].
The quantum corrections, which reflect the impact of the Berry phase, and are
therefore topological in nature, are twofold. On the one hand, when subjected to an
electric field in the plane, massive Dirac fermions will attain a velocity component
transverse to the field, which is opposite in the two valleys, thus giving rise to the
valley Hall effect. This effect was observed experimentally in a MoS, device, and
also in graphene-hBN heterostructures [110, [111]. On the other hand, self-rotation
of electron wavepackets near the two valleys will produce valley-contrasting orbital
magnetic moments [109].

It is well established that the valley Hall and intrinsic spin Hall effects share the
same origin, reflecting the Berry curvature properties of the underlying insulating
systems, generated by A and Agp terms, respectively. Therefore, the two Hall effects
are fully analogous [112, [113]. On the other hand, valley-contrasting magnetism
was first reported in Ref. [109]. Thus, exploiting the same analogy with the Hall
effects, there must be magnetic moments originating from the band structure of
Dirac systems with nonzero spin-orbit coupling. This type of orbital magnetization

was previously investigated in a more generalized analysis of the family of Hall

! As noted in Chapter |1, Ago also gives rise to massive particles, by virtue of opening the gap,
however for brevity, in this and the subsequent chapter we refer only to the A term as mass.
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5.2 Orbital moments in the tight binding picture

effects (and the accompanying set of orbital moments), found in multilayer graphene
systems in Ref. [114]. There, the electron-electron interaction leads to various
broken symmetry phases, denoted by the general term ” pseudospin ferromagnetism”
[115-118], which are captured with a diverse set of mass terms in the low-energy
continuum approximation, in models analogous to the ones studied in this thesis.

This emerging orbital magnetism is a mechanism that effectively alters the Zee-
man energy, and it is the subject of this chapter, particularly the moments associated
with spin-orbit coupling in monolayer Dirac systems. We first show how the intrinsic
SOC in honeycomb monolayers gives rise to orbital magnetic moments coupled to
spin, in the same way in which inversion symmetry breaking gives rise to moments
coupled to the valley degree of freedom. These moments are completely analogous
in nature, and they share exactly the same functional form, apart from coupling
to different degrees of freedom. We derive expressions for the moments using both
tight-binding and continuum theories, and we show their impact on the Landau level
quantization in the presence of a magnetic field.

Finally, we investigate the influence of the moments on the magneto-transport
properties, where we look at the transmission through a barrier with enhanced spin-
orbit coupling in graphene. Such a barrier could be realized by an appropriately
formed van der Waals heterostructure in an otherwise fully ultrarelativistic material
[96-99] as mentioned above. We discuss this case in great detail from the semi-
classical point of view, and we present conclusions that are of practical relevance,
namely how the device conductance is affected by orbital magnetism. In the end of
the chapter, we show that the results are identical whether one uses the continuum
Dirac theory or the tight-binding nonequilibrium Green function method when cal-
culating the transport properties. Remarkably, both approaches yield Zeeman-type
transport signatures while employing the magnetic field only through kinetic terms,
without actually enforcing the coupling of the spin with the magnetic field, which

reflects the orbital nature of the magnetic moments [119)].

5.2 Orbital moments in the tight binding picture

We start with the low-energy tight binding Kane-Mele Hamiltonian valid for a whole

set of Dirac materials with prominent intrinsic spin-orbit coupling [10],
H = hvp [Tkyo, + kyoy] + sTAg00., (5.1)
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5.2 Orbital moments in the tight binding picture

where vp is the Fermi velocity, Ago is spin-orbit coupling, o, is a Pauli matrix
operating in the sublattice subspace, s = +1/ — 1 labels the spin 1 / |, and 7 =
+1/—1 labels the valley K/K’. As already mentioned this form of SOC is universal
to all group IV monolayers other than graphene, in which on the other hand it
could be artificially generated. Note that here k, and &, are only parameters, and
not operators. The dispersion relations extracted from Eq. are shown by solid
black curves in Fig. [5.1{(a).

The Hamiltonian describes a two-state, electron-hole symmetric system.
For such systems, the orbital magnetic moment (m) is directly proportional to the
Berry curvature (2), m ~ € [109, 114, |120]. On the other hand, the system is
also time-reversal invariant, and since we disregard the staggered potential A at
the moment, inversion symmetry is not broken either. Since for spatial-inversion
and time-reversal symmetric systems Berry curvature vanishes [121} |122], one might
conclude that the orbital moments must vanish as well. However, it is rarely stressed
that this only holds for spinless electrons, which is not the case considered here [123].
In fact, the Hamiltonian describes a topological insulator, having a non-zero
and opposite Chern number for opposite spins [10]. This is because the Kane-Mele
model is formed by two opposite copies of the Haldane model [29], thus breaking the
time-reversal symmetry separately in each spin sector. Since the Chern number is
obtained as an integral of §2 over the Brillouin zone, the Berry curvature is nontrivial,
and consequently, the orbital magnetic moments will be nonzero.

The orbital moments are perpendicular to the monolayer, and originate from the
self-rotation of the electron wave packet around its center of mass, and they can be
obtained from the tight binding Bloch eigenfunctions |u (k)) [109} |114, |121]

m = —z‘%wkm w [H — E (k)] [Viw), (5.2)

which makes their topological origin much clearer. For the particular Hamiltonian

in Eq. (5.1]), we have

E+stAso
u (k) = 2B : 5.3
ulo)=| ﬁvﬁé (53)

where £ is the electron energy, and ¢ = arctank,/k,. It is then straightforward to

show that the expression for the magnetic moments that arise from the spin-orbit
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Figure 5.1: The orbital magnetic moments of the spin-up (spin-down) states shown
by thick red (dashed blue) lines, and the corresponding low-energy band structure,
shown in black, for: (a) A = 0 and Ago = 30 meV, and (b) A = 30 meV and
Ago = 0. Note that in (b) the orbital magnetic moments for the two spins are equal,
due to the absence of SOC.

coupling reads
BFLU%ASO
—s .
2 (A%p + PPvpk?)

Variations of the orbital moments in the vicinity of the Dirac points are shown for

m =

(5.4)

both spins in Fig. |5.1(a). They are maximum near the band edges, decay away from
the two Dirac points, and are obviously opposite for opposite spins.
One can compare these moments with the valley-contrasting moments, arising

for Ago =0 and A # 0 [109, 121]. Their magnitude is given by

B ehv? A
"2(A2 + R2uZR?)

m = (5.5)
and they are depicted in Fig. [5.1(b). It is clear that the two sets of moments
share a similar functional form, except the former couple to spin, while the latter
couple to the valley degree of freedom [114]. The energy region where the moments
are prominent, is termed the Berry curvature hot spot in Ref. [111]. There, it
was unequivocally shown that the gap in well-aligned graphene-hBN van der Waals
heterostructures is accompanied by the introduction of a nontrivial Berry curvature.

Finally, in the case of both nonzero Agp and A, and in the low energy limit, the
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picture

magnetic moment is given by

B ehv,
2 (SASO + TA) '

m = (5.6)

The orbital magnetic moments are responsible for the optical selection rules of
light absorption in Dirac materials, through the so-called circular dichroism effect
[113, 120, [124]. Note that the orbital moments in Eq. can dominate the
Zeeman response of a system, since they can be orders of magnitude stronger than
the free-electron Bohr magneton for realistic SOC strengths found in typical Dirac
materials [109, (114} [118] [121]. In other words, they will lead to a renormalization of
the Landé g factor, which was recently observed for transition metal dichalcogenides

from first-principles calculations [125].

5.3 Landau levels, pseudospin polarization and

orbital moments in the continuum picture

5.3.1 Landau levels

We proceed with the case of an applied perpendicular magnetic field B = Be, which

is included in the Hamiltonian through minimal coupling
H = hvop |Tkyo, + (ky + %Ay)ay + s7Ago0, + Ao,. (5.7)

This equation could be employed to solve the electron spectrum in the Dirac system
in the presence of Agp, A, and magnetic field. It will subsequently lead us to resolve
the magnetic moments. Here, the Landau gauge A = (0, 4,) with A, = Bz is
chosen. In this gauge, k, is a good quantum number and the solutions have the form
U(z,y) = exp(ikyy) (a(x), ¥p(x))". Introducing hvpe = E, hopd = stAgo + A,
one can obtain the LLs in the infinite graphene sheet. In solving the LL spectrum
it is useful to adopt the operators bl = —i(lg/v/2) (Tk, + ik, +ieA,/h) and b,,
where I = \/W denotes the magnetic length. bl and b, are the bosonic ladder
operators, and they satisfy [bT, b” = 7. It could be useful to define these operators
such that they fully correspond to the standard ladder operators of the quantum
harmonic oscillator (QHO) shifted by xq = k,l% and having the mass m = k?/I}k.
Then, as shown in Chapter , the eigenstates will be given by the standard (obviously
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picture
shifted and rescaled) QHO solutions
(z|n) = me—u/ s+kyls)*/2p (E - k:le> : (5.8)

where H, are Hermite polynomials. The problem can now be solved in terms of
these solutions for the case of the regular two-dimensional (2D) electron gas in a
magnetic field, having in mind that bl|n) = /n + 1|n + 1), b|n) = v/n|n — 1) and
b1|0) = 0, and that the ladder operators change character in the K’ valley. The

system of coupled equations with ladder operators is now given by

Sha — i28babg = e, (5.9)
(a
i by — S = etp, (5.10)
(%

where w, = V2up /lp is the cyclotron frequency for Dirac-Weyl electrons. Then for

n > 1 the energies of the LLs are given by

€nsr+ = £4/0% + nw?/vi. (5.11)

The s and 7 quantum numbers are contained implicitly in the definition of §. The

joint spinor for the two valleys can be written as

n—5-}
|na3a7-7 j:> = . wer/n T T 1 . (512)
+1 [(e+76)vp] |n + 2 §>

The case of n = 0 needs special attention, since the solution given by Eq. (5.12))

is not valid in this case. Then, the appropriate choice for the solution is
0,5,7) = (—7/24+1/2,7/2+1/2)" |0), (5.13)
while the energies are expressed as [126]
€057 = —TO. (5.14)

It is worth pointing out however, that observation of the conductance plateaus
corresponding to the derived spectrum can depend on the symmetry class of the

disorder present in the samples [127]. Note also that these eigenvectors and eigen-
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Figure 5.2: Several lowest Landau levels of all spin and valley flavors for (a) Ago =
30 meV and A =0, (b) Ago = 0 and A = 30 meV, and (c) Aso = A = 30 meV.
The n = 0 Landau level is depicted by the horizontal solid black line. Also shown
are the bulk bands as red (spin up) and blue (spin down) shaded regions, as well as
the sketch of the corresponding orbital moments, with the length of the arrow being
proportional to the intensity.

values reduce to the ones for the massless fermions, under the requirement o — 0,
collapsing the level to zero energy. Nevertheless, massless fermions can also
display quantum Hall signatures, such as a magnetic-field-independent plateau at
zero filling factor, which originate from valley mixing scattering processes [127].
Thus the SOC and mass terms split and shift the zeroth LLs away from zero
energy as depicted in Fig. [5.2] which shows the low-lying Landau levels for (a) only
Agso # 0, (b) only A # 0 and (c) Ago = A # 0 at B =2 T. We also depict the
bands, as well as the emerging magnetic moments, given by Eqgs. and .
The orientation of the moments is related to the position of the n = 0 Landau level,
which is shown by the horizontal solid black lines. Note that the zeroth LLs always
reside on the edges of the appropriate bands. The duality Agp <> A, s <+ T present
in Eq. is evident in Fig. . In other words, SOC couples the LLs to spin in
the same way that mass couples them to the valley degree of freedom , , .
The state depicted in Fig. [5.2fc) is dubbed spin-valley-polarized metal , and
it hosts both a massless (lacking the orbital moments) and a massive relativistic

Landau spectrum. It can appear in silicene subjected to a perpendicular electric
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field, for instance. On the other hand, in transition-metal dichalcogenides, both
parameters are inherently present, with A > Agp, and SOC splits only the LLs in
the valence band, yielding a unique set of Hall plateaus [131].

5.3.2 Orbital moments

The underlying explanation for the behavior of the LL spectrum can be sought in the
existence of orbital magnetic moments [109, 132, |133]|. In a similar fashion to Ref.
[133], we can obtain the effective Bohr’s magneton in the presence of Agp, starting
from the Dirac-Weyl equation, and expanding near the conduction band bottom.
We first point out that near the bottom of the conduction bands, the sublattice
pseudospins get polarized perpendicular to the graphene sheet, with the majority
of the weight concentrated on the A (B) sublattice for 6 > 0 (6 < 0). Likewise, at
the top of the valence band, most of the weight is found on the A (B) sublattice for
d <0 (6 > 0). This is obvious for the zeroth LLs, and it occurs in the 6 = 0 limit
as well [2, 56|, but to see it for higher levels it is helpful to derive the expectation

value for the sublattice pseudospin,
4]
<n7577ai‘0z’n73a77 j:> = (515)
€

which is exactly the same as in the absence of SOC and magnetic field [134], only
now it is to be used for the discrete energy values corresponding to the Landau
levels. Therefore, perfect pseudospin polarization is achieved in the bottom (top) of
the conduction (valence) band.

On the other hand, decoupling the Dirac equation gives

2
X T
kot (’f‘y + ﬁ) o[ Yap = (€ =) . (5.16)
B B

Therefore, there is a spatially uniform term proportional to the magnetic field, with
opposite signs on opposite sublattices and opposite valleys. Consider the importance
of this term for states whose sublattice pseudospin mostly lies in the graphene plane,
i.e. for states far away from the band gap, Eq. . For such states, the two
signs play a tug of war, effectively canceling each other out. However, near the
band gap, sublattice polarization occurs, and the term corresponding to a majority
sublattice starts dominating over the other, giving rise to an effective paramagnetic

moment. For instance, when 6 > 0 sublattice A dominates for low electron energies,
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5.4 Manifestation of orbital moments on magneto-transport

and the upper sign starts impacting the electron motion. To fully appreciate this
fact, and to write the equation in a manifestly paramagnetic form, one needs to
perform a low energy expansion for the equation of the majority sublattice. After
reintroducing E, A, and Agp explicitly, we can write £ = £ + (s7Ago + A) for
d>0,and F = ¢ — (stAgo + A) for 6 < 0. Taking the limit £ — 0, the following

equation is obtained for the bottom of the conduction band

P2 N (py + eAy)2 ehv% B

2meff Qmeff 2<8ASO+7—A) ¢:§¢7 (517)

where m.rp = |s7Ago + Al /v% is the electron effective mass due to the band gap.
This is the form of the Schrodinger equation in the presence of a magnetic field in
which the emerging magnetic moments are obviously manifested. Once again, we
see the duality of the orbital moments of the same nature as mentioned previously
in the case of LLs: the moments are coupled to SOC through spin and to mass
through the valley degree of freedom. Moreover, it is obvious that the expression
for the magnetic moment is equal to the results of the low energy expansion given
in Eq. (5.6). Having in mind that these moments effectively shift the low energy
parabolic bands, one can use the same argument as in Ref. [132] to show that the
separation between the lowest LL and the bottom of each shifted band is for each
spin, valley and band to first order equal to half the separation between this and
the first excited LL. This is in analogy with the LLs in a 2D massive-electron gas,
where the lowest level sits at half the cyclotron frequency [132) |133]. The difference
for higher energy LLs is a consequence of the deviation of the dispersion from the

quadratic form.

5.4 Manifestation of orbital moments on magneto-

transport

We proceed with considering how the emerging magnetic moments affect the trans-
port properties. In particular, we analyze transport through a single 1D barrier
in bulk graphene, extending from x = 0 up to x = W, and along the y direction,

in which the intrinsic SOC is modified. The magnetic field is included only in the
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barrier, so we choose the following vector potential (within the Landau gauge)

0 z <0
Ay=<{Br 0<z<W. (5.18)
BW x>W

The explicit derivation of the transmission coefficient is given in Appendix [C]

Since we analyze a barrier made exclusively out of SOC, the valley degree of
freedom plays no role in the electron transmission, which can be concluded from
the theory presented in Sections [5.2] and [5.3] Therefore, the contour plots of the
transmission coefficient T = \t|2, for the two spin flavors, and for the 200-nm wide
barrier as a function of energy and the incident angle of the incoming electron, are
shown in Fig. [5.3] Each horizontal panel in this figure corresponds to a specific value
of the magnetic field, which is 0, 0.1, 0.2 and 0.3 T from top to bottom. Because
of the duality Aso <+ A and s <> 7, the results presented below also apply for
transmission through a barrier when A # 0 and Agp = 0. But for this case the spin
and valley quantum numbers should be interchanged.

For both barrier types, we found that the magnetic field causes cyclotron motion,
whose main feature is the appearance of a transmission window dependent on energy
and incident angle ¢ [135, 136]. Outside of this window, the waves after the barrier
become evanescent, and therefore no transmission takes place. This occurs when
the longitudinal momentum &/, = /€2 — k] of each electron state in the region after

the barrier becomes imaginary. The transmission window is given by

v

- 5.19
1 sng (5.19)

where v = W/I%. The transmission windows for different B’s are shown by solid
black curves in Fig. [5.3]

When the magnetic field increases, the transmission asymmetry with respect to
the incident angle becomes larger, due to the cyclotron motion, as shown in Fig.
(.3l Besides, whereas transmission coefficients are identical for both spins when no
magnetic field is present, 7} and 7 differ when B # 0, which is a consequence
of the SOC-induced magnetic moments. In fact, it is clear from Eq. that a
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Figure 5.3: Contour plots of the transmission coefficient as function of incident angle
and energy for Agp = 30 meV, A =0 and W = 200 nm. The magnetic field equals
0 T in (a-b), 0.1 T in (c-d), 0.2 T in (e-f), and 0.3 T in (g-h). The results are shown
for both spin orientations. The semiclassical critical boundaries €. and €. are
depicted by dash-dotted and dotted lines, respectively.

quasi-classical longitudinal momentum g,

gz (x) = \/62 — 62— (ky 4+ x/12)" — 5/13 (5.20)

can be assigned to the sublattice-polarized states.
In order to understand the effects of the emerging magnetic moments on the
transmission characteristics, it is instructive to investigate how classical turning

points vary with € and ¢. Those turning points are extracted from ¢, (z) = 0, where
¢z 1s given by Eq. (5.20)), and are given by

T19 = —elpsing Fl5\/e2 — 02 — p, (5.21)

where = s/l% is the magnetic moment term which appears in the expression for
the quasi-classical momentum in Eq. (5.20)). Given that the barrier extends from 0

to W, the condition that no turning points are found within the barrier is obtained
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5.4 Manifestation of orbital moments on magneto-transport

by requiring x; < 0 and x5 > W. The former condition leads to

€> chz;:“, ¢ <0
r; < 0= : (5.22)

€>\/02+pu ¢>0

while the latter results in

€> /02 +pu, esingp+v<0

To > W = . \/— . (5.23)
¢ v sin ¢++/v2+(62+p) cos? ¢ esing+~ >0

cos? ¢ )

On the other hand, both classically forbidden and classically allowed regions will
be present in the barrier if 0 < 1 < o < W. The two extreme cases of vanishing
allowed regions occur when the leftmost turning point approaches the right interface

of the barrier

€ ysin ¢4/ 72 +(62+p) cos? ¢

, e€sing+v<O0
T <W= cos* ¢ Pt , (5.24)

€>/02+u, esingp+vy>0

and when the rightmost turning point approaches the left barrier interface

0 €e>\02+pu ¢<0 (5.25)

€> g ¢ >0

From the angle dependent functions in the last four relations one might define the

VO tn (5.26)

cos ¢

critical energies
€cro =

and

ysing + /72 + (02 + p) cos? ¢
Ecrw = 2 )
cos? ¢

for which the classical turning points are located exactly at the two interfaces, i.e.

(5.27)

they are obtained by solving ¢, (0) = 0 and ¢, (W) = 0, respectively. Those critical
boundaries are plotted as dash-dotted and dotted curves in Fig. 5.3

In order to elucidate the quasi-classical behavior, in Fig. [5.4{a) we plot the zones
corresponding to different configurations of turning points by different colors. The
same set of parameters is used as in Fig. [5.3(e) (Ago = 30 meV, W = 200 nm,
B =0.2T and s = +1). In Fig. |5.4{b) we plot a set of classical trajectories that
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Figure 5.4: (a) The regions with different ranges of turning points for W = 200 nm,
Agso =30 meV, A =0, and B = 0.2 T. Different classically allowed trajectories are
found in differently shaded regions, demarcated by the two critical boundaries. (b) A
family of four different classical trajectories which correspond to the states labeled by
numbered crosses in each region of (a).

correspond to the zones shown in Fig. [5.4(a). As could be inferred from Fig. |5.4]
for € larger than both €. and €. (green colored region in Fig. [5.4(a)), there is
no classically forbidden region inside the barrier. However, if the electron energy
is between the two critical energies (red or blue colored region in Fig. [5.4(a)), a
classically forbidden energy range will appear on either end of the barrier. In other
words, the electron will have to tunnel through a part of the barrier adjacent to
one of its interfaces, whereas propagation is free in the other part. For the most
extreme case displayed as the magenta colored region in Fig. |5.4{a), the electron
has to tunnel through both ends of the barrier.

One may notice that the two critical energies whose variation with ¢ is depicted
by dash-dotted and dotted lines in Fig. [5.3] are almost identical for the two spins.
Also, by careful inspection of Fig. [5.3]it becomes evident that the quasi-classical
zones we derived explain the observed transmission very well, especially for the spin
up states. For the spin down states, however, transmission is enhanced with respect
to the spin up states in the zones for which the electron waves must tunnel through
a region of the barrier (the red and blue energy zones in Fig. [5.4{a)). This could

be understood if one recalls that the WKB expression for the tunneling coefficient
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is given by
T ~ e 2] az(@)dz, (5.28)

where the integration is over a classically forbidden region. Having this in mind, it is
obvious that for Agoc # 0 and B # 0 spin-up states decay faster than the spin-down
states in classically forbidden regions, due to the paramagnetic term. This difference
increases at higher magnetic fields, which leads to a growing contrast between the
transmission coefficients for the two spins, as Fig. [5.3] clearly demonstrates. When
the magnetic field is absent, the emerging paramagnetism vanishes, and therefore,
the transmission characteristics for the two spins are identical (see Figs. [5.3|(a) and
(b)).

Next, we explore how the presence of the magnetic moments affects the inter-
ference pattern shown in Fig. 5.3, This could be the most important effect from a
practical point of view. In the Fabry-Perot model, the interference pattern depends
on the phase the electron wave function accumulates between the barrier interfaces

and the bounces from the interface(s) and/or turning point(s)
Oé:OéWKB—i-Ofl—FCYQ, (529)

where o and ap are the backreflection phases, whereas ayy kg is the WKB phase

min(W,a2)
awkp = 2/ ¢ () dx. (5.30)
max(0,z1)

To analyze how the orbital magnetic moments influence the fringe pattern we could
once again invoke Eq. and the associated diagram in Fig. 5.4} It follows
that Fabry-Perot resonances have different character in the different zones. When-
ever B # 0, the WKB phase is accumulated throughout the entire barrier for
€ > max (€cr0, €rw ), but only in region [z1, W] for €.,0 > € > €,w (the red-shaded
region in Fig. [5.4(a)). Consequently, in the latter case the transmission maxima
(depicted by the red color in Fig. are almost linear functions of ¢, whereas in
the former case their dependence on ¢ is nonlinear.

The crucial point, however, is that the phase accumulated during the prop-
agation differs for the different spin orientations. This occurs because magnetic
moments associated with opposite spins contribute to ay xp in opposite ways (see
Eq. ) To see this clearly, and to provide experimentally verifiable predictions

it is important to consider the conductivity of the entire studied structure, given as
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Figure 5.5: The derivative of the conductance versus incident energy, for (a) 0.1 T,
(b) 0.2 T, and (c) 0.3 T. All other parameters are the same as in Fig. |5.3] Insets show
the variation of the conductance with incident energy for the corresponding magnetic

field.

[137],
/2
G (e) = GO/ T (e, ¢) € cos pdo, (5.31)

/2
where Gy = €?L/2hn?, with L denoting the lateral width of the entire structure in
the y direction.

Since the effects of magnetic moments are most vividly manifested in the de-
pendence of dG/dE on energy, we display this quantity in Fig. , for the same
set of parameters as in Fig. Alongside with dG/dE, the corresponding con-
ductance is shown in the insets for each case. As can be seen from these insets, GG
only depicts the fact that the spin-down conductance is increased with respect to
the spin-up conductance, due to the enhanced transmission through the classically
forbidden regions, as already discussed. On the other hand, the first derivative of
the conductance with respect to energy conveys the information of the interference
pattern, where the effects of the orbital moments are more transparent. Two issues
are of importance here: (i) The difference between the two spins is clearly more pro-
nounced at higher magnetic fields. This happens because in such a case the orbital

moments have a larger impact on the electron dynamics, as pointed out before. (ii)
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Figure 5.6: Transmission curves calculated using (a) the continuum and (b) the TB
NEGF method. The parameters are W = 200 nm, B = 0.3 T, and £ = 100 meV.

The distinction between the two spins is more prominent at lower energies. This
is a consequence of the larger emerging orbital magnetic moments of the electrons
whose energies are close to the band edges than of more energetic electrons, as Eq.
and Fig. [5.1(a) demonstrate.

Finally, we would like to point out that the manifestation of orbital moments
in transport properties can be captured by the tight-binding nonequilibrium Green
function formalism as well. To show this, in Fig. [5.6{a) we plot a set of transmission
curves obtained using the derived transmission amplitude, while in Fig. [5.6(b) we
plot the results of our numerical transport simulations within the TB NEGF method,
for the same barrier parameters. The phenomenological model used to describe
graphene in this case is the Kane-Mele tight-binding model discussed in detail in
Chapter [T}

H=—-t Z el cio +idso Z l/l-jew”c}aszﬂcjg. (5.32)
(i.5),0x ((i.5)),0.8

The first term describes the usual hopping between nearest neighbor p, orbitals

in graphene, which extends beyond the barrier. The second term describes the in-
trinsic spin-orbit interaction found in the barrier, through the next-nearest-neighbor
hopping amplitude Ago (Aso = 3v/3\s0). Note that v;; determines the sign of the
hopping; it is positive (negative) if an electron makes a right (left) turn at the in-
termediate atom in hopping from site j to site 7. The Peierls term ¢;; = ¢ fr? A -dl
accounts for the phase the electron acquires while traveling in the presence of the

magnetic field. The details of the NEGF procedure were laid out in Chapter [2
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In order to compare the results with the continuum theory, we need the numerical
simulations within the NEGF formalism to provide us with the angular dependence
of the transmission through a structure infinite in the y-direction. To achieve this, we
resort to the recipe described in Ref. [138]. In short, we take the narrowest possible
zigzag nanoribbon, placed along the z-direction, where the semi-infinite left and
right leads surround the barrier region in which SOC NNN hopping is nonzero. The
structure is then taken to be periodic along the y-direction, prompting the use of
the Bloch theorem in this direction. This means that the phase factor will enter all
hopping terms along the y axis, which is none other than the transverse momentum
k,. In this way, k, appears as a parameter, and since the incident energy E is a
parameter as well, one is then able to reconstruct the angle of propagation using
hvpk, = Esin¢. Note that in our case, besides the Peierls phase factor, we must
also add the vector potential, Eq. , to ky, in order to properly model the
influence of the magnetic field. Finally, one needs to connect the Fermi velocity vp
entering the Dirac equation, with the nearest-neighbor hopping ¢, as vp = 3ta/2h,
where a = 0.142 nm is the carbon-carbon distance, and the hopping is as usual set
tot =2.7¢€V.

Although the continuum and the TB NEGF schemes differ substantially as far
as the formalism and implementation are concerned, they give practically indistin-
guishable results. This is not surprising, having in mind that the continuum Dirac
picture is the effective theory corresponding to the low energy tight-binding method.
Therefore, both approaches display these Zeeman-type effects, even though we use
only minimal coupling and the Peierls substitution, to account for the influence of the
magnetic field. Since strain in honeycomb lattices effectively induces time-reversal
invariant pseudomagnetic fields [139], stretching of insulating Dirac monolayers will
inevitable galvanize orbital moments as well [136].

Finally, note that the TB NEGF method could prove handy for studying the
effects of disorder and imperfections on the manifestation of the spin-contrasting or-
bital moments. However, unlike the orbital moments coupled to the spin, the valley-
contrasting orbital moments can not be distinguished by the TB NEGF transport
simulations, since the contributions from the two valleys are inherently summed
together, and cannot be separated. In this case, only the continuum calculations,

where the valley degree of freedom is explicit, can elucidate the underlying physics.
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Chapter 6

Spin-valley filtering in strained

graphene heterostructures

6.1 Introduction

Graphene is considered a promising material for future spintronic applications, in
part due to its long spin relaxation length [140-142]. Furthermore, owing to its
band structure with two inequivalent valleys, K and K’, it has revived the field
of valleytronics [18| [143]. The low energy excitations in the two valleys behave
as Dirac-Weyl particles, which is most famously manifested in the presence of a
magnetic field, in which Landau levels scale as v/B, with a unique level at zero
energy [18, 56]. Besides, it is known that straining graphene causes time-reversal
invariant gauge fields to appear, i.e. an effective magnetic field with opposite signs in
opposite valleys, providing a tool for manipulating the valley degree of freedom [18].
Recent experiments demonstrated large values of this pseudomagnetic field, which
could hardly be matched in practical applications by real magnetic fields [144].

In this chapter we study the transmission through a thin 1D graphene barrier
with artificially induced mass and spin-orbit coupling, in the presence of pseudo-
magnetic field using the continuum approach. The motivation for studying such a
structure is twofold. In part it is due to a shift to a new paradigm in 2D materials
research, whereby their properties are custom tailored according to specific needs
by stacking different 2D crystals on top of each other. These are the so called van
der Waals heterostructures, also discussed in the previous chapter [145]. More im-
portantly, and in the light of this paradigm, recent theoretical and experimental

work shows that mass and SOC, which are vanishing in intrinsic graphene, could
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6.2 Pseudomagnetic field in strained honeycomb lattices

be induced with appropriate substrates and/or adatom deposition [66} 95| 98| |99,
146H152]. We will show that the studied device behaves as a spin-valley filter, thus

laying in the intersection of the fields of spintronics and valleytronics.

6.2 Pseudomagnetic field in strained honeycomb

lattices

First we derive the low energy Hamiltonian of strained graphene starting from tight
binding picture. The simplest such procedure takes into account the variation of the
hopping integral as a function of the stretching of the bonds. When a deformation of
the nearest neighbor bonds from equilibrium occurs, the hopping amplitude changes
according to te P2 where 8 ~ 3 is a material parameter, Au, = |§'| /a — 1 is a
relative distance change and |¢’| is the non-equilibrium NN distance [153H155].

On the other hand, any distortion of the lattice can be captured by the displace-
ment or deformation field u = (u,, u,), connecting the deformed lattice coordinates
r, with the undeformed ones r;, through r} (r;) = r; + u(r;). In the case of homoge-
nous strain, which is considered here for simplicity, there can only be three distinct
hopping amplitudes, corresponding to the three neighbors surrounding a given atom.
Referring back to Chapter [I|and Fig. [I.1] the three different undeformed NN vectors

pointing from an A atom to a B atom are

5o =a(0,1), (6.1)
V3 o1

61 =a (-7, —§> y (62)
V3 o1

62 =a <+7’ —§> . (63)

Then, up to linear terms, the non-equilibrium NN vectors read

8, (r) = b, + (6, - V)u(r). (6.4)

The magnitude of §,, is then

202 Uy + 202, Uy, + 405200,y
|5;| _ a\/l + nr Yy 2342/ YTy
a

: (6.5)

where w;; = 5 (0;u; + 0;u;) are the components of the strain tensor. Expanding the

1
2
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root up to the linear terms yields the relative distance change

Or Uz + Oy Uy + 200200y Uy

a?

Au, ~ (6.6)

Having established this, we can go on to Fourier transforming the TB Hamiltonian,
as in Chapter [l However, in this procedure we shall use the equilibrium lattice sites
and, thus, the effects of strain will only be incorporated through the modification of
the hopping amplitude. Also, in the spirit of the entire derivation, the modification
of the hopping amplitude will only enter the Hamiltonian up to first order. Then,
the matrix element 7 (k) defined in Chapter 1| reads

v (k) = —t [1— BAug + (1 — BAuy) e ™ + (1 — BAuy) e ] (6.7)

Finally, expanding the Hamiltonian around the K, = (7’ 337:%(1’0) points, and
keeping only the terms linear in either real space or momentum space displacement,

one obtains the effective low-energy description

H =vp[7(ps + eAs) 00 + (py + €4y) 0], (6.8)
where h8 h8
Ax = _T% (u:mc - uyy) ) Ay = Tauxy- (69>

It is clear from this that small strains in graphene manifest themselves through
vector potentials in the Dirac-Weyl equation [156, [157]. Moreover, the resulting
pseudomagnetic fields are opposite in opposite valleys, as can be seen in Eq. ,
therefore preserving the time-reversal symmetry of the system.

A few comments are in order, before we explore the possible applications of
this phenomenon in the subsequent section. Besides the appearance of the pseu-
domagnetic field, higher order expansions uncover the renormalization of the Fermi
velocity, which becomes position-dependent [158]. On the other hand, including the
actual positions of the displaced atomic sites in the calculations does not have an
impact on the pseudomagnetic field [159H161]. Tt does, however, induce other terms,

which we will ignore for simplicity.
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6.3 Spin-valley filtering

6.3 Spin-valley filtering

In the continuum approach the carrier mass is captured by a staggered potential
term A, while SOC is captured by a mass-like term Agp. The presence of both
will result in a competition to open topologically distinct gaps [9]. This competition
reflects on the bulk band gap given by 2 |sTAgo + A|, where s = +1/ — 1 labels the
spin T/ | and 7 = +1/ — 1 labels the valley K/K’ degrees of freedom [162]. Thus,
for different spin-valleys different gaps can arise. In order to get some insight into
the problem, we will first study transmission through a barrier with a real magnetic
field. As can be expected, regardless of the magnetic field, whenever Agp # 0 and
A # 0, there is an energy range where sT = +1 states are suppressed, while s7 = —1
states are not. In other words only one spin from one valley, and the opposite spin
from the opposite valley are transmitted. The main effect of the magnetic field is to
impose restrictions on incident angles over which the transmission can occur. This
is caused by the cyclotron orbits, which are the same for all spins and valleys.

We subsequently apply the pseudomagnetic field, which leads to the reversal
of the effective field, and the effective cyclotron orbits in one of the valleys. This
provides the benefit of spatially separating the transmitted states according to their
valley degree of freedom, and accordingly their spin degree of freedom as well. Thus
a combined spin-valley filter can be obtained. Furthermore, we show that chemical
potential and strain can act as a switch, rendering control over the filtering behavior.
Filtering behavior in graphene devices was studied before [163-171], however the
mechanism proposed in this chapter is novel, and previously unexplored. Practical
implications are discussed at the end of the chapter.

Our starting point is the Dirac-Weyl equation, in the presence of mass, SOC, and
a magnetic field perpendicular to the sheet, B,. In this case we choose the Landau

gauge A = (0, 4,), and the Dirac-Weyl Hamiltonian reads

¢
h

where vr is the Fermi velocity, and o, is a Pauli matrix operating in the sublattice

H = hvp |Tkyo, + (ky + —Ay)oy | + sTAg00, + Ao, (6.10)

subspace.

We use the parameter 75, such that B, = 75 B, to capture the valley-dependent
nature of the pseudomagnetic field. Setting 75 = +1 models the influence of the real
magnetic field, while 75 = 4+7 models the two types of the pseudomagnetic field.

Including the (pseudo)magnetic field only in the barrier of width W means that the
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magnetic vector potential is given by

0, x <0
Ay=({713Bx, 0<a<W. (6.11)
sBW, x>W
In the chosen Landau gauge k, is a good quantum number and the solutions

have the form W(z,y) = exp(ik,y) (Ya(z),¥p(x))". Introducing fiwpe = E, and

hvpd = stAgo + A, and decoupling the system, in the barrier one obtains

T

l2 )2+€2—52:| wA/B :0, (612)
B

1
[83% T TTep — (ky + 18
B

where lp = /h/eB. Using the transformation z = v/2 (k,lp + 752 /l3), the solu-
tions are expressed in terms of the parabolic cylinder functions D, (z) (see Appendix

for a detailed derivation), and read

D,,(2) D,,(—=)
= Ch Cy , 6.13
v ( 4D,y (2) ) i < gD,y (—2) ) (613

where v p = (2 — %) (/2 F 175/2 — 1/2, and

g=i (6.14)

(e + 7780

/s i
V|

On the other hand, the incident wave function is

, 1 , 1
ikgx —ikzx
=e™ e 6.15
Yr=e ( ir ) +re ( P ) ) ( )

while the solution in the third region reads

ke i1 a 1
Y=t k:_’e o < it ) : (6.16)

Here, ¢ = arctank,/k, and ¢ = arctank,/k; denote the energy propagation
directions before and after the barrier, where k, = g, (0) and k;, = ¢, (W), while
¢y (x) = esing + eA (x) /h is the effective transverse momentum. The longitudinal
momenta before and after the barrier are given by k, = ecos¢ and k, = ecosé.
Note that all these expressions are valid for the valence band as well. Matching the

wave functions at the interfaces gives a system of equations, whose solution yields
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the transmission amplitude ¢

. 297 cos ¢ (GLGp + GLGF) /%7 (6.17)

kLW f

where

f =9 (FgGp— FzGh) + ™9 (FIG, — FyGY)

. | (6.18)
+g7e"™ (Fg G + FEGL) + gre ™ (FL Gy + F1GY) .
Here the coefficients F'* and G* are given by
Fip = Doy |£V2h15) (6.19)
W
G =Dy, [i\/ﬁ (kle + TBZ—)] : (6.20)
B

In Fig. we look at the behavior of transmission coefficients (T = [¢[°) in
detail for a real magnetic field (75 = +1). Here we show contour plots of, from top
to bottom, Thk, Thks, Tk and Tk, as a function of incident energy and angle. We
adopt a set of parameters that illustrates our main points clearly: Ago = 30 meV,
W =100 nm and B = 0.2 T, whereas A varies from 0 in (a), to A = 15 meV in (b)
and A = 30 meV in (c).

A common feature of all the cases depicted in Fig. is that transmission is
forbidden outside the transmission window delineated by the solid black line, akin
to the scenario of the previous chapter. This is because the magnetic field enforces
cyclotron motion, resulting in asymmetric transmission curves with respect to the
incidence angle [135, [172]. This boundary is obtained by requiring that the longitu-
dinal momentum after the barrier becomes imaginary, so that only evanescent waves
can exit, and therefore no transmission can occur. The longitudinal momentum in
the third region is given by k? = €% — ¢, (T/V)2 Hence, this window is determined

by a critical energy, below (above) which the transmission is not possible

c/v _ +y

€ _—
1 .
er 1F rpsing’

(6.21)

where v = W/I%, and ¢ (v) denotes conduction (valence) band. This window de-
pends solely on W, B and ¢, i.e. it is not a function of Agp, A, s or 7 at all, as can
be observed in Fig. 6.1, However, the transmission within this window obviously

depends on Agp, A, s and 7.
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As already mentioned, in the presence of mass and SOC, the bulk band gap is
given by 2 |sTAgo + Al. Therefore, when both parameters are present, the sT = +1
states experience a larger gap than the s7 = —1 states. To see how this might

reflect on the transmission through a barrier we need to examine the behavior of the

quasiclassical momentum within the barrier ¢, () = \/ €2 — 62 — q, (x)*. Therefore,
through the appearance of 9§, the quasiclassical momentum depends on Agp, A, s
and 7. More specifically, when both A and Ago are nonzero, whether classically
forbidden regions inside the barrier will appear depends crucially on the product
sT, which is a clear manifestation of the bulk band gap. The existence of forbidden
regions in the barrier does not necessarily imply that the momentum after the barrier
is imaginary. To see this, one can express the critical energy below (above) which

the former happens

- 2 1 52 cog2
v _ 1 e (j:7'3751n¢~|— V72 +0%cos? o | ) (6.92)

erz cos? ¢ " cos ¢

€

This critical boundary is drawn in dashed black lines in Fig[6.1] and it coincides
with the transmission window (Eq. ) only when the bulk band gap is closed.
Therefore, in between €, and €, the transmission is possible, but only by tunneling
through forbidden region (regions) in the barrier, and thus perfect transmission

cannot occur. Above €

¢.o boundary, however, there is no attenuation within the

barrier, and the resulting transmission is determined by the interference of electron

c

¢ o, which coincides

waves. It is important to point out that below the minimum of €
with the bottom of the conduction band, the transmission is strongly suppressed.

One issue requires clarification. For the case A = 0, shown in column (a), €,
is the same for all spin and valley flavors. However, the transmissions for spin up
and spin down are obviously different. This discrepancy arises numerically due to
the factor g, appearing in the transmission amplitude, Eq. . This factor is in
turn just a reflection of the form of the Landau level eigenstates (see Appendix .
In fact one can easily show that the solution given by Eq. reduces to the LL
eigenstates once the incident energy is equal to a particular LL.

The true reason for this discrepancy however lies in the orbital magnetic moments
which arise for massive Dirac fermions. It is known that inversion symmetry breaking
can lead to the appearance of magnetic moments coupled with the valley degree of
freedom, which in turn influence the LLs [109]. Analogous moments arise when

SOC is present as well, albeit coupled with the spin degree of freedom. These spin-
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6.3 Spin-valley filtering
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Figure 6.1: Contour plots of transmission coefficient versus energy and incident
angle, for all spin and valley flavors. Ago equals 30 meV, while A varies: in (a)
A =0, (b) A=15meV and (c) A =30 meV. The width of the barrier is taken to be
W =100 nm, and B =0.2 T.

contrasting magnetic moments were thoroughly studied in Chapter ] It is these
moments that cause spin-distinguished transmission found in Fig. |6.1{a). A similar
behavior occurs when only A is nonzero, but with valley differentiation instead. In
fact, we have found that all of the contour plots obey the symmetry Agp < A,
s <» 7. This stems from the fact that the band gap and the magnetic moments
display the same symmetry as well (see Chapter |5). We stress however that this
behavior has little to no impact on the effect we describe here.

Introducing A will cause shrinking/enlarging of the evanescent region for st =
—1/ + 1, column (b). This will lead to the appearance of an energy range where
only st = —1 states are not suppressed. Furthermore note that these states also
experience lower fringe contrast. This is because the effective gap in the barrier is
now reduced for these states. Finally, for the case Aso = A, depicted in column
(c), sT = +1 states are even further suppressed. On the other hand, for s7 = —1
the band gap in the barrier becomes zero, and the effective dispersion returns to
a Dirac cone. These states are transmitted as if there was only a magnetic field

barrier in bulk graphene [135] [172], which can also be inferred from the fact that
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6.3 Spin-valley filtering
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Figure 6.2: Polar plots of the transmission coefficient versus the incident angle
for various strains and energies. In (a) 73 = +7, E = 420 meV give the same
transmission, while in (b) 75 = F7, E = +20 meV give the same transmission. All
other parameters are the same as in Fig. [6.1c). The electric control of the spin-valley
filtering is clearly seen in (c), where the contour plot of T — T is shown.

c/v __ cfv

orl = €ag- This means that they experience no reflection at the walls of the

now €
barrier and as a consequence there are no resonances.

Therefore, as long as Agp # 0 and A # 0, in a particular energy range only spin
up states from the K valley and spin down states from the K’ valley are transmitted.
Introducing pseudomagnetic field, by for instance setting 75 = +7, means that the
effective magnetic field in K’ valley flips. This in turn flips the transmission window
in this valley to €, = 7/ (1 +sin¢). Thus, spatial separation of the states from
each valley will occur, which is an obvious consequence of their opposite cyclotron
trajectories. Furthermore, since spin is coupled to the valley degree of freedom in
the transmitted states, this will inevitably lead to spin separation as well.

Additionally, it follows from Eq. that the transmission coefficient for
—¢, —s, —7 equals the one for ¢, s, 7, which is a manifestation of time reversal
symmetry.ﬂ In other words, the transmission for spins in the valley where the
effective magnetic field is reversed, will just be a mirror image of the transmission
from the opposite valley and opposite spin, for which the effective magnetic field
stayed the same. This is displayed in Fig. [6.2(a), for the same set of parameters as
in Fig. [6.1(c), and E' = 20 meV, where the spin-valley filtering behavior is apparent.
On the other hand, by choosing the opposite strain, 73 = —7, the effective magnetic
field will be flipped in both valleys. This will lead to flipping of the filtered spin

and valley, as depicted in Fig. [6.2b), since both transmission windows flip (see Eq.

Tt can easily be established that T (§) = T (—¢), allowing a straightforward interpretation of
Fig. in terms of the exiting angle as well.
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6.3 Spin-valley filtering

(6.21))). In other words strain could act as a switchﬂ

Furthermore, the switching can also be achieved by controlling the chemical
potential instead of strain. To see this, note that the transmission window for a given
spin and valley in the valence band €/, ; is a mirror reverse of the one in the conduction
band €,.,, Eq. (6.21). This is a consequence of different cyclotron trajectories for
electrons and holes, and the same symmetry is obeyed by the semiclassical critical
boundary, given in Eq. (6.22). Moreover, since T (e,75 = +7) = T (—€,75 = —7)
holds, Figs. [6.2(a) and (b) also correspond to 75 = —7, E = —20 meV and 75 = T,
E = —20 meV, respectively. The effect of controlling the chemical potential on spin
filtering is depicted in Fig. [6.2(c), where the outlines of the transmission windows
can be clearly seen. Note that the same plot holds for Tk — Tk, albeit with opposite
filtering in the overlap region of both transmission windows. Therefore, the control of
the transmitted spin-valley outside of the transmissionless gap [—v/2,7/2] could be
established by means of electrical gating. Additionally, there exist optimal energy
ranges for filtering in the valence and conduction band, [—v, —v/2] and [y/2,7],
respectively, where the transmitted states do not overlap.

Finally, let us conclude with some practical considerations. First note that only
minor straining would be required for inducing pseudomagnetic field of 0.2 T in a
100 nm wide barrier, given the strain pattern described in [173]. Since Agp and A
equal zero in graphene, these two parameters would have to be induced artificially in
the barrier, a feat possible because bulk electrons are fully exposed on the graphene
surface. Hexagonal Boron Nitride has an intrinsically broken inversion symmetry,
and forms a generally higher quality electronic heterostructure with graphene as op-
posed to other substrates [65], manifested in reduced charge impurity, ultra-flatness,
and high electron mobility. It also has a minuscule lattice mismatch with respect to
graphene [146], which causes a moiré pattern, resulting in Hofstadter fractal spec-
trum [174, 175]. While the emerging superlattice potential was suggested to induce
insulating puddles with opposing masses [147, [176], it was also argued that an av-
erage gap will be opened nevertheless |148]. As already mentioned in the previous
chapter, a gap of about 30 meV in a graphene/hBN composite, consistent with in-
version symmetry breaking was detected recently [66], |67]. The average gap appears
because the area of the favored commensurate stacking expands by stretching of the

graphene lattice, once the two layers are well aligned [67] (94, 149]. This strain can

!Note that the symmetry 73 = +7,¢ — T8 = —7, —¢ does not hold in general, due to the
aforementioned interplay with the orbital magnetic moments, although it effectively appears so for
the parameter window of interest.
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6.3 Spin-valley filtering

also produce pseudmagnetic field patterns in graphene [177].

On the other hand, it was suggested that engineering SOC in graphene can be
achieved by adatoms or substrates [95, 150-152]. This was indeed experimentally
verified recently, where SOC as high as 17 meV was observed [98, 99]. Since SOC
in Eq. commutes with out-of-plane spin, increasing it will not affect scatter-
ing of this spin component. However, inversion symmetry breaking will cause new
extrinsic spin relaxation mechanisms [140, [178]. The use of hBN as a substrate
would prove beneficial here, since it was shown that the resulting heterostructure
supports very long spin relaxation lengths [142]. Moreover, we argue that scattering
processes could also be reasonably reduced by manipulating barrier length and/or

strain patterns.
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Chapter 7
Conclusion

In this thesis a range of graphene structures with varying geometries were studied.
In particular, phenomena related to the manifestation of magnetism were analyzed,
either due to the response to an external (pseudo)magnetic field, magnetic moments
emerging from the e-e interaction or the band structure, or both. After laying
out the basic theory in two introductory chapters, in Chapter |3| the electron and
hole states in a monolayer graphene circular quantum dot were modeled using the
Dirac-Weyl equation. Two distinct types of boundary conditions were employed,
namely the infinite-mass and the zigzag boundary conditions. An energy gap was
found only for the case of infinite-mass boundary condition, whereas the peculiar
zero energy state, which is pseudo-spin polarized and localized close to the zigzag
boundary, exists when the zigzag boundary condition is imposed. Increase of the
magnetic field diminishes the influence of the edge on the electron confinement,
and the states merge into Landau levels. The obtained spectra exhibit different
symmetries between the electron and hole spectra, and also different intervalley
symmetries. However, the variation of the angular current density with magnetic
field is quite similar for the two adopted boundary conditions.

The states which collapse into n = 0 Landau level (for B — o0) are found
to exhibit paramagnetic behavior due to the influence of the edge, and become
pseudo-spin polarized when the magnetic field increases. Negative m states are
found to exhibit both clockwise and counterclockwise currents when the magnetic
field increases. Furthermore, the boundary conditions and the intervalley symmetry
are found to influence the absorption spectra. KEqual transition energies in the
two valleys lead to the most intense absorption line for the adopted infinite mass

boundary condition. On the other hand, different transition energies in the two
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valleys lead to much smaller absorption oscillator strength if the zigzag boundary
condition is used.

It is also found that many features of the more realistic tight-binding model of
graphene quantum dots can be described by a simplified continuum approach to
circular quantum dots. Namely, the energy states in the continuum and TB models
converge to the Landau levels at high magnetic field in a similar way. However,
due to their inevitable zigzag edges, circular graphene quantum dots cut out from
a graphene lattice exhibit a dense quasi-zero energy band, formed by groups of
states which exhibit self-similarity. This is a manifestation of the microscopic char-
acter of these dots, which cannot be properly described by any continuum-based
model. Nevertheless, for circular dots based on mass confinement, the tight-binding
results and the analytical infinite mass boundary condition results agree very well
for low energies and large dot radius. Thus, another conclusion is extracted from
this comparison: the infinite mass boundary condition for the Dirac-Weyl equation,
frequently used to simulate electron states in graphene nanostructures, can describe
only quantum dots created by mass-related confinement, whereas the dots cut out
from a graphene layer obtained in recent experiments [179] have a much more com-
plex spectrum which, at least in the absence of possible additional potential terms
(due to e.g. edge reconstruction, magnetization, etc.), cannot be described by either
infinite mass or zigzag boundary condition in the continuum model.

Subsequently, in Chapter [4] we predicted an antiferromagnetic phase in hexagonal
graphene quantum rings with zigzag inner edge described by the mean-field Hubbard
model. The distribution of magnetic moments was found to strongly depend on the
type of the outer edge, and larger antiferromagnetic order was found in rings than
in hexagonal dots. Peculiar hybridization between the states of adjacent sides of
the inner ring edge is the reason behind the increase of magnetization of rings with
respect to dots. Also, the staggered magnetization and the maximum magnetic
moment are found to be strongly influenced by the size and the shape of the rings.
For wide rings, the maximum magnetic moment is largest when both the inner and
outer edges are zigzag. But, as a consequence of the hybridization between the
states of the two edges, the maximum magnetic moment in a ring with armchair
outer edge exceeds the one for the zigzag outer edge when the ring width decreases.
The staggered magnetization in both the hexagonal dots and the rings with zigzag
outer edge is found to decrease faster than in the rings with armchair outer edge

when the number of the edge defects increases.
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In Chapter B, we addressed the orbital magnetic moments emerging from the
band topology of insulating Dirac systems, as well as their manifestation on trans-
port characteristics. In particular, we closely examined the moments coupled to the
spin degree of freedom, arising due to strong spin-orbit coupling, and thus leading to
the renormalization of the g-factor. Their duality with the valley-contrasting orbital
moments found in honeycomb lattices with broken spatial symmetry was demon-
strated, alongside with the duality of the Landau spectrum, particularly manifested
in the behavior of the zeroth Landau level.

After establishing that magnetic properties couple with Ago and the spin quan-
tum number on the one hand, and A and the valley quantum number on the other
hand in an analogous fashion, we explored the influence of the orbital magnetic
moments on the transport properties. In particular, we focused on the transmis-
sion through a single 1D barrier made of artificially enhanced spin-orbit coupling in
graphene. We have shown that certain Zeeman-like magneto-transport signatures
are a clear manifestation of the induced moments. The conductance G through
the device for the two spins start deviating from each other with increasing mag-
netic field. The effects of the moments on the fringe pattern of the transmission
coefficients are most clearly observed in the energy dependence of the derivative of
the conductance with respect to the electron energy dG/dE. This quantity reflects
the increasing shifts in the interference maxima of opposite spins with increasing
magnetic field; they are largest near the band edges, and they decrease for larger
energies due to the decrease of the orbital magnetic moments themselves.

Because of the analogy between the mass and the SOC terms and the orbital
moments they induce, the presented results are also valid for valley transmission
through a barrier with only A # 0. This, however, cannot be captured by numerical
techniques such as the TB NEGF method, which is only able to account for the spin
degree of freedom, and the associated orbital moments. Nevertheless, this behavior
should be present in real devices, even in the absence of a clearly observable transport
gap, since the Berry curvature hot spot can extend over a wide energy range.

In the end, in Chapter [6] we proposed a device which enables spatial separation
of opposite spin-valley pairs. The proposed spin-valley filter consists of a strained
barrier with artificially engineered electron mass and SOC. The pseudomagnetic field
enforces opposite cyclotron trajectories for the two gapless spin-valleys. Nanoribbon
geometry could provide the practical testing ground for this effect, with the barrier

formed perpendicular to the ribbon. If A > Agp, the device would be in the
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topologically trivial phase, and the polarized current could in principle be detected
by leads attached to the edges of the ribbon. On the other hand, if Agp > A, edge
states could become a nuisance. However the device could still operate in the domain
of electron optics. In other words, the effect would be observable for a sufficiently
collimated beam injected far from the edges. Collimation could also be achieved by

means of a smooth Klein barrier in front of the studied device [180].
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Appendix A

Bloch theorem and Peierls

substitution

The Hamiltonian is given by

H:p—2+U(r), (A.1)

2m

where U (r) = Y g Vo(r—Ry) + V. (r — Rp), is the potential landscape due to
the honeycomb crystal lattice. The Bloch theorem asserts that the solution to the

problem
HUy = E (k) Uy, (A.2)

is to be sought in the Bloch sum form

\I/k = CA\I/kA + CB\IJkB- (AS)
where
1 .
Upo = — e Rop(r —R,). A4

The corresponding eigenvalues E (k), which form bands depending on the crystal
momentum k, are obtained by calculating the matrix elements (Vy,|H|Vy). For

instance, multiplying Eq. (A.2)) with A component of the Bloch sum results in
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CNA g{: k(R —R) / dr¢* (r —Ry) Ho (r — R)) +
CB ik(R'—R) X / (A.5)
2 /drgb (r—Ra)Heo(r—Rp).
RR/

Note that the matrix element depends only on the difference R’ — R, which allows
summation over the unit cells in the lattice, canceling the N factor in the denomina-
tor. In the light of the tight binding approximation, which refers to strong ties of a
valence electron to its parent atom, one can neglect overlap of orbitals on neighboring
atoms. Additionally, employing the two-center approximation, which disregards any
matrix elements where orbitals and the potential are located on three different sites,
allows further simplification. This means that the first part reduces to the on-site en-
ergy €4, without any phase factors. On the other hand, the second part collects phase
factors corresponding to hopping from three nearest neighbor atoms of an atom A,
multiplied by the hopping integral —t = [dr¢* (r —Ra) V. (r — R4) ¢ (r — Rp).
Setting €, = 0 gives the kernel of the Hamiltonian in Eq. .

In the presence of the magnetic field the Hamiltonian changes to

(p—qA)’
H=——"+4"U A6
v, (4.6)
where ¢ is the charge of the particle. In the thesis the convention ¢ = —e for electrons

is used (i.e. e > 0). The additional term introduces complications, and the original

Bloch sum becomes inadequate. As it turns out, simply adding a phase term

. L oi(KRHEGR) o (p
Uy, = \/N; ( )p(r — Ry), (A7)

where

GR:/ A - dl, (A.8)
R

resolves the issue. The hopping matrix elements now read
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1 (R ” —qA)?
Hap :N Z ck(R'—R) /dPG_ZﬁGRQb* (I‘ . RA) [(p q ) +U (I‘)

i%GR/ _ Rl
5m € ¢ (r B)
RR/

:i Z ok(R'=R) il [z A-dl
N
RR/

¢(r—Rjp)

2
% /dreigé(r)qb* (I’ . RA) [(p - QAZ—;;]VGR/) LU (r)

z% RXR: e RR) i fr Al / dr¢™ (r — Ro) [% +U (r)} ¢(r—Rjp). (A9)
The relation VGgr/ = A holds for the tight binding condition and in the case when
the magnetic field is invariant at the scale of the crystal lattice |181]. On the other
hand, the flux ® (r) = fR,_m_)R A - dl is larger when the integrand r is further from
the two vectors R and R/, where the atomic orbitals are effectively zero, while the
flux is vanishing where the hopping integral is nonzero. Having these two things in
mind helps explain the transition from the second to the third line.

Now it becomes obvious that the matrix elements are the same as in the case
without magnetic field, apart from the phase factor picked up, which is denoted
the Peierls phase [182]. This is tremendously convenient, since then we get to
use the same material parameters regardless of the magnetic field value, and the
corresponding phase is computationally trivial to take into account. For electrons it
amounts to replacing the hopping term ¢;; with tijei% J7 Al Finally, let us note that

a beautiful and elucidating explanation for this phase can be found in Feynman’s
Lectures (Vol. III, Chapter 21) [183].
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Appendix B

Energy levels for low magnetic
fields

We start from Eq. (7) for zero magnetic field which can be rewritten as,

DY) = A7), (B.1)
where the operator D) = [dd; - pdp — ’;—22], A0 = (ei]fig)nf (with 7 being the

eigenvalue index) and |xV.(p)) is given by Eq. (3.9). For the case of non-zero

magnetic field we have
(D + 8D1" + 8°DY) i) = AV Iy, (B:2)

where DI = 2(m + 1) and D" = p?. We assume that [x\}) = [x{?) for small
magnetic fields. Multiplying (XS-)\ on both sides of the above equation we have,

(0)
<Xlz |X >

and finally we obtain,

£ (8) = /(509,12 + 2B(m + 1) + B2A(m), (B.4)
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where
e,h,(0
. fol P?’J%(Eﬂ,ﬁz,)nmdp _
- e,h,(0
S I3, (00 p)dp
m+12ﬁ3(m+ %,m+2;m—|— 1I,m+3,2m + 1;—5%2,2)

A(m)

m—l—QQﬁs(m—l—%,m+1;m+1,m—{—272m+1;_5721522)

110



Appendix C

Transmission through a barrier in

bulk graphene

The studied structure and the chosen gauge for the vector potential [Eqs. and
(6.11))] ensure translational invariance along the y direction, so k, is a good quantum
number and the solutions have the form ¥(z,y) = exp(ik,y) (¥a(x), ¥5(x))". The
following coupled system of differential equations, for the amplitudes on the two
sublattices can then be obtained:

e

hAy) Ypja L0V = €a/p. (C.1)

(Tkx F ok, F

Reducing the coupled system to a set of two independent second order differential
equations leads to

e

{ag F2(0:A) = (ky+

Ay>2+62—(52:| 77DA/B:O- (CQ)

Bearing in mind the form of the vector potential of the pseudomagnetic field [Eq.

(6.11))], the differential equation in the barrier becomes

2
[agzpﬂ— (ky+73x) +e2—52] Yasp = 0. (C.3)

B I

The solutions for real magnetic field can be restored in the limit 75 = 1. By using

the transformation z = v/2 (kylp + Tz /lp) the following equation is obtained

1 [2 2
|:8§+1/2—1/2:F7'TB§+(62_52)53_%} Yasp =0, (C.4)
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which is of the form of the parabolic cylinder (Webers) differential equation
1 22
" ———ly=0 C.5
y'+ (V +5-7 ) y =0, (C.5)
whose solutions are given in terms of parabolic cylinder functions
y=C1D,(2) + CaDy(—2). (C.6)

Finally the solution for the first sublattice is given by

WA =CiD,, [\/5 (k, L5 + TBx/lB)]

+CqD,,, [—\/5 (kle + TBI/ZB)] ) (0.7)

where vy = (€2 — 6%)1%/2 — 775/2 — 1/2. For the other sublattice after employing

the recurrence relations

81952(2) _ %ZD,,(Z) — Dyia(2), (C.8)
0D, (z) 1
5 =vD, 1(2) — §sz(z), (C.9)

for 775 = +1 and 775 = —1 respectively, and the relationship (C.1]), one obtains

the following expression

U5 =CagDyy [V Uyl + 752/15)|

(C.10)
—Cs9D,, |:—\/§(kyl3 + TBx/lB)] ,
where vg = (€2 — §2?)1%/2 + 1775/2 — 1/2, and
g=1 %] : (C.11)
If the relation
D, (z) = 27"2e~#*/*H], (%) (C.12)

is employed, the spinor multiplied by C; in Egs. (C.7) and (C.10) reduces to the
solution ([5.12)), once the incident energy is equal to a particular Landau level, as
could be expected.

The incident wave function is given by
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, 1 , 1
ikgx —ikzx
= e @ C.13
Yr=e < ir > +re ( P ) ) ( )

where ¢ = arctan ky /k,.
Finally, in the third region the vector potential is a non-zero constant, and

employing the standard plane wave ansatz, the solution is given by

[k w1
Yrr =1 7€ e ( i ) ; (C.14)

with the energy of the plane wave given by € = 04\//@{02714:’2/2 , kI, = ecos ), the effective
transverse momentum after the barrier &, = esin = k, + 75W/I% and 6 being the
angle of energy propagation, with respect to the direction transverse to the barrier.
The additional factor under the square root follows from current conservation [23].
Again by replacing the expression for the momenta before and after the barrier, one
obtains the effective law of refraction for a barrier of thickness W with nonzero A,
Ago and B as

esind = esing + sW/I1%. (C.15)

The expressions for the wave functions in different regions, (C.13)), (C.7)), (C.10)),
and (C.14]) are then matched at the interfaces x = 0 and x = W, which gives a

system of equations, whose solution yields the transmission amplitude ¢

L 2g7 cos(T¢) (g’vaB + G,GY) @’ (C.16)
ez f kx

where

f =9 (FiGp = F5Gh) + ™9 (FIG, — FiGY)

+gre™ (FgGh+ FiGy) + gre i (FiGp+ F GE) . (C.17)

Here the coefficients F'* and G* are given by
Fiip = Doy [2V2hl0] . (C.18)
Ga/p = Doy [i\/ﬁ(kylg + TBg)} : (C.19)
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