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Abstract

When Rashba spin-orbit coupling and exchange field are induced in the graphene
by proximity effect, a phenomenon called quantum anomalous Hall effect is obtained.
This phenomenon induces the presence of a bandgap in the bulk graphene and a Hall

LA

resistivity of 525 is obtained. In this master thesis, we will investigate the effect

induced by the presence of magnetite nanoparticles on the surface of graphene.

In the simulation part, tight-binding simulations are performed to simulate the
effect of Rashba spin-orbit coupling and exchange field on the electronic transport
in the graphene and highlight the quantum anomalous Hall effect in graphene. The
effect of non-uniform Rashba spin-orbit coupling and exchange field is studied to
mimic the presence of nanoparticles.

In the experimental part, the samples used were contaminated leading to a sig-
nificant shift of the Dirac point. As the purpose is to deposit nanoparticles, we
needed to limit the presence of other contaminants that could disrupt the future
measurements. In this part, the different cleaning steps and their effect on the Dirac
point and the graphene quality are detailed. Besides, the first results obtained after
deposition of nanoparticles are described. Indeed, the quality is not affected by the
presence of nanoparticles and the Dirac point had shifted from 12V before deposition
to 6V after deposition.
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Introduction

The study of topological insulator in condensed matter has attracted a lot of attention.
These materials are insulating in the mass but have edge states, as in the case of the
quantum Hall effect, but without the presence of an external magnetic field.

In this master thesis, the material used to study this new state of matter is graphene, a
two-dimensional crystal with a hexagonal lattice composed of carbon atoms. It was first
isolated by K. Novoselov and A. Geim in 2004 [1]. At low energy, the charge carriers
of graphene behave like relativistic particles, giving them incredible electronic properties
that have attracted the attention of many researchers for several years.

In 1988, Haldane was the first one to theoretically demonstrate a topological phase in
graphene and to discover the presence of edge states without applying a magnetic field
[2]. This phase is also known as the quantum anomalous Hall effect. However, this model
is difficult to obtain experimentally in graphene.

In 2005, Kane and Mele described a new graphene effect called the quantum spin Hall
effect [3], induced by the intrinsic spin-orbit coupling of graphene. Due to this effect, at
each edge, a spin state propagating in opposite directions should be observable. However,
graphene has a weak intrinsic spin-orbit coupling. Fortunately, observation of edge states
without applying a magnetic field can be obtained by inducing Rashba spin-orbit coupling
and proximity exchange field with other materials as in Ref. [4] by covering the graphene
RbMnCls.

In this master thesis, the quantum anomalous Hall effect induced by the proximity effect
with magnetite nanoparticles will be studied. These nanoparticles are composed of iron
oxide surrounded by an organic envelope and are always magnetized. These nanoparticles
induce a Rashba spin-orbit coupling and an exchange field in graphene.

In section 1, the various electrical properties and the tight bonding pattern of graphene
will be described. The effect of the magnetic field inducing a quantum Hall effect in the
graphene will also be described.

In section 2, the theory of topological insulation will be developed. First, the Berry’s phase
and curvature will be explained. Then, the quantum Hall effect, explained in section 1 by
solving the Shrodinger equation, will be explained by considering the topological theory.
Indeed, materials subjected to a high magnetic field are topologically not negligible. Then,
the Haldane model and the graphene quantum spin Hall effect will be detailed.

In section 3, the magnetic properties of magnetite nanoparticles will be described. As will
be explained, in the mass phase, magnetite is a ferrimagnetic material. However, when
small diameter magnetite nanoparticles are used, the material becomes superparamag-
netic.

In section 4, the results obtained with Kwant, a python set used for numerical compu-
tations, with particular emphasis on quantum transport, will be presented to highlight
the presence of edge states. In addition, the results of the ab-initio computation will be
detailed. An iron atom close to the surface of the graphene 4x4 supercell has been used
to obtain the value of the band gap in the graphene mass.

In section 5, the different experimental equipments used during this master thesis will be
presented. First, the general principle of the Raman spectroscopy will be developed. The
description of the different peaks generally observed with graphene will be given. Then,
the atomic force microscope will be described.



In section 6, a rapid description of two techniques of graphene synthesis will be given:
the mechanical exfoliation and the chemical vapor deposition.

In section 7, the samples and the different cleaning steps used to lower the Dirac point
will be presented. Electrical measurement will also be discussed.

In section 8, the synthesis of magnetite nanoparticles will be detailed.

In section 9, the different results obtained after the deposition of nanoparticles on graphene
will be presented and discussed.



1 Graphene Physics

In this section, the physics in graphene will be explained. Firstly, the crystal structure
and the band structure of graphene, obtained by using the nearest-neighbors tight-binding
model, will be developped. Secondly, some electronic properties as the backscattering in
graphene and the ambipolar effect will be shown. Finally, the effect of the magnetic field
will be described.

1.1 Crystal structure of graphene

Graphene is a monolayer of graphite and was firstly isolated by K. Novoselov and A.
Geim in 2004 [1]. It is a one-atom thick layer composed of sp?-hybridized carbon atoms
organized in a honeycomb lattice [5, 6] as represented in figure 1.

b,
a:0.142nm r K
K
X b,
® Sublattice A
® Sublattice B
Figure 1: Representation of the lattice Figure 2: Representation of the recipro-
of graphene. The unit cell is indicated cal lattice. The first Brillouin zone is rep-
in orange. The sublattices A and B are resented in blue with I, the center and
represented in red and blue respectively. K/K', the two inequivalent corners.

The nearest-neighboring carbons are sep-
arated by a distance a.. = 0.142nm.

Its structure is composed of two triangular sublattices, A and B as shown in figure 1.
The honeycomb lattice can also be seen as a triangular lattice with a two-atoms basis [6].
The unit cell is represented in orange in figure 1. The two basis vectors of the real space
lattice are given by [7]:

a“;/g(\/i 1) and ay = accz\/g(\/é, ~1) (1)

with a.. = 0.142nm, the distance between two carbon atoms.

a; =

The reciprocal space is represented in figure 2. The reciprocal lattice vectors are given
by [7]:
21

3ace

(1,V3) and by = 27 (1, ~V3) @
3ace

The Brillouin zone, in blue in figure 2, is composed of several crystallographic points: I,

K, K', M, M', M". These points are inequivalent since they can not be linked by a

linear combination of the reciprocal basis vectors. Point K and K’, called Dirac points,

have an important role in the electronic properties of graphene and their coordinates are

by

o 1 , 2w 1
K= 3—(1(1,%) and K' = 3(1(1’ \/5) (3)



1.2 Band structure of pristine graphene

Carbon atoms possess 6 electrons, which are in the configuration 1522522p? in the ground
state. Two of these electrons are in the inner shell 1s and do not contribute to chemical
reactions. When several carbon atoms are close to each other, one electron is excited
from the 2s shell to the 2p. In the case of graphene, each carbon atom will form three
sp? bonds with their nearest-neighbors leading to three ¢ bonds. These bonds do not
contribute to the electrical transport in graphene. However, the out-of-plane p, orbital
of a carbon atom will form 7 bonds between two electrons of neighboring atoms. These
electrons, called 7w-electrons, determine the low-energy properties of graphene and are
responsible for its uncommon electrical properties.

A tight-binding approximation that describes the m-electrons can be determined by solv-
ing the time-independent Schrédinger equation and by only considering the interaction
between atoms and their first-nearest-neighbours [5, 6, 8, 9|:

H¥(r,k) = EW(r, k) (4)

with ¥(r, k) and E, respectively, the eigenfunctions and the eigenvalues of the Hamiltonian
H. The wavefunction can be separated in two parts due to the two sublattices:

¥(r, k) = AV (r, k) + BUP) (1 k) (5)

with A and B, two unknown amplitude parameters and A and ¢P) , two Bloch func-
tions associated to the A and B sublattices. They can be written as a linear combination
of the atomic orbital wave:

Po=4 o B) (1 1) — % SR RO (r 4 5, — R) (6)
R

¢ (r 4 d; — R) is the atomic orbital wave of the electron that describes the p, orbitals.
The electron is close to the j atom located at the position R — d; at the Bravais lattice
R. N is the number of unit cells in the crystal lattice.

In this theoretical part, as presented in the paper of M.O. Goerbig [6], the sites A are con-
sidered to coincide with the sites of the Bravais lattice. The three vectors §;, represented
in figure 1, connect sublattice A to sublattice B and are given by:

8, = a(1,0), & = g(—1,¢§) and §; = g(—1,—\/§) (7)

After the description of the wavefunction, the next step is to characterize the Hamiltonian
of a m-electron in atomic potential, which is given by the following equation:

H:;nA—k%:V(r—R)—FV(r—R—kéj) (8)

V(r —R) and V(r — R + §;) correspond respectively to the potential induced by the
nuclei from sublattice A and B. We can apply this Hamiltonian to ¢(7). As represented
in equation 9, the Hamiltonian can be divided into a atomic orbital part H® and a
perturbation part AU; which comes from all other atoms.

H¢W(r) = [%A +VEN () +[V(r+8;)+ > V(E—R)+V(r—R+4;)o™ (9)
R#0

The first part is the orbital part. The eigenvalue of orbital Hamiltonian H® is called
the onsite energy and is equal to €. The second part of the equation can be seen as a
perturbation part AU, due to the potential from all the other atoms. Consequently, this



equation can be simplified into [e? + A_C{ 4] (7). The same result can be obtained by
applying the Hamiltonian to ¢(B)(r +6;):

H¢B)(r) = (H* + AUp)¢P)(r) (10)

All the onsite energies are equal to €,. Indeed, the atoms have the same electronic
configuration. For simplification purposes, €, is considered to be equal to 0. Now, two
parameters, A and B, from equation 5 have to be determined. The time independant
Schrodinger equation after multiplying by ¥*(r, k) gives:

@ () = B s () (1)
with,
(P (e ) HE (r, k) o (0, k) HEP) (1 k)
He = (W>*(r,k)ﬂw>(r, k) B, k)Hw<3>(r,k)> (12)
and
(T (e, ) (r, k) T (e, k)P (1, k)
S = (W(B)*(r,k)LP(A)(r,k) 7B (r k)PP (x, k)) (13)

The eigenvalues given by E from equation 11, are obtained by solving the secular equation:
det[Hk - ESk] =0 (14)
After resolution that is described in annex 10.1, equation 14 becomes:

£ tf*(k)

et i

} =E?—#*f*(k) =0 (15)
with ¢, called the hopping parameter. This parameter is due to the interaction between
neighbouring atoms and is a constant approximately equal to 2.7 — 3eV. Its expression is
given in equation 94 from annex 10.1 Consequently, the eigenvalues of the Hamiltonian
are:

\/géﬂmac%@ + 40052@ (16)

E=4t{/1+4
\/—I—cos 9 9

with k, and ky, the momentum components of k in the 2 and y directions. The "+"
and "—" are associated respectively to the conduction and the valence bands. Figure 3
represents the band structure of pristine graphene.

E(K) in eV

n/b

7l 7/2c 0
3

-7l2C  _zjc b -m2b 0 m/2b
y X

Figure 3: Energy dispersion in function of the wavevector with a.. = 0.142, the distance
V3ace
5o

between two carbon atoms, b = “s¢ and ¢ =

10



For undoped graphene, as each carbon atom contributes to one m-electron, the valence
band is filled and the conduction band is empty. The Fermi Level is located at the
intersection between the valence and conduction bands. The two bands are connected at
the six K and K’ points, which explains the name of gapless semiconductor or semimetal
to graphene. Close to the points K and K’, the energy dispersion can be described by

E = %huyq (17)

with v f:‘%“:lofam /s, the Fermi velocity and q, the translation of the momentum vector

k at one of the Dirac points, equal to k-K.

Close to these points, the energy dispersion is linear in opposition to the usual 2D gas
with a parabolic energy dispersion. In the case of graphene, the charge carriers have a
zero effective mass. At low energies, they behave like relativistic particles, described by
the Dirac-Weyl equation where the speed of light is replaced by the Fermi velocity and
with a zero mass [10]. Consequently, developing the Hamiltonian around the Dirac points
leads to the following effective Hamiltonian:

H = _hvf(nCIwa + quy) (18)

with 0=(0,0,), the Pauli matrices and n==+. The "+" and "— " refer to a wavefunction
close to the Dirac points K and K’ respectively. However, in the case of graphene, o
does not operate on the real spin of the charge carriers but on the so-called pseudospin,
which comes from the presence of the two sublattices. By analogy to the real spin,
electrons can reside on A and B sublattices as the real spin-up and spin-down. The
operator o characterises the repartition of the wavefunction between the two sublattices.
Consequently, the hopping of electrons between A and B sublattices is represented by a
rotation of the pseudo-spin.

By solving the 2D Dirac equation for a massless particle:
- hvf(nQ:r:Uz + QyUy)LDZ = E&’—/Z (19)

the wavefunction of the Hamiltonian is represented by the spinors [6]:

w5 ()

with ¢, given by arctan Z—y. The "£" outside the exponential corresponds to the conduc-

tion and valence bands respectively. As for the real spin, the wavefunction (1,0)7 refers
to the A sublattice (pseudospin up)and the (0,1)7 refers to the B sublattice (pseudo spin
down). Graphene is composed of carbon, consequently, both wavefunctions contribute
equally to the total wavefunction and only differ by a phase ¢ [11].

To conclude this section, the density of state in pristine graphene can be given by [5]:

24,8
- 2
T Uf

p(E) (21)

3v/3a?
5 -

with A., the unit cell, equal to

1.3 Electronic Properties

1.3.1 Backscattering in graphene

The purpose of this section is to introduce two important parameters and their implication
in the electronic properties of graphene: the Berry’s phase and the helicity.

11



1.3.1.1 Berry’s Phase

Equation 20 represents a spinor and, as for all spinors, a rotation of 27 leads to an
accumulated phase of 7. In the case of graphene, it means that if the vector q is forced to
realize a full circle around the Dirac point at a constant energy, the wavefunction changes
its sign. This phase is commonly called the Berry’s phase that will be explained in
more details in the section 2. The Berry’s phase can explain the quantum interference in
graphene, which can be destructive or constructive. The left part of figure 4 represents the
interference between two electron paths. Due to the additional phase, 7, the two paths can
end up in opposite phases if there are no spin-orbit interactions and no scattering between
valleys. This results in the observation of an anti-weak localisation (AWL) in graphene.
On the other hand, when intervalley scatterings occur (due to ripples or large defects for
example), the Berry phase leads to constructive interferences that are responsible for the
weak localisation (WL). Then, depending on the scattering mechanisms, both WL and
AWL can occur [12]. A way to measure the WL and AWL is by applying a magnetic
field. The right part of the figure 4 gives the transition between the weak and anti-weak
localisation in graphene from Ref. [13] due to a change of the electron density.

®
° o 8

30 -i5 0 15 30
B[mT]

Figure 4: On the left part of the figure, a schematic representation of the localization in
graphene. The dark points represent impurities. In graphene, it is expect to obtain a
destructive interference due the Berry’s phase of m. On the right , figure modified from
Ref. [13] that shows, for the up-curve, the weak localization and for the down curve, the
anti-weak localization. The points are obtained at a temperature of 27K. The second
curve is obtained by lowering the electron density.

1.3.1.2 Helicity

The helicity(which is the same as chirality in the case of massless relativistic fermions) is
an operator described as [5, 6]:
hely. @

2" |dq
It corresponds to the projection of the pseudo-spin onto the direction of propagation. The
sign of the helicity is given in figure 5. In the case of Dirac Hamiltonian with no mass
term, this quantum number is relevant to describe the wavefunction since the helicity
and the Hamiltonian commute. A positive (negative) helicity means that the momentum
and the pseudospin are (anti-)parallel. The sign of the helicity changes from K to K’.
Note that the helicity is only correct when the massless Dirac Hamiltonian is a good
approximation, which is not the case for high energy.
When intravalley events occur, the conservation of the helicity forbids the backscattering
leading to, for example, the Klein tunneling [14]. This is explained by the necessity to flip
the pseudo-spin to allow the backscattering process. However, when intervalley scattering
occurs, backscattering is allowed as the helicity changes its sign leading to a conservation
of the pseudo-spin.

(22)
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® Momentum

® Pseudospin

Figure 5: In green, the pseudospin. In red, the direction of the momentum. A positive
helicity occurs when both are parallel and a negative helicity when both are anti-parallel.

1.3.2 Ambipolar electric field effect

The density of charge carriers can easily be changed by using a Graphene-Field effect
transistor (GFET). The most common GFET was realized on a Si/SiOy substrate which
is represented in figure 6.

Source Drain

\ Graphene

pLkQ]

Figure 6: Side-view of a graphene-Field
effect transistor realized on a Si/SiOq
substrate.

VglV]

Figure 7: Ambipolar effect in graphene
inspired from Ref. [15]. By changing the
back gate voltage to tune the position of
the Fermi level, the resisitivity increases
until reaching a maximum value at V; =
ov.

The silicon layer plays the role of the back-gate and by changing the back-gate voltage
Vg, the position of the Fermi Level can be tuned. Indeed, as represented in figure 7, the
resistivity p increases when the Fermi level is in the valence band (conduction band_) and
Vy is increased (decreased). When the Fermi level is located between the valence band
and the conduction band, the resistivity reaches a maximum that represents the Dirac
point [16]. In undoped graphene, the position of the Dirac point has to be at zero V.
However, when graphene is in proximity with negatively charged impurities, the Dirac
point is shifted toward negative voltage. When graphene is in proximity with positively
charged impurities, the Dirac point is shifted toward positive voltage.

Using this kind of measurement, the mobility of the charge carriers can be calculated.
The Drude model can be used and is valid for the linear part of the dispersion relation.

13



The mobility is given by the following equation:

1

e —
e

do

dn

with n the charge carrier density which can be expressed as a function of the back-gate
voltage:

(23)

n=a(Vy— V) (24)
with Vg,, the gate potential at Dirac’s point and «, the gate lever-arm:

€o €Si0,
o =——= 25
e ds;o, (25)

with ds;0, and €g;02, the thickness and the permittivity of the dielectric layer.

1.4 Graphene Nanoribbons

The presence of edges leads to strong effects for the low energy spectrum of the 7-electrons.
We can identify two different edges: "armchair" and "zigzag", which are represented on
figure 8.

@ Sublattice A
® Sublattice B

Figure 8: This figure represents on the left, an armchair nanoribbon of graphene and on
the right, a zigzag nanoribbon of graphene. The upper bold lines represent the edges of
the graphene nanoribbon

As shown in figure 8, the zigzag nanoribbon edge is composed of one type of carbon atoms
(A or B). The armchair nanoribbon is formed by two different types of carbon atoms (A
and B). These edges lead to localised edge states close to the Fermi level in the case of
zigzag nanoribbons, but which are absent in the case of armchair nanoribbons [17]. In
the next sections, the band structure for these two kind of nanoribbons will be described
by using the nearest-neighbor tight-binding model.

1.4.1 Zigzag nanoribbons

In this case, as represented in figure 8, atoms of each edge are of one single type, A or B.
Figure 9 represents the band structure of the zigzag nanoribbon obtained by using the
nearest-neighbor tight binding model in Kwant. In this case, the width is described by
N, which represents the number of zigzag lines. As can be seen, at k = +7, the valence
band and conduction band are completely degenerated [18]. In the intervals [K, 7] and
[—7, K'], the two bands are partially flat and are located close to the Fermi level.

1.4.2 Armchair nanoribbons

Figure 10 represents the band structure of armchair nanoribbons with different width.
The top of the valence band and the bottom of the conductive band are at £k = 0. As
shown, depending on the width, the armchair nanoribbon behaves like a semiconductor

14



Energylev]
'

Figure 9: On the left the band structure of zigzag graphene nanoribbon obtained by
using Kwant with the hopping parameter,t, equal to 2.8eV. The path in the Brillouin
zone corresponds to K — I' — K’ with k, = 0. This nanoribbon, with a width and a
length composed of respectively 22 and 102 atoms, is represented on the right.

Energyfev]

Energy[ev]

Energy (ev]

Lo
O S S T

Figure 10: Band structures and systems of armchair nanoribbons with (a)N = 9,(b)N =
17,(c)N = 25 obtained by using Kwant with the hopping parameter,t, equal to 2.8eV.
The path in the Brillouin zone corresponds to K — I' — K’ with k, = 0. A band gap is
opened when the number of two carbons sites is not equal to 3M — 1 with M, an integer.

or a semi-metal. The band gap in the case of semiconductor reduces when the width
increases. The energy spectrum is given by the following equation [17, 18]:

k
B = :tt\/l + 4cos(p)cos(§) + 4cos?(p) (26)
with p= g7 and r =1,..., N. N is used to define the number of atoms in the width.
It represents the number of two-carbon sites. As we can see, when N = 3M — 1 with M,
an integer, the nanoribbon is a semi-metal. Otherwise, it is a semi-conductor.

1.5 Effect of the magnetic field

In this section, the effect of the magnetic field on the electronic transport properties of
graphene will be developed. Firstly, the classical and integer quantum hall effect will be
presented. Finally, the quantum Hall effect in graphene will be explained.

15



1.5.1 Classical Hall effect

Consider a bi-dimensional electron gas in a perpendicular magnetic field B = (0,0, B).
Due to the Lorentz force, there is an accumulation of charges at the edges. This accumu-
lation results in a potential difference Vg, called Hall potential that creates an electric
field perpendicular to the direction of the current and the magnetic field. It opposes the
displacement of the charge carriers and increases until compensating the Lorentz force
caused by the magnetic field. The total force is given by the following equation [19]:

F=qE+vAB)—m> (27)
T

with the last term, the friction term characterized by a collision time 7. The situation is
represented in figure 11.

Figure 11: Schematic representation of a Hall Bar. A current I flows in the x-direction.
A magnetic field B is applied in the z-direction resulting in a potential difference V.

The equilibrium state, F' = 0, is reached when the Lorentz force due to the magnetic field
is equal to the force resulting from the created electric field. To analyze this effect, the
Ohm’s law, J = ¢E, will be used. This law can also be written as E = pJ with p and o
are respectively called resistivity and conductivity tensor. They are given by [19]:

_ [ Pzx pyx) -1 (O'afac O'yx)
p= ando=p " = (28
(Pﬂcy Pyy Ozy Oyy )

Pz is called the longitudinal resistivity and pg, is called the Hall resistivity. The equation
27 can be decomposed in the x-direction and the y-direction:

MUy

Ey=""% _y,Band B, = ¥ 1 y,B (29)
qT qT

There is not any current in the y-direction which corresponds to v, = 0. The current
density can be obtained by recalling that J,,,=qnv,/, with n, the carrier density. Con-
Bq

m’

sequently, by introducing the Drude conductivity, o9 = QQ%

the Ohm’s law becomes:

(£) -5 G0 @) o
E, oo \—weT 1 Jy Pry  Pyy) \Jy

TN o0 (1w (B _ (0w o) (B 31)
Jy) 14 wer \weT 1 Ey,)  \ow oy \Ey
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As shown by the previous equation, we can determine the longitudinal resistivity:

(32)

with n, the density of the charge carriers. Consequently, the longitudinal resistance is
given by:

V. E.L
Riyw =— = = ppo L/W 33
7= Pl (33)
with L and W respectively the length and the width of our 2D sample. The Hall resistivity
is:
B
Py qn (34)
Consequently, the Hall resistance is given by :
Vi
Ry = TH = Puy (35)

The Hall resistance is independent of the geometry of the sample. By measuring the Hall
resistance in graphene, information about the carrier density and also about the type of
carriers that contribute to electronic transport can be obtained.

1.5.2 Integer Quantum Hall Effect in semiconductor-based 2D electron sys-
tems

In 1980, the effect called the Integer Quantum Hall effect was discovered by Klitzing,Dorda
and Pepper [20] on a classical 2D electronic system . They found that, when a sufficiently
high magnetic field B is applied, the Hall resistance exhibits plateaus for certain values
of B. In the same regions, the longitudinal resistance vanishes and possesses peaks of
non-zero resistance when the Hall resistance changes from one plateau to another. This
is represented in figure 12.

0 2 4 6 2] 10 i2 14
35 T T T T T T T T T T T T T T
| v=1
1.0
pxx 30 ( | H(y
kC¥sq 29[ 108 hfe?
201 108
J v=2
151
v=23 04
101 y, v=4
102
05
0-0 L L L { al L J l \ L L O_D

[ 2 4 6 8 10 i2 14
Magnetic Field (T)
Figure 12: Typical measurement of the integer Quantum Hall effect from Ref. [21]. The

Hall resistance presents plateaus for some intervals of magnetic field. The longitudinal
resistance vanishes in the same intervals.
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The plateaus are located at:
1h
Pay =3 (36)

with v, an integer equal to 1,2,3,... .

1.5.2.1 Electrons in a magnetic field: Landau Levels

When a magnetic field is applied, the electrons will execute a circular orbit with a fre-
quency of

eB
.= |— 37

To treat this problem in quantum mechanic, the Peirls substitution will be used, which
allows to introduce the magnetic field in the Hamiltonian [19]:

H(p) — H(Il =p+qA) (38)

with A, the vector potential equal to (0, Bz,0), if a magnetic field is applied in the z-
direction. In this case, the Hamiltonian for free electrons (the potential is assumed to be
0) is:

2

o= 2%“’ +eA)? (39)

which gives:

n_, _ iehBzx 0 n (eBx?)

H=-——V 40
2m m 0y 2m (40)
The eigenvalues of this Hamiltonian are:
1
E, = hw.(n + 5) (41)
with n = 0,1,2,... . These eigenstates are called Landau levels (LLs) and are represented
in figure 13
p(E) p(E) et
E E

Figure 13: Effect of dispersion under a high magnetic field with and without spin-
degeneracy.

Consequently, the energy spectrum, which was a constant for 2D electron gas, becomes
quantized. We only expect to obtain a real discretization of the LLs at a high magnetic
field, which allows electrons to realize a complete orbit [19]. The number of states in each

LLs is:
@

np = h (42)
Consequently, the number of filled LLs is
Ne hne
Y ng eB (43)

Where v is called the filling factor. When it is an integer, it represents the number of LLs
filled. By increasing the magnetic field, we increase the space between two LLs and also
the number of state per LLs. Equation 43 is obtained without considering the spin of
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the electrons. At a low magnetic field, the Zeeman splitting is not enough to obtain two
well separated LLs. This situation, neglecting the spin spilling is represented in figure
13. Only the even filling factors appear in equation 43. On the contrary, when a high
magnetic field is applied, the degeneracy can be completely lifted via Zeeman interaction.
Well separated LLs can be obtained.

1.5.2.2 Edge state and effect of disorder

In a classical description, the electrons experience an orbital motion. However, close to the
edges, the orbit must collide with the boundaries. Then, the electrons bounce back to the
sample leading to a skipping motion in which particles move along the one-dimensional
boundary and in one direction. In a quantum description, when electrons are close to
the edges, they experience a potential that increases slightly when they are closer and
closer to the edges. This induces the upward bending of the LLs close to the edges [22].
When the Fermi Level is in the bulk of the band gap, it crosses the LLs at the edges
as represented in figure 14 As shown in this figure, the number of states at each edge

E-

W=0 W=L

Figure 14: Bending of the Landau Levels close to the edge due to the potential experi-
mented by electrons leading to the edges states when the Fermi Level is in band gap of
the bulk. The red dotted line represents the Fermi Level and the blue line, the Landeau
Level.

corresponds to the number of filled LLs, v leading to the expression of the Hall resistance
in equation 36. However, the presence of edge states can not explain how the Fermi Level
can be maintained between two LLs and so, can not explain the presence of plateau in the
Hall resistance. Indeed, it is impossible to keep the Fermi Level into the band gap when
the density of electrons is changing. This is why the presence of disorder is necessary.

Without disorder, the LLs are present as Dirac-function (see figure 13). When disorder
is present, the LLs broaden as shown in figure 15.

Delocalised

p(E) Localised

E

Figure 15: Effect of disorder on the Landau Levels. The blue lines represent the delo-
calised states and the rest represents the localised states.
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The states that are due to the disorder, are localised. This means that the electrons that
occupy these states can not participate in the electrical transport. The blue lines in figure
15 represents the delocalised states that are the only one, in the bulk, that can contribute
to the transport. The localised states can keep the Fermi Level between two delocalised
states and contrary to these localised states in the bulk, the edge states are delocalised
and are not backscattered. They can contribute to the transport of charges leading to
the presence of plateau in the Hall resistance [22].

1.5.3 Integer Quantum Hall Effect in graphene

In the case of graphene, the charge carriers behaves like massless Dirac fermions at low
energy characterized by the Hamiltonian in a magnetic field around K given by [23]

Hig =v¢(p+eA)-o (44)

and around K’ given by
Hyi = —vi(p+eA)-o* (45)

The LLs in this case are:
Err = +hwe/n = +v;V2henB (46)
with n = 0,1,2,... . The same spectrum is obtained around K and K’ leading to the

degeneracy of each state of 2. As for the previous case, the energy spectrum becomes
discrete. This result is by many aspects different than the one obtained for classical 2D
electron gas. Some differences can be detected. The first one is the presence of a zero-
energy state which is shared by electron and hole. The second is the energy separation
between two LLs which does not growth linearly with the number of filled LLs. The third
one is that there are positive and negative LLs which are respectively for electrons in the
conduction band and holes in the valence band.

P(E)

Delocalised

Localised

E

Figure 16: Energy dispersion of the graphene under a high magnetic field. The blue lines
represent the delocalised states and the rest represent the localised states.

For low magnetic field, as for the previous case, the Zeeman splitting is to small to obtain
two well-separated LLs for each spin. Consequently, the number of filled LLs is double.
The filling factor, at low energy, is consequently 2 (Valley)+2 (spin)=4.

The new expression for the LLs leads to the quantization of the Hall resistance as follows
Ref. [23]:
h 1

e24(n+1) (47)

Pzy =
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Figure 17: Typical measurement of the Quantum Hall effect from Ref.[23]. The Hall re-
sistance presents plateaus for some intervals of magnetic field. The longitudinal resistance
vanishes in the same intervals.

21



2 Topological Insulator

Topology is initially used in mathematics to define properties of three-dimensional objects.
These properties are described by integers called topological invariants. The most famous
example is the Gauss-Bonnet theorem given by the following equation:

1

with K, the Gauss curvature defined as k1k2, the two main curvatures at a given point
of a surface, g the number of holes in the object (1 for a torus, 0 for a sphere, see figure
19), called the genus, and n the Euler characteristic.

The two main curvatures in K are obtained by slicing the surface of an object with a
plane perpendicular to the normal plane at a given point. The intersection between the
surface and this plane forms a curve. In every directions, a curvature is obtained. The
largest and smallest ones are selected and are the two principle curvatures as represented
in figure 18.

Planes of Principale
Curvatures

Normal Plane

Figure 18: Two main curvatures that define the Gaussian curvature in equation 48.

The integral of the Gauss curvature over the whole surface divided by 27 is always an
integer, n. This number represents a topological invariant, which means that it remains
unchanged under continuous and smooth deformations of the object [24]. It allows to
topologically differentiate a torus from a sphere. A simple smooth deformation from one
to the other is not possible without closing the gap [24, 25| while it is possible between a
torus and a cup. This is represented in figure 19.

In solid state physics, topology is used to tell the difference between two insulators. In an
insulator, there are two different well-separated bands: the valence and conductive bands.
In this context, the valence bands will be topologically characterized. In analogy with
the example given before, two insulators are topologically equivalent if the band structure
can be changed from one to the band structure of the other by smoothly changing the
Hamiltonian without closing the gap. On the other hand, two topologically nonequiva-
lent insulators that are put into contact lead to the creation of a new class of material:
the topological insulators. These materials are insulators in the bulk while possessing
a conducting channel at the interface with the other material due to the necessity to close
the gap (example: change from a torus to a sphere required to close the hole leading to
a change in the topology) [26, 27].
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Figure 19: A donut and cup have the same topolgocial invariant,n = 0. A sphere with a
genus, g, of 0, has a topological invariant of n = 1.

In analogy with equation 48 with the Euler characteristic, n, the parameter used to
describe each insulator topologically is the Chern Number, C, a topological invariant
that depends on the Berry curvature, §2.

In this section, the Berry’s phase and the Berry’s curvature will be described to understand
the direct link between topology and an insulator. Then, the integer quantum Hall
effect(IQHE), which has already been presented in the previous section, will be explained
topologically. Indeed, the presence of a magnetic field will change the topology of the
material. The Haldane model [2], also called the first topological insulator, will then be
developed. Haldane discovered that the only requirement to obtain a non-trivial insulator
and, by consequence, to obtain edge states, is to break the time-reversal symmetry and
not to apply a magnetic field. Then, the quantum spin Hall effect in graphene predicted
by Kane and Mele [3] will be explained. Both these models are purely theoretical in the
case of graphene and can not be observed directly but has been experimentally shown
in other materials. For example, the quantum spin Hall effect was observed in HgTe
Quantum Wells [28] or in monolayer of WTe;[29]. However, they will be important to
understand the case that we are interested in: the quantum anomalous Hall effect in
graphene induced by magnetite nanoparticles.

2.1 Berry’s Phase and Curvature

In this section, the Berry’s phase and the Berry’s curvature will be presented. Firstly,
the general form of the phase will be given. Then, a short classical analogy, the Hannay
angle, will be described. Finally, the role of the Berry’s phase and curvature in the band
structure will be detailed to understand the impact of this new phase in the topological
description of insulator.

2.1.1 General form of the Berry’s phase

Consider an initial Hamiltonian H;(R) with an eigenstate 1;(R = R;). The vector R
represents a parameter space, which can be real space (r), reciprocal space (k), a magnetic
field, a nuclear coordinate, etc. This vector is slowly changed into a new vector R = Ry
during a time T. When the new vector is equal to the initial one, the new eigenstate is
equal to the initial one with an additional phase ¢ as represented in the following equation

(R =Ryt =T)) = ¢ [i,(R = Ry, t; = 0) (49)

Initially, the phase ¢ was equal to the dynamical phase obtained by solving the time
dependant Schrodinger equation and that depends on the energy, as shown in the following
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equation [32, 30]
T
d)dynamic :/ E[R]dt (50)
0

In 1984, Berry proposed a new phase that appears when a system undergoes a cyclic
and adiabatic evolution [32] in a parameter space along a path C. The phase, called the
geometrical phase, is added to the already known dynamical phase. Consequently, the
phase described in equation 49 becomes [32, 30]

b= géj i (0, (R)| Ar |4 (R)) - dR — / R}t (51)

The details of the calculation are given in the annex 10.2 . The first term is the geometri-
cal phase, called the Berry’s phase and usually noted . The second one is the dynamical
phase. As shown in this equation, the Berry’s phase only depends on the geometry of
the path C and not on how long it takes to perform the change. This is the manifes-
tation of the failure of a parallel transport around a closed path, called holonomy. In
other word, this phase is associated with the connection to the space itself. This is why,
i (¥;(R)|Ar|%;(R)) is called the Berry’s connection, which is gauge independent and is
noted A[R]. This parameter allows to connect the two points R and R + dR in the
parameter space [33].

By applying the Stoke theorem, a new notion is defined, the Berry’s curvature, noted £2:

v = ;]iA[R] “dR = é Q[R] - dS (52)

with 2 equal to Vg x A[R]. The Berry’s phase is completely defined by the Berry
curvature which can be seen as the 'Gaussian curvature in the parameter space ’ (see
resemblance with equation 48). In analogy with the Gauss-Bonnet theorem, a topological

invariant can be defined, called the Chern Number, an integer, and represented by [27,
26, 24, 34, 35]:

1
c=_ yfs Q[R] - dS (53)

This invariant is close to the Euler characteristic. A non-zero Chern number has its origin
in the curvature of the parameter space.

2.1.2 Classical Analogy: the Foucault Pendulum

The Berry’s phase has a classical equivalent, called the Hannay angle [36]. The most
famous example is the Foucault pendulum. Consider that a pendulum initially oscillates
in a direction represented by the blue arrow in figure 20.

The pendulum is slowly displaced to avoid to affect the direction of oscillations and
follows the trajectory represented by the dotted red line. As shown in the figure, when
the pendulum realizes a close loop, A— B — C — A, the direction of oscillation undergoes
a phase shift due to the curvature of the Earth. This is the classical demonstration of the
Berry’s phase. This phase depends only on the close loop and not on the time it takes to
realise it.

The Hannay angle between the initial and the final direction is given by the integral of
the Gaussian curvature over the surface delineated by the trajectory. In the case of a

sphere, the Gaussian curvature is %2 with r the radius.

2.1.3 Berry phase in Bloch Bands theory

In this part, the parameter space R will coincide with the Bloch vector k. The domain
where the vector varies is the Brillouin zone (BZ).
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Figure 20: In red dotted line, the trajectory followed by a pendulum that oscillates in the
direction of the blue arrows.

In a crystal structure, due to this periodic potential, it seems logical that the probability
density varies in the same way in each unit cell. Consequently, the wavefunction of a
charge carrier may be written as:

|25 (r)) = €T Juy(r)) (54)
with u;, a function that has the periodicity of the potential, j, the energy band index and
k the wavevector in the first BZ. A reciprocal lattice vector, G, can be defined that links
two equivalent wavevectors from different unit cells of the crystal. In other words, k and

k’ are considered equivalent if
k=k’+mG (55)

with m, an integer.
Consider now a single and isolated band. By changing slowly k(t) inside the BZ to explore

the band, the Bloch state of a charge carrier will undergo a closed loop in the momentum
space as represented in figure 21, which results in the apparition of a Berry’s phase.

2n

2n
ky

Figure 21: Example of close path in the Brillouin Zone that represents the variation of
ky from O to 27 with k; constant.

The following equation gives the new state after a close loop along the n** band [37]:

; i (T
[k tp =T)) = emewJo =M (1, 1, = 0)) (56)
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with ~,,, the already presented Berry’s phase of the n'”* energy band presented in equation
52 and which is noted:

vy = %cAn[k] .dk = énn[k] -dS (57)

When the crystal respects the time reversal symmetry (¢ — t’) and the inversion symme-
try, the Berry’s curvature is limited by the following properties that lead to a zero Berry’s
curvature in the whole BZ:

Ungapped graphene respects these symmetries leading to a zero curvature. However, one
interesting point about graphene is that its Berry’s phase is equal to w. As explained
in the theoretical part about pristine graphene, the eigenvectors obtained by solving the
massless Dirac equation around K and K’ are described by spinors:

()5 (7)

It results that the Berry’s connection is 5=. For a closed path in the momentum space,

the Berry phase is obtained by [33]:

27r11
1= A)-da= [ G =x (60)

Experimentally speaking, this Berry’s phase can be characterised by the suppression of
the backscattering.

11
24q

From equation 61, the Chern number associated to the n'" band becomes [27, 26, 24, 34,
35]:
1
Cn=— 2,k)-dS 61
> b 2. (61)
It remains invariant under small deformations of the Hamiltonian. This number will be
used to topologically characterise the n” band [38].

2.2 Charge Carriers in an electric field: Anomalous velocity

Charge carriers are represented by a superposition of waves that have individual phase
velocity. The motion of the wave packet is characterized by the group velocity. When an
electron is inside an electric field, the group velocity is firstly described by the following
equation:

den (k)

hdok

However, this description is uncomplete. Electrons can acquire an anomalous velocity,
which comes directly from the Berry’s Curvature. Indeed, Karplus and Luttinger proposed
in 1954 an extra term called anomalous velocity [39]. This term was later linked with
the Berry’s curvature for an electron in an electric field as represented in the following
equation [40]:

vp(k) =

(62)

den(k) e
ok %E X 2, (k) (63)

with £2,,(k) the already described Berry curvature of the n'" band. The anomalous
velocity is always perpendicular to the electric field applied. This equation shows that
in addition to the band energy, a description of the Berry’s curvature of the band is also
required. However, despite equation 62 is not complete, it accurately describes electrons
subjected to an electric field in the case of crystal that respects both time-reversal and
inversion symmetry, leading to a zero Berry’s curvature over the whole BZ, as represented
in equation 58. However, many systems can break one or both of these symmetries as
ferromagnets or when a high magnetic field is applied leading to the quantum hall effect
in 2D material, as will be explained in the next point.

v (k) =
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2.3 Integer Quantum Hall effect: A topological description

In section 1.5.2, the integer quantum Hall effect obtained by solving the Schrodinger
equation has been described. However, the bulk of the system can also be used to topo-
logically describe this effect. The total current density is given by the contribution ev,, (k)
(given in equation 63)of all the occupied states by omitting the first term of the group
velocity(eq. 63):

g = h / (2,(k) X B)f(en)dk (64)

with f(e,), the occupation probability. At zero temperature, this probability is 0 or 1.
As the electric conductance tensor, ¢” , comes from J™ = o™E , the Hall conductivity
for the n'" band, is given by [37]:

n e? [ d’k e?
= [ e 0 = 56 o
The integral corresponds to the Chern number described in equation 61 for the n*” filled
band.

By considering all the filled bands under a high magnetic field for non-interacting elec-
trons, the Hall conductivity is given by:

. € e?
Uwy:ZUIyZZZC”:ﬁC (66)

The band structure of electrons in a high magnetic field is split into LLs. By breaking
the time-reversal symmetry, the Berry curvature is not zero, leading to a non-zero Chern
number. Each LLs can be associated with a band structure carrying a Chern number
of 1 [26]. The Chern number is only well defined in the case of an isolated band as for
LLs where all levels are well separated from each other by a gap. Consequently, the total
topological Invariant C that describes a material under a high magnetic field is just the
sum of Chern numbers of each filled LLs, leading to a non-trivial insulator when the
Fermi level is exactly in a band gap. As said before, the vacuum is a trivial insulator
with a Chern number equal to zero. Consequently, at the spatial interface between the
2D material and the vacuum, the gap has to close, leading to the presence of edge states.
By the bulk-edge correspondence principle, the number of edge states corresponds to the
total Chern number C' [41].
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2.4 Haldane Model

By analyzing equation 66, Haldane realized that the only requirement to obtain edge
states is to break the time-reversal symmetry leading to a non-zero Chern Number. In
1988, he proposed a theoretical model with graphene [2]. The spinless tight-binding model
is given by the following equation:

H=t Z chej + mz ctoci +t Z eiicte; (67)
<ij> i <<ig>>

The first term of this expression is the classical nearest-neighbour hopping of graphene. By
adding the second term, Haldane breaks the inversion symmetry of graphene, implying
that A and B sublattices are not equivalent anymore. In this term, o, represents the
Pauli matrice for the pseudo-spin. However, only breaking the inversion symmetry is
not enough to obtain a non-zero Chern number. As the time-reversal symmetry is still
respected, the Berry’s curvature at K and K’ is not zero but has the same value with
the opposite sign (equation @) This is represented schematically in figure 22. The third
term will break the time-reversal symmetry and will be described more precisely later in
this section.

Figure 22: Representation of the Berry curvature at K and K’ points of the Brillouin in
the case of (a) breaking inversion symmetry and (b) breaking the time-reversal symmetry
in graphene.

By calculating the eigenvalues of the massive low energy Dirac Hamiltonian of equation
67, the following expression is obtained [42]:

E =+, /h?vik? + m? (68)

with "+’ for the conduction and valence band respectively. Adding the massive term that
breaks the inversion symmetry yields to a band gap of 2m. The most famous example of
this situation is the case of h-BN, which is a trivial insulator with a band gap of 6eV [43]
and an hexagonal lattice. Boron and Nitrogen atoms respectively occupied the A and B
sublattices leading to a difference of potential between the two sublattices. Consequently,
a band gap is opened due to the inversion symmetry breaking.

The eigenvalues of the Hamiltonian of equation 67 have been computed using a tight
binding model for different sets of parameters ¢, ¢’ and m. The obtained band structure
are presented in figure 23 for t = —2.8¢V, ¢’ = 0eV and m = leV, leading to an absence
of time-reversal symmetry breaking and a band gap of 2eV.

The third term is the complex next-nearest neighbour hopping parameter. Haldane in-
troduced this term in his model to break the time-reversal symmetry. By adding this new
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Figure 23: Band structure obtained
by using Pybinding [44] for a zig-zag
graphene nanoribbon with inversion sym-
metry breaking. The hopping parameter
ist = —2.8eV, the m parameter is equal
to 1 leading to a band gap of 2eV. The
width of the nanoribbon is W = 15nm.
The lattice parameter is 0.24596nm with
a carbon-carbon distance of 0.142 nm.
The path in the BZ corresponds to K —
I' - K’ with k,=0.

Figure 24: Band structure obtained
by using Pybinding [44] for a zig-zag
graphene nanoribbon with inversion sym-
metry breaking. The hopping parameter
ist = =27V, m = 02eV, ¢ = 0.1t
and ¢ = 5 . The width of the nanorib-
bon is W = 15nm. The lattice parameter
is 0.24596nm with a carbon-carbon dis-
tance of 0.142nm. The path in the BZ

corresponds to K — I'— K’ with k,=0.

term, Haldane proposes a model where the opposite magnetic field is applied in a and b
regions (see right part of figure 22) with a zero net magnetic flux. This means that the
nearest-neighbour hopping term is not affected[25]. As represented on the right part of
figure 22, the integral of the Berry’s curvature over the whole Brillouin zone is not zero
anymore leading to a non-trivial Chern number. In the case of the Haldane model, the
Chern number can be equal to &+ 2 (due K and K’ valley) depending on the value of the
ratio 4+ and the value of the phase ¢.

Figure 24 represents the band structure when time-reversal symmetry is broken, obtained
for t = —2.8¢V, t' = 0.1teV, m = 0.2V and ¢;; = 5. As we can observe, there is a band
gap in the bulk. However, at the edges, 2 states, one per valley, are present due to the
non-trivial topology of the filled bands.

By using Kwant, a python-package, the presence of edge states can be confirmed by plot-
ting the density of state which is given in figure 25(b). Figure 25(a) shows the conductance
as a function of the energy. Due to the presence of edge states, when the Fermi level is
located in the band gap, a non-zero conductance is observed, which corresponds to:

e
= —_— = 2—
Ozy =C - - (69)
with C the Chern number.

The Haldane model was difficult to obtain experimentally due to the difficult to apply a
periodic potential. However, it was observed with ultracold fermions as presented in Ref.

145].

29



\ Y s 0.010
e
2b S I~ /
\ / 10 0.008
N{ 1.8 \
s \ / 05
\ / 0.006
g 1.6¢ \ |
E \ | oo
S
B Lar | 05 0.004
8 | -1.0
1.2 |
\ | -15 : . ; : . 0.002
. | | -2 -1 0 1 2
le-8

0. L L L L L L L L L
-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 0.04 0.06 0.08 0.1
Energy[eV]

(a) (b)

Figure 25: (a) Conductance in function of the energy and (b) the density of state at the
energy equal to 0.1teV. The size of the system is W = 30nm and L = 22nm with a
lattice parameter of 0.2459nm and a hopping term of 2.7eV. The next-nearest hopping
parameter,t’, is equal to 0.6 eV and m = 0.2 eV with ¢=7.

2.5 Quantum spin Hall effect in graphene

In 2005, one year after the discovery of graphene by Andre Geim and Kostya Novoselov
[46], a new phenomenon was theoretically described in graphene by Kane and Mele: the
quantum spin Hall effect [3]. Figure 26 represents the principle of the quantum spin Hall
effect compared to the quantum anomalous hall effect.

—T

]
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Figure 26: Representation of (a) the quantum spin Hall effect and (b) the anomalous
quantum Hall effect. In (a), on the top edge, the edge states correspond to the spin-up
and spin-down move respectively forward and downward. On the bottom edge, it is the
reverse situation.

As for the quantum anomalous Hall effect described by Haldane, quantum spin Hall effect
is obtained with a zero magnetic flux. At each edge, one state per spin propagates in
opposite directions. This surprising effect which shows a net transport of spin on both
edges can be theoretically explained by introducing spin-orbit coupling in the Hamiltonian
of the system.

The tight-binding Hamiltonian is:
H = —t Z C;Cja + tin Z C;:txiO' : (dk,j X dik)cjﬁ (70)
<ij>a <<Lij>>ap
The second term describes a second neighbour tight-binding model. ¢ is the Pauli matrice

for the real spin of the electron. However, the intrinsic spin-orbit coupling in graphene is
too weak to observe this effect experimentally.

If the intrinsic spin-orbit interaction is taken into account, a band gap can be opened in
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the bulk, which is topologically non-trivial, and spin filtered edge states that cross inside
the band gap can lead to a quantum spin Hall effect as shown in figure 27. Indeed, charge
carriers in graphene will experience a magnetic field due to their motion in the atomic
electric field which will interact with their spins.

Figure 27 represents the band structure of the zig-zag nanoribbon of graphene for t;,=0.2t.
This is not the real value calculated in graphene, which is very low (Ref. predicted a value
of 12peV" [47] and Ref. [48] found experimentally a value of 20ueV for graphene on SiO5)
and which complicate the visualisation of edge states in the band structure.

K! r K
k-space

Figure 27: Band structure obtained by using Pybinding[44| for a zig-zag graphene
nanoribbon by taking into account the intrinsic spin-orbit coupling. The hopping pa-
rameter is ¢ = —2.8¢V, t;, parameter is equal to 1eV leading to a bandgap of 2 eV.
The width of the nanoribbon is W = 15nm. The lattice parameter is 0.24596nm with
a carbon-carbon distance of 0.142 nm. The path in the Brillouin zone corresponds to
K — I'—» K’ with k,=0.

The robustness of the quantum spin hall effect is due to the conservation of the time-
reversal symmetry since the conductance linked to one spin is opposite to the one of the
other. A perfect transition is possible as for the previous Hall effect. Indeed, the charge
carriers backscattering would require to flip their spin along the same edge or to occupy
a state of the other edge.

2.6 Quantum Anomalous Hall Effect in Graphene induced by
proximity effect with magnetic material

In the previous section, two different models implying topological effects in graphene have
been presented: the Haldane model and the quantum spin Hall effect. Unfortunately,
QSHE can not be experimentally observed in graphene due to a very weak intrinsic spin-
orbit coupling. Indeed, Ref. [47] predicted a value of 12ueV. In Ref. [48], a band gap
of 42.2ueV was obtained for graphene on SiOs. In addition, the Haldane model is also
difficult to realize in graphene and has not been observed in graphene for the moment.

However, these models allow to understand how the topology of the material can induce
edge states. In this section, the quantum anomalous Hall state in graphene induced by the
proximity effect with magnetic material will be explained. In 2010, Qiao et al [49] inves-
tigated the possibility to obtain a non-zero Chern Number, implying edge states, without
applying any external magnetic field. Indeed, they numerically obtained, by ab-initio
calculations, that the Rashba spin-orbit coupling (RSOC) and the internal magnetisation
induced by Fe adatoms can lead to a topological non-trivial band gap of 5.5meV in the
bulk. A Chern number of 2 was found, meaning as explained in the section 2, a Hall con-
ductivity of 2% when the Fermi Level lies in the band gap of the bulk graphene. Other
publication numerically showed by ab-initio calculations the presence of a topologically
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non-trivial band gap in the bulk like Ref. [4] by adding a film of graphene with RbMnCls,
Ref. [50] with MnPSe;.

2.6.1 Origin of the Rashba Spin-Orbit coupling and exchange field induced
in graphene

2.6.1.1 Rashba Spin-Orbit Coupling

The Rashba Spin-Orbit coupling is a relativistic effect. When an electron with a momen-
tum p moves in an electric field, it experiences an effective magnetic field in its rest-frame,
which will interact with the real spin of the electron. Due to this effective magnetic field
that is only felt by electrons, the spin-degeneracy is lifted by conserving the time-reversal
symmetry. The Rashba spin-orbit effect is originated from breaking the inversion sym-
metry of material meaning that the sublattice A and B are not equivalent anymore. This
can be achieved for example, by applying an external electric field or in a asymmetric
quantum well as AlGaN/GaN/AlGaN [51], InAs/AlSb [52], InAlAs/InGaAs/InAlAs [53]
resulting in an ’intrinsic’ electric field.

The RSOC is also obtained at the surface between two materials by breaking the inversion
symmetry at the interface [54|. Consequently, the requirement to generate a Rashba spin-
orbit coupling is to break the inversion symmetry leading to an electric field resulting in
a spin-orbit coupling of the charge carriers.

Compared to the very weak intrinsic spin-orbit coupling in graphene, the Rashba spin-
orbit coupling can be greatly enhanced. This was already achieved numerically by de-
positing graphene on Ni(111) [55], by adding In, Sn, Sb, Te, I, La, Hf, Pt, Au, Hg, TI,
Pb and Bi on top of the surface [56] and was experimentally reported for Au in Ref. [57].

The tight-binding Hamiltonian of the RSOC in graphene in the real space is given by [58,
50, 59, 60]:

Hp =iVg Z cre.- (o x dij)c; (71)
<i,j>
with Vg, the strength of the RSOC, o, the Pauli matrices for the real spin and d;;, the
unit vector pointing from the site j to site i. To obtain the band structure of graphene
easily, one can express the Hamiltonian in the momentum space. By realizing the Fourier
transformation developed in Ref. [58], the Hamiltonian is given by:

fr(k) 0
The 2x2 matrix is due to the presence of the A and B sublattices with fr(k) given by:

Hp(k) = tr [ 0 fR(k)} (72)

fr(k) = [(cos \/ikz sin % +sink, )]s, — V3sin (sin % + cos %)sy (73)
tgr is called the strength of the Rashba effect and is material dependent and s are the
Pauli matrices for the real spin. This effect will lead to split the spin-degenerated energy
level. This is mathematically visible in equation 72 by the presence of the Pauli matrices
for the real spin. This effect was found to be very interesting to control the spin in
graphene and, in the case of magnetic adatoms, makes graphene useable in spintronics.
In this master thesis, we will explore the role that the magnetite nanoparticles have in
breaking the inversion symmetry of graphene leading to a Rashba Spin-orbit coupling.
As magnetite is magnetic, another phenomenon, the exchange field, has to be considered.

V3k,
2

2.6.1.2 Exchange field

In addition to the RSOC, if the material used is magnetic, ferromagnetic order can be
induced in graphene by proximity effect, due to the hybridization between the carbon m

32



states and the states of magnetic atoms. This leads to a natural time-reversal symmetry
breaking and produces a macroscopic exchange field (the principle will be explained in
the section 3 about magnetite.). By turning off the RSOC, the exchange field will lead to
the lifting of the spin degeneracy. The spin-up bands are pushed upward and spin-down
bands are pushed downward.

The tight-binding Hamiltonian of the exchange field induced in graphene in the real space
is given by [49, 61, 59:

Hem = )\ch_szci (74)

with A, the strength of the exchange field and s, the Pauli matrice in z-direction for the
real spin. By realizing the Fourier transformation developed in Ref. [58], the Hamiltonian
in the momentum space of the exchange field in graphene is given by:

s, O
Ho=a 5 )] (75)
The spin-up and spin-down see respectively their energies change by a value of A and
—A\. This effect on graphene was already described in many papers. In Ref. [61],
graphene/BiFeO3 heterostructure was described. In addition to the already explained
RSOC, an exchange field in graphene was observed due to the hybridization between
Fe 3d state and 2p, state of graphene. A value of 142meV for the exchange strength
was obtained by ab-initio calculation. This effect was experimentally confirmed for this
heterostructure in Ref. [62]. In Ref. [4] the graphene/RbMnCl; heterostructure was
considered. Due to the hybridization of the Mn 3d state with the 2p, state of graphene,
an exchange strength of 280meV was obtained by ab-initio calculation.

2.6.2 General tight-binding Hamiltonian of graphene
The global tight-binding Hamiltonian in the real space for graphene is given by:

H,+Hrp+H,, =—t Z c;rcj +1Vg Z c;rez (o x dij)cj + )\chszci (76)

<ij> <ipj> i

The combination of the two effects, leading to the inversion symmetry breaking and the
time-reversal symmetry breaking, open a gap in the bulk graphene at points K and K’.
The low-energy Hamiltonian in k-space is given by:

Ve

H= _hvf(nq:vaw + any)ls + Algs, + B

(nowsy — oyse) (77)
with o and s, respectively the Pauli matrices of the pseudo and the real spin. The first
term is the Dirac Hamiltonian described in section 1.2. By diagonalization of the low-
energy Hamilatonian, the band gap induced by the presence of the Rashba spin-orbit
coupling and the exchange field is equal to [63]:

A= ﬂ (78)

VR VE
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3 Magnetism in magnetite Fe;O,

In this section, the magnetic properties of magnetite (Fe3O4) will be discussed. Firstly,
the crystal structure of the magnetite will be described. Secondly, the magnetism in the
bulk magnetite will be developed. Finally, the differences in the magnetic properties due
to the reduction of the particle size will be explained.

3.1 Crystal structure

The crystal structure of magnetite is represented in figure 28. It is part of the spinel
family [64]. In general, spinel structure [64] is formulated by AB2X,, with A% and
B3t being cations that occupy tetrahedral and octahedral sites and X2~ being an an-
ion. However, magnetite has an inverse spinel structure B(AB)X, that is formulated by
(Fe3*[Fe3*Fe?+]0,). The difference with the previous structure is that half of the B
cations switch place. The AB ions between brackets occupy the octahedral sites and the
B ions occupy tetrahedral sites as represented in figure 28 [65].

Figure 28: Structure of magnetite from Ref [65]. The oxygen, trivalent iron and divalent
irons ions are respectively in grey, red and green.

The unit cell is a face-centered cubic structure with space group Fdsm and its length is
a = 0.839nm. Oxygen ions occupy the fcc closed packed sites [66]. This iron oxide is
particular because it is composed of divalent and trivalent iron ions. These ions occupy
the interstitial sites between the oxygen ions.

3.2 Ferrimagnetism in bulk magnetite

Magnetite is ferrimagnetic at a temperature lower than 850K [67], called the Curie tem-
perature. The net magnetic moment is due to the Fe?" ions present in the octahedral
sublattice. Indeed, the magnetic moment of Fe3* ions from the tetrahedral sublattice is
compensated by the magnetic moment of Fe3* ions from the octahedral sublattice [68].

The bulk magnetite is composed of different domains, called the Weiss domains, separated
by Bloch walls as it can be seen in the left part of the figure 31. Each domain has its own
uniform direction of spontaneous magnetization leading to a global non-magnetization at
zero external magnetic field. There are six directions of easy magnetization corresponding
to the three [111] axis [64]. The Bloch walls are used to separate the different domains.
An example of Bloch walls, in red, are given in figure 29. Inside these walls, the mag-
netization direction changes between the two directions of the adjacent domains. The
spontaneous magnetization is due to interactions between electrons from adjacent atoms
which allows the alignment of the atomic moment in a certain direction [68]. In the case
of magnetite, the exchange interaction leading to a ferrimagnetic behavior between the
octahedral and tetrahedral sublattices is provided by the oxygen ions. This exchange is
called superexchange interaction, which is different from the direct exchange.
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The direct exchange is characterized by the Heisenberg Hamiltonian given by [69]:

Hpei=~J Y Si-Sy (79)
<ij>

with J, the exchange integral and S;/; the two spin angular momenta. The bracket
"<>" means that only the coupling between electrons from the nearest neighbor atoms
are considered. Indeed, to obtain a direct exchange interaction, it is crucial to have a
direct hopping between the d-orbitals. Because they are localised, it is only happening
between orbitals on different atoms that are very close, which is not the case in magnetite.
However, to explain the ferrimagnetic behaviour of magnetite, the direct exchange is
extended by taking into account the hopping with p-orbital of oxygen. Superexchange
describes the interaction between two Fe-atoms that are too far to be connected by direct
exchange but are connected through a non-magnetic entity [70].

The presence of different domains is the configuration that minimize magnetostatic energy.
Indeed, if only one domain is considered, its magnetization will induce magnetic poles on
its surface leading to an increase of the magnetostatic energy. The formation of different
domains allows the reduction of this energy. However, forming different domains requires
the presence of Bloch walls. Consequently, several terms have to be taken into account.
These terms are given in the following equation which represents the total energy of the
system [68].

E= Eea:ch + Ea + Es + Ems + Eh (80)

Eeczcn,the exchange energy, is due to the angular deviation of the magnetization direction
in the Bloch Wall. To reduce this term, the walls have to be wide. E,,the magnetocrys-
talline anisotropy, is due to the angular deviation from one easy-magnetization direction
to another in the Bloch Walls. To reduce this term, the walls have to be the narrowest.
E; is the magnetoelastic energy due to a mechanical strain/deformation. E,,s is the the
magnetostatic energy and causes the formation of domains. FEj is the magnetic energy
due to the presence of an external magnetic field. The system at a given size, tempera-
ture and in a given external magnetic field which minimizes the total energy, will be the
equilibrium system.

H increases
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Figure 29: Representation of the evolu-
tion of domains by increasing the exter-
nal magnetic field. The magnetization
direction in every domains will start to
rotate. If the external magnetic field is
sufficiently high, the magnetization of all Figure 30: Representation of an hystere-
the domain will be in the direction of the sis curve [71].
external field.
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By applying a sufficiently large external magnetic field (H), the direction of magnetization
in every domain is rotated from their easy axis of magnetization to an axis parallel to
the external field[72]|. This situation is represented in figure 29. Figure 30 represents the
general M-H curve of a magnetic material. Before applying any external field, because
of the different domains, the global magnetization is zero. Then, when the external field
increases, the magnetization in the direction of the field increases as well, by following
the green curve in figure 30, until it reaches a saturation value (M.). This corresponds
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to the case where all the domains have the same direction of magnetization. At room
temperature, the value of the saturated magnetization is 92emu/g [73]. The decrease in
the field initially applied induces rotations towards the easy directions closest to those of
H. However, it can be seen that the magnetization does not return to the curve of the
first magnetization; in particular, for a zero field, the magnetization keeps a positive value
called the remanent magnetization M,. The field must be reversed to cancel M.

3.3 Size-dependent magnetic behaviour

In the previous part, the magnetism in bulk magnetite was described. When the dimen-
sion of the material decreases until it reaches the range of a few nanometers up to hundreds
of nm, the magnetic properties in magnetite change and become strongly size-dependent.
Two diameters are important to understand the changes in magnetic properties: the crit-
ical diameter, D. and the threshold diameter, D;. These diameters induce three different
behaviors [74]:

e If Dyps > D.: In this case, the nanoparticles are composed of several, as explained
in the previous point in the case of bulk magnetite. The coercivity field of the par-
ticle increases when the size of the particle is reduced, until it obtains its maximum
value at D..

e If Dy < Dyps < D.: In this case, the nanoparticles are only composed of one do-
main. Indeed, the presence of Bloch Walls and multi-domains are not energetically
favorable. Consequently, the magnetization is already saturated even without any
external magnetic field. When the diameter becomes close to D¢, the magnetization
of the nanoparticles becomes more and more unstable.

e if 0 < Dyps< Dy: In this case, the nanoparticles become superparamagnetic. In-
deed, the magnetization is completely unstable and can be reversed to 180° due to
thermal activation.

Figure 31 represents the evolution of the magnetization when the size of the nanoparticle
reduces.
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Figure 31: Domains in nanoparticles in function of their diameter.
These three behaviors are directly related to the minimization of the energy represented
in equation 80. The value of the two diameters are material and temperature-dependant.

In the case of magnetite, at room temperature, D, is in the range of 80 to 100nm and D;
is in the range of 20 to 30 nm [75].

In general, as for bulk material with the Curie temperature, nanoparticles exhibit a
superparamagnetic behavior above a specific temperature called the blocking temperature
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which is smaller than the Curie temperature. However, contrary to bulk material that
becomes paramagnetic due to the spins disorder, the superparamagnetic behavior is due to
spins reversal. Indeed, above the blocking temperature, the energy barrier,K. sV, which
separates the easy directions of magnetization, with K.r; the effective anisotropy and V
the volume of the nanoparticle, is lower than the thermal energy, kgT. Consequently, the
spins reverse many times, leading to a magnetization close to zero.

The time between two spin reversals is given by the Arrhenius formula [76]:

T =rT0e FBT (81)

with 79 = 107 %s, the expected time of spin reversal [72]. The value of the blocking
temperature depends on the size of the nanoparticle, the experimental time scale and the
effective anisotropy.
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Figure 32: Magnetic properties at 300K and 5K. M-H curbe obtained by changing the
size of the nanoparticles from Ref.[75]

Figure 32 represents the M-H curve for different sizes of nanoparticles at two different
temperatures obtained by Baumgartner et al. [75]. When the temperature is lower than
the blocking temperature, the M-H curve does not have any hysteresis. At zero external
field, for nanoparticles in the superparamagnetic state, the magnetization is zero.

3.3.1 Saturated magnetization of ferrimagnet nanoparticles

To conclude this section, the effect of using nanopar-
ticles in the saturated magnetisation will now be ex-
plained. Indeed, if we consider a system composed
of nanoparticles and another bulk one with the same
volume, the same saturated magnetization should be
observed. However, it is experimentally not true [77,
78] . In the case of oxide nanoparticles, surface effect
can lead to reduce the magnetization of the nanopar-
ticle systems compared to the one in bulk material.
As long as the size of the nanoparticles reduces, these
surface effects become more and more important due
to an increase of the ratio between surface and volume.
Indeed, at the surface, the spins are not ordered as in
the core [74]. The spin disorder is due to the mod-
ification of the exchange interaction between surface
magnetic ions. Consequently, if the oxygen is not present or if there is another ion as

Figure 33: Representation of
a magnetite nanoparticle com-
posed of a core of FesOy sur-
rounded by a organic shell.
The saturated magnetisation was
reached and the arrow represent
the direction of magnetisation.
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impurity, this can lead to the breaking of the exchange interaction between the magnetic
ions leading to spins disorder at the surface [79]. This is represented in figure 33.

This section concludes the theoretical part of this work. The primary objective of this
master thesis is to explore the emergence of the quantum anomalous Hall effect induced by
nanoparticles of magnetites deposited on graphene via simulations. Indeed, the presence
of nanoparticles of magnetites should induce a RSOC and an exchange field in graphene
and should therefore induce, as explained in section 2.6, the opening of a topologically
non-trivial bandgap in bulk graphene. The first simulation technique will use Kwant, a
python package for quantum transport calculations based on tight-binding model. The
second simulation technique will use ab-initio computation. A Fe atom on top of the
hollow position of a 4 x 4 supercell of graphene of graphene was considered to determine
the value of the band gap in the bulk of graphene. The second objective is to explore
what can be done experimentally to highlight the quantum anomalous Hall effect.
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4 Simulation Results

4.1 Tight-binding simulation

In this section, the results obtained with Kwant and Pybinding will be presented and
discussed. Firstly, the system composed of graphene with a uniform RSOC and exchange
field will be considered. The band structure of bulk graphene will be given to highlight
the presence of a band gap. Then, the density of states (DOS) and the conductance
obtained by Kwant will be analyzed. The effect of the disorder on the system will then
be considered. As the purpose of this master thesis is to cover graphene with magnetite
nanoparticles, the effect of a non-uniform RSOC and exchange field on the conductance
will be shown. The parameter, already presented in equation 76, will be fixed to the
generic values: Vi = 0.2eV and m = 0.1eV. These values are only used to qualitatively
determine the effect of the RSOC and exchange field on graphene and do not represent
the physical reality. During this simulation, we do not take into account the intrinsic
spin-orbit coupling of graphene. However, due to its low value, we do not expect that it
would affect our results.

4.1.1 Band Structure

Figure 34 represents the band structure of the bulk graphene obtained by using Pybinding
when the RSOC and/or the exchange field are applied. Pybinding is a scientific Python
package for numerical tight-binding calculations in solid state physics. The tight-binding
model given in equation 76 was implemented for an infinite graphene sheet. Figure 34
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Figure 34: Band structure of bulk graphene obtained with Pybinding with the hopping
parameter t = —2.8¢V and (a) Vg = 0.0eV and A = 0.0eV, (b) Vg = 0.2¢V and
A = 0.0eV,(c) Vg = 0.0V and A = 0.1eV, (d) Vg = 0.2¢V and A = 0.1eV. The
path in the Brillouin zone is K — I'— K’ with k, = 0.
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(a),(b),(c) represents the band structure in the case of pristine graphene, graphene with
RSOC and graphene with exchange field.

As shown in figure 34(d), a band gap is opened when both RSOC and exchange field
are present, which highlights an insulator state as confirmed in Refs. [49, 63, 59, 80].
The band gap is equal to 0.18eV, which corresponds to the value obtained by using the
equation 78.

4.1.2 Conductance and density of state

In this section, a system with a width and a length of 150nm was used with two vertical

leads. Figure 35 represents the conductance as a function of the Fermi level. As can be
2

seen, in the band gap of the bulk graphene, the conductance is equal to 25-.
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Figure 35: (a)System used to obtain conductance. The leads are represented in red. The
system has a width and a length of 150nm. (b)Conductance as a function of the position
of the Fermi Level. The hopping parameter is ¢ = —2.8eV, the RSOC strenght is 0.2eV
and the exchange field strength is 0.1eV. The number of points used to obtain this curve
is 300 for energies between —0.01 and 0.01eV.

Indeed, the insulator state obtained by plotting the band structure in figure 34 is topolog-
ically non-trivial. Consequently, as expressed in the section 2, this leads to the presence
of edge states. In this situation, there are two states per edge, one per valley. The states
from different edges propagate in the opposite direction. Figure 36 highlights the pres-
ence of these edges states. Indeed, when the Fermi level is in the band gap, as in figure
(a) to (d), the edge states can be observed which is not the case when the Fermi level is
outside the band gap. In addition, the band gap obtained with Pybinding in figure 34(d)
correspond to the interval of energy where the edge state are obtained with the Kwant
simulation.

These edges states induced by the RSOC and exchange field without the application of
any magnetic field were also highlighted in a general case in Ref [58], by considering Fe
atoms adsorbed on top of graphene in Refs [49, 50| or by covering the graphene with a
real antiferromagnetic insulator RbMnCl; in Ref. [4].
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Figure 36: Density of states and current in arbitrary units for energy of 0.0eV for (a) and
(d), 0.075eV for (b) and (e) and 0.12eV for (c) and (f). The system used is a nanoribbon
of graphene with a width and a length of 150nm. The hopping parameter is t = —2.8eV/,
the RSOC strenght is 0.2eV and the exchange field strength is 0.1eV.

4.1.3 Hall and longitudinal resistivity

To represent a more realistic situation, three more horizontal leads will be added as
represented in figure 37(a). The upside right lead is grounded. With this configuration,
it is now possible to calculate the Hall and longitudinal conductivity. The result is shown
in figure 37(b). Again, as long as the Fermi Level is located in the band gap, the Hall

conductivity will be equal to %e% and the longitudinal resistivity will be zero.
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Figure 37: (a) System used to obtain the Hall and longitudinal resistivity. The leads are
represented in red. The system has a width and a length of 150nm and (b) Resistivity
as a function of the position of the Fermi Level. In red, the Hall resistivity, p;, and in
blue, the longitudinal resistivity, p;,.The hopping parameter is t = —2.8¢V, the RSOC
strenght is 0.2eV and the exchange field strength is 0.1eV.

4.1.4 Effect of disorder

In this section, the effect of disorder on the quantum anomalous Hall effect is studied.
A new term is added to the tight-binding model described in equation 76, due to the

presence of disorder:
> Eicte (82)

The disorder is included by varying the onsite energies E; randomly in the interval
[-Up, Up]. Tt is important to note that the disorder used in this section corresponds
to local variations in potential related to non-magnetic impurities such as PMMA or
charges in SiOy. Figure 38 represents the conductance as a function of the Fermi level
for different disorder strengths.
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Figure 38: Conductance as a function of the Fermi level for four different disorder
strengths. The hopping parameter is t = —2.8¢V, the RSOC strenght is 0.2eV and
the exchange field strength is 0.1eV.

The quantum anomalous Hall effect seems robust even with a disorder strength of 1.7¢V.
However the range of energy where the edge states are observable reduce when the disorder
strength increases. Few examples of the density of states and density of current are given
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in figures 39, 40 and 41. When the conductivity is not 2¢2/h, the quantum anomalous
Hall effect is not present which is observable for example in figures 41 (e)/(f) and (g)/(h).
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Figure 39: Density of states and current in arbitrary units for energy of 0.04eV with
(a) and (b) Uy = 0.1V, (c) and (d) Uy = 0.4eV , (e) and (f) Uy = 0.9¢V, (g) and (h)
Uy = 1.7¢V. The system used is a nanoribbon of graphene with a width and a width of
90nm and a length of 80nm. The hopping parameter is t = —2.8eV, the RSOC strength
is 0.2eV and the exchange field strength is 0.1eV.
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Figure 40: Density of states and current in arbitrary units for energy of 0.055¢V with
(a) and (b) Uy = 0.1V, (c) and (d) Uy = 0.4eV , (e) and (f) Uy = 0.9¢V, (g) and (h)
Uy = 1.7eV. The system used is a nanoribbon of graphene with a width and a width of
90nm and a length of 80nm. The hopping parameter is t = —2.8eV, the RSOC strenght
is 0.2eV and the exchange field strength is 0.1eV.
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Figure 41: Density of states and current in arbitrary units for energy of 0.085¢V with
(a) and (b) Uy = 0.1V, (c) and (d) Uy = 0.4eV , (e) and (f) Uy = 0.9¢V, (g) and (h)
Uy = 1.7eV. The system used is a nanoribbon of graphene with a width and a width of
90nm and a length of 80nm. The hopping parameter is t = —2.8eV, the RSOC strenght
is 0.2eV and the exchange field strength is 0.1eV.
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4.1.5 Effect of a non-uniform Rashba spin-orbit coupling and exchange field

A non-uniform RSOC and exchange field will now be applied at the surface of graphene.
Due to the time required by the simulation, a smaller system than the one used in the
previous section was used. An example of system used for the simulation is represented
in figure 42(a). The dark part on this figure represents the region where the graphene
felt the RSOC and the exchange field. Their sizes are 10nm and mimic the presence of
nanoparticles at the surface which are geometrically homogeneously dispersed. In these
regions, the tight-binding model given in equation 76 was implemented. In the rest, the
tight-binding model presented in section 1.2 was implemented. Figure 42(b) represents

the conductance as a function of the posiﬁl of the Fermi level in systeawith different
density of nanoparticles.
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Figure 42: (a)Example of system used for the simulation which corresponds to the density
of nanoparticles of 7800 N Ps/um. It has a width of 90nm and a length of 80nm. In dark,
the region that feels the effect of the RSOC and the exchange field.(b) Conductance as a
function of the Fermi level for three different densities of 10nm-diameter nanoparticles and
the case of a uniform RSOC and exchange field. The hopping parameter is t = —2.8¢eV,
the RSOC strenght is 0.2eV and the exchange field strength is 0.1eV.

As can be seen, a conductance of % is still observable. However, the range of energy in
which the edge states are obtained reduced with the density of the nanoparticles. Figure
43, 44 and 45 represent the density of states and the density of current at, respectively, the
Fermi level equal to 0eV, 0.05eV and 0.075e¢V for the different densities of nanoparticles
used in figure 42. When the Fermi Level is in the region where the conductance is not

equal to 2%, the quantum anomalous Hall effect can not be obtained anymore as shown,
for example, in figures 45(c) to (h).
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Figure 43: Density of states and current in arbitrary units for energy of 0.0eV with
(a) and (b) Uniform RSOC and exchange field, (c) and (d) 7800N Ps/um?, (e) and
(f)7100N Ps/um?, (g) and (h) 6700N Ps/um?. The system used is a nanoribbon of
graphene with a width and a width of 90nm and a length of 80nm. The hopping parameter
is t = —2.8eV, the RSOC strength is 0.2eV and the exchange field strength is 0.1eV.
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Figure 44: Density of states and current in arbitrary units for energy of 0.05¢V with
(a) and (b) Uniform RSOC and exchange field, (c) and (d) 7800N Ps/um?, (e) and
(f)7T1I00N Ps/um?, (g) and (h) 6700N Ps/um?. The system used is a nanoribbon of
graphene with a width and a width of 90nm and a length of 80nm. The hopping parameter
is t = —2.8eV, the RSOC strength is 0.2eV" and the exchange field strength is 0.1eV.
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Figure 45: Density of states and current in arbitrary units for energy of 0.075¢V with
(a) and (b) Uniform RSOC and exchange field, (c) and (d) 7800N Ps/um?, (e) and
(f)7100N Ps/um?, (g) and (h) 6700N Ps/um?. The system used is a nanoribbon of
graphene with a width and a width of 90nm and a length of 80nm. The hopping parameter
is t = —2.8eV, the RSOC strength is 0.2eV and the exchange field strength is 0.1eV.
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4.1.6 Conclusion

As it can be seen from the results of the simulation, the presence of the RSOC and
the exchange field leads to a topologically non-trivial band gap, as shown in figure 34.
Indeed, when the Fermi level is in the band gap, edge states are observable (figure 36),
which means that there is a quantum anomalous Hall effect in graphene. In addition, by
adding two additional leads, a Hall resistivity of %e% and a zero longitudinal resistivity
is obtained when the Fermi level is in the bulk band gap. As the purpose is to use
the magnetite nanoparticles, the effect of a non-uniform RSOC and exchange field was
studied. As it can be seen in figure 42, the conductivity, when the Fermi Level is in the
bulk band gap, is still 2% meaning that even with a non-uniform RSOC and exchange

field, the quantum anomalous Hall effect is observable.

Two important comments about these simulations need to be added. Firstly, an effect that
was not taken into account in these simulations is the presence of a magnetic field. Indeed,
to align all the magnetization direction of the magnetite nanoparticles, a small magnetic
field (in the range of 100m7" as shown in figure 32) has to be applied. Consequently,
a combined effect of the classical Hall effect and the quantum anomalous Hall effect
should be observed. Secondly, it is important to note that the results obtained in these
simulations can not qualitatively compare with the experimental datas. Indeed, the RSOC
and exchange field parameters are not determined experimentally and the density of
nanoparticles used is relatively high and homogeneous, which has to be experimentally
checked.
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4.2 Ab-initio calculation

Density function theory (DFT)-based calculations were performed to determine the topo-
logically non-trivial band gap induced in graphene due to the presence of magnetite. The
principle of DFT is described in annex 10.5. In this case, the purpose of this simulation
is to determine if the topologicaly non-trivial band gap is large enough to experimen-
tally observe the quantum anomalous Hall effect. As we wanted to obtain an order of
magnitude only, it was decided to only consider a Fe atom on top of the hollow posi-
tion of a 4 x 4 supercell of graphene. This is represented in figure 46. The calculations
were performed by using the Abinit software and the generalised gradient approximation
exchange-correlation potential was used.

Figure 46: Representation of a Fe atom on top of the hollow position of a 4 x 4 supercell
of graphene.

The first step of these calculations was the convergence study of, respectively, the unit
cell of graphene and Fe with body center cubic structure. These results were obtained
by using a norm-conserving fully relativistic pseudo-potential from Ref. [81] and are
described in annex 10.6. The value of the cut-off energy was 42Ha and the grid of k-
points was 5 X 5 x 1. Then, the distance of the Fe atom obtained by structural relaxation
is approximately 1.53A, which is close to the value obtained in Ref. [49, 82]. From Ref.
[49], which simulated the same system, it was expected to get a band gap of 5.5meV.
Consequently, a smearing temperature of 4meV was used for the simulations.

Figure 47 represents the band structure and the density of state of the 4 x 4 supercell of
graphene without iron atom.
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o
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Figure 47: Band structure and density of states obtained for a 4 x 4 supercell of graphene.
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The iron atom was then added at the hollow position. Figure 48 is obtained without
taking into account the spin-orbit coupling, which leads to a band structure without
band gap.
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Figure 48: Band structure obtained for a 4 x 4 supercell of graphene with a iron atom at
the hollow position without spin-orbit coupling.

Figure 49 is obtained including the spin-orbit coupling. Unfortunately, this band structure
is not correct. Due to self-consistend field (SCF) convergence problems, it was decided
to firstly calculate the wavefunctions for 0.27¢V smearing temperature and, secondly use
this wavefunctions file as a start point to facilitate the SCF convergence and obtain the
band structure with 0.004eV. However, with this technique, the same band structure was
obtained with and without magnetization. The problem comes probably from the fact
that the magnetization is particularly sensitive to the smearing temperature as explained
in Ref. [83]. Consequently, the whole calculation has to be realized with 0.004eV. At
this point, we could not solve the problem.
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Figure 49: Band structure obtained for a 4 x 4 supercell of graphene with a iron atom at
the hollow position by including the spin-orbit coupling.

By considering that the band gap obtained in Ref. [49], 5.5meV, is the correct one, we
can compare this value with the thermal energy kT, with k, the Boltzmann constant and
T, the temperature. In order to expect to observe the quantum anomalous Hall effect,
kT has to be lower than the band gap which is the case if the temperature is below 50
Kelvin.

In our case, the magnetite nanoparticles are composed of core made of oxygen and iron
surrounded by an organic shell, which avoids the agglomerations and short-circuit. The
exchange field, due to the hybridization between carbon 7 states of graphene and the
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localised d-states of iron atom, and the Rashba spin-orbit coupling will be strongly reduced
leading to a smaller band gap. Consequently, to expect to observe the QAHE, it is
important to realize the measurement well below 50 Kelvin. In addition, a small magnetic
field is still required in order to align all the magnetization of the nanoparticles in the
same direction.
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5 Experimental methods

5.1 The Raman Spectroscopy

5.1.1 Principle

The Raman spectroscopy is an non-destructive method used to characterize a sample.
A monochromatic laser beam is applied to a sample and only the scattered photons
are detected. In this case, the photon is absorbed by the sample due to the transition
from the ground state to a virtual state. A new photon is immediately created and
scattered because of a transition from the virtual state. Two different processes lead to
the scattering of the incident light: Rayleigh scattering and Raman scattering[84].

The first one is due to the elastic interaction between the photon and the sample. Con-
sequently, the energy of the scattered photon is the same as the energy of the incident
photon. The second one is due to an inelastic scattering process. The scattered photon
has a different energy from the energy of the incident photon [85]. With a Raman spec-
troscopy, this shift of the scattered photon is measured. This kind of scattering process
can lead to two different families of peaks [86]:

e The Stokes peak: In this case, the frequency of the scattered photon is lower than
the frequency of the incident photon. Indeed, a part of the energy of the initial
photon is transferred to a vibrational mode of the crystal. This molecule occupies
a higher vibrational energy state. In other words, the incident photon generates a
phonon with a energy given by the difference between the energy of the scattered
photon and initial photon.

e The anti-Stokes peak: In this case, the frequency of the scattered photon is higher
than the frequency of the incident photon. Indeed, a part of the energy of the
scattered photon comes from a vibrationally excited molecule, which ends up in
a lower vibrational state. In other words, a phonon is annihilated and its energy
contributed to the energy of the scattered photon.

In general, the x-axis of the Raman spectrum represents the Raman shift. The intensity
of the peak depends strongly on the monochromatic laser used and on the acquisation
parameters. Consequently, the y-axis is in arbitrary units.

5.1.2 Analysis of the Raman spectrum of graphene

In this section, the Raman spectrum of graphene will be shown and analyzed. In the
case of this master thesis, four main peaks are useful and are called G, G’,D and D’ [87].
Figure 50(a) shows the spectra of a perfect mechanically exfoliated graphene without any
structural defects. Only the peaks G and G’ are observed.

Figure 50(b) represents the phonon dispersion in the high symmetry line of the hexagonal
lattice. As the unit cell of the graphene is composed of two carbon atoms, there are 6
phonon dispersion bands. However, the presence of the other peaks, which are given in
figure 51, is due to defects.

The different mechanisms which are responsible for the different peaks are presented in
figure 52.

5.1.2.1 The G peak

As represented in figure 52 for the G peak, a incident photon is absorbed. This generates
an electron-hole pair. They can recombine, leading to the emission of a photon of the
same energy or they can create a phonon before recombination, which is represented by
the dark arrow. The Raman frequency shift is situated at 1581cm =" for single monolayer
graphene. This peak is the only one associated to a first-order Raman scattering process

[87].
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Figure 50: (a)Example of a Raman spectrum in the case of perfect graphene with A =
514nm for the laser. (b) Phonon dispersion in the high symetry line of the hexagonal
lattice obtained in Ref. [88] by using the experimental data of Ref. [89] represented by
the red triangles.
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Figure 51: Example of a Raman spectrum in the case of graphene with structural defects
with A = 514nm for the laser.

G peak G' peak

Figure 52: Schematic representation of the different scattering processes responsible for
the main peaks present in the graphene Raman spectrum.

5.1.2.2 The G’ peak

The G’ peak is due to a second-order inter-valley Raman scattering [87] and is represented
in figure 52. Two situations can explain this peak:
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e A double resonance process: this process starts with the excitation of an electron
around K by absorbing the incident photon with a wavevector k. The electron is
then inelastically scattered by a ITO phonon with a certain energy and a wavevector
q around the K’. Consequently, the wavevector of the electron is k+q. The electron
and hole are in different valleys. They can not recombine. The electron is then
scattered back to its initial wavevector by another ITO phonon with a wavevector
-q and then recombines with the hole by emitting a photon.

e A triple resonance process: this process is basically the same as the first. However,
the hole will scatter in the same valley as the electron before the electron scattered
back. Consequently, they will recombine in the other valley.

The Raman frequency shift is situated at 2630cm~!. For single monolayer graphene, the
full width at half maximum (FWHM) is approximately 30ecm=! [90, 87, 91]. In addition,
if this peak can not be fitted by a single Lorentian, the graphene is multilayer.

Consequently, the Raman spectrum can determine whether the graphene is monolayer or
not. Indeed, if:

e FWHM of the G’ peak is approximately equal to 30cm™!; and
e G’ peak can be fitted by one Lorenztian [87] (indeed, adding several layers of
graphene will split the G’ peak into different modes); and

I

e the ratio I‘;’ is higher than 1;

then, the graphene is monolayer.

5.1.2.3 The D peak

The D peak is due to a second-order inter-valley Raman scattering [87] and is also rep-
resented in figure 52. This process is exactly the same as the Double resonance process
involved in the G’ peak. However, the first scattering of the electron is due to a defect
present in the graphene lattice. The Raman frequency shift is situated at 1320em™—!.

5.1.2.4 The D’ peak

The D’ peak is due to a second-order intra-valley Raman scattering. Firstly, the electron
is scattered by defect. Secondly, the electron is scattered by a phonon. The Raman
frequency shift is situated at 1610cm~!.

5.1.3 Structural defect in Raman spectroscopy of monolayer graphene

Structural defects represent anything that can lead to an inversion symmetry breaking in
graphene like vacancy sites, grain boundaries, interstitial atoms, substitutional atoms or
adatoms [91].

The Raman spectroscopy can be used to determine the level of disorder in graphene by an-
alyzing the ratio between the D and G peaks, % Two different regimes are identified [91].
The first one, called low density defect regime, refers to the nanocrystalline graphene
phase. The second one, called high defect density regime, refers to the amorphous car-
bon phase. These two regimes derive from the presence of two specific radius. The first
one, 1, represents the direct structural disorder area. The second one, r,, represents the
area close enough to the defect to be activated. As the D peak is weakly influenced by
the the first one, the "low defect density" is generally obtained when Lp > 2r, with Lp
the average distance between two defects [92].

In the first regime, when the density of the defect increases, a D peak appears that
increases the ratio % The other peak, G’, broadens and decreases in intensity. In the case
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of rare defects, the Ip peak is proportional to the total number of defects probed by the
laser. Indeed, the D peak is only produced in the region close to a defect. Consequently,
if the laser spot size is Ly, the average number of defects is (f—g)2 leading to:

Ip o (72)? (83)

As the G peak intensity is proportional to the area of the graphene covered by the laser

spot, the ratio becomes:

1 c

I L7
with C, a constant that depends on the wavelength of the laser used. This formula was
firstly obtained by Tuinstra and Koenig in graphite [93] and was extended to graphene
[94]. In Ref. [95], an empirical expression of C was obtained, leading to a direct expression
of the concentration of structural defects in graphene:

(1.8 £0.5) x 10** Ip
N I

np(em™) = (85)

with Ar, the laser wavelength in nm.

When the number of defects becomes important, the D peak reaches a maximum value
and any further increase of the defects will reduce the intensity of the D peak. Indeed,
graphene is now dominated by a structural disorder area. Consequently, equation 85 is
no longer correct. Instead, Ferrari’s formula from Ref. [96] can be used:

= =C'L% (86)

with C’, a constant depending on the wavelength of the laser. In the case of A\, = 514nm,
C’" = 0.0055.

Figure 53 represents the evolution of the ratio % as a function of the average distance

between defects obtained in Ref. [95]. To change the average distance, they bombarded
graphene with Ar* ions with different doses. The same kind of results were obtained in

Ref. [97].
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Figure 53: (a)% for single monolayer graphene for different laser energies in function of
the average distance between defects. The datas were obtained by bombarding graphene
with Ar™ ions with a dose varying from 10t Ar*/em? to 105 Ar* /em?.(b) Raman spec-
trum obtained for single monolayer of graphene for different doses of Ar™ ion. The
measures were obtained by using a laser with a wavelength of A\ = 514.5nm. The data
are from Ref. [95].
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5.2 The Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is based on the interaction between a probe and a
sample leading to a topographic image of the sample. A conventional AFM consists in a
sharp tip, a micro spring cantilever and a 4-quadrant position sensitive photo-diode. Tips
used are generally made of silicon or silicon nitride. The cantilever is used as a sensor to
detect the probe-sample interaction.

When the tip approaches the surface, the Van Der Waals force leads to the attraction
between the tip and the surface. In this case the effective force is attractive and the
cantilever bends downward. When the distance becomes shorter, in the magnitude of a
few angstroms, the repulsive Colombic forces become dominant and the cantilever bend
upward. The force-distance curve is represented in figure 54 [98].
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Figure 54: Force in function of the distance between the probe and the sample. Three
different modes are used, depending on the distance: contact, tapping and non-contact
modes.

The normal force between the probe and the sample is calculated using the Hooke’s Law:
F=kAz (87)

with k, the spring constant of the cantilever and Az, the bending in z-direction. To
measure the bending of the cantilever, a laser beam is focused onto the end of the can-
tilever. Then, the laser is reflected and hit the position sensitive photo-diode. When the
cantilever is bent, the reflected laser beam will move and the bending of the cantilever
can be measured precisely. This information is sent to a piezoelectric material which will
move the probe to maintain a constant force between the probe and the sample. The
displacement in the z-direction is used to form a topography image of the sample [98].

As presented in figure 54, three different modes can be used in function of the distance
between the tip and the sample:

e Contact mode;

e Tapping mode;

e Non-Contact mode.

In contact mode, the tip is in soft physical contact with the surface. Consequently, as the
forces involved are repulsive, the cantilever will bend away from the surface. A constant
deflection is maintained using a feedback loop. The main disadvantage of this technique
is that the tip can damage or deform the surface of the sample. However, this technique
allows a better resolution than in non-contact mode.

In non-contact mode, the forces are dominated by the Van der Waals forces. The tip is
not in contact with the surface of the sample but oscillates above the surface. A feedback
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loop is again used to detect the change in deflection of the cantilever. Despite the fact that
it does not damage the surface of the material, this technique leads to a lower resolution
than the first one.

In tapping mode, the tip is intermittently in contact with the sample. Indeed, the can-
tilever oscillates at its resonance frequency. In this case, the feedback loop is used to
maintain a constant amplitude of oscillation. This technique prevents the damages of the
surface induced by the tip.

59



6 Synthesis of graphene

In this section, two techniques of graphene synthesis will be briefly presented. The first one
is the mechanical exfoliation of graphene from higly oriented pyrolytic graphite (HOPG)
and the second one will be the chemical vapor deposition of graphene on a Cu foil.

6.1 Mechanical Exfoliation

Mechanical exfoliation of graphene is realised from HOPG. An adhesive tape is used to
transfer flakes of graphite onto a substrate [99]. Then, flakes of graphene are identified.
The different steps are given in figure 55.

(a)

Figure 55: Steps of the mechanical exfoliation of graphene. (a) A tape is pressed onto
the high quality graphite crystal. (b) The tape is removed and graphlte layers are sticked

on it. (c) The tape is pressed against a Si/SiOy substrate and (d) removed softly. Figure
from Ref. [100]

The main advantages of these techniques are: its low cost and a high quality of the
obtained graphene, which is the best at this moment. However, the films obtained are
irregular and cannot exceed a few pm making them difficult to use for the large-scale
productions.

6.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is a large-area deposition compared to the previous
technique [101]. The precursors used to form graphene are methane, hydrogen and argon,
which are inserted inside a quartz tube containing a Cu substrate. The general set-up
used is represented in figure 56, which is the case of a thermal chemical vapor deposition.

/Furnace
Cu substrate
C 4 5 r /

—>¢ =
B .

Figure 56: Representation of the CV D set-up. The precursors are introduced inside
quartz tube. They will react at the surface of a Cu substrate to form graphene.

The graphene is obtained by decomposition of the methane gaz at 1000°C, which will
be the source of the elemental carbon that will crystallize on the surface of the copper
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to give graphene. Graphene will first grow in different domains that will eventually join.
With this technique, it is indeed not rare to find domains with different orientations that
can lead to inter-domain defects. The resulting graphene must now be transferred to the
surface of an Si/SiOs substrate. To do this, a PMMA layer is generally deposited on the
surface by spin-coating to protect and support the graphene. The copper is then etched.
Different solutions can be used such as: FeCls, HCl, HNO3, Fe(NO3)s. The graphene
can then be deposited on the substrate and the PMMA is coated with acetone [102]. All
these steps are represented in figure 57.

$MMA spin coating

_ TDissoIving PMMA in acetone
&u _ -

Transfer

Figure 57: Steps of the transfer of graphene on Si/SiOs substrate.

The advantage of this technique is the possibility to produce graphene samples signif-
icantly larger than those obtained by mechanical exfoliation and allows a larger scale
production. However, the quality is not so good compared to mechanically exfoliated
one. Due to boundaries during the growth and all transfer steps which add contamina-
tion on the surface of graphene.
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7 Sample preparation

In this section, the sample used will firstly be presented. Then, the different treatments
of the samples will be detailed. Indeed, as explained in section 1.3.2, the contaminants
present at the surface of graphene and at the interface between the oxide and the graphene
can lead to shift the Dirac point. As the purpose of this master thesis is to deposit
nanoparticles, we wanted to ensure that the surface of graphene was clean of contaminants
to avoid any perturbations of the future measured characteristics. All measurements
presented below were performed at room temperature and at le~Smbar using the lock-in
amplifier technique.

7.1 Sample Presentation

The chips used for the measurements were realised by Graphenea'. Each graphene device
has either 6 contacts, allowing 4-probes measurements, or 2 contacts as represented in
figure 58 from the website of Graphenea 2.

10
3

% % 2-probe GFET

Figure 58: Chip fabricated by Graphenea. Each Graphene device possesses 6 or 2 contacts
and possesses a width of W and a length of Lo .

Graphene has been obtained by chemical vapor deposition on copper foil with a dominant
orientation of (100) and a surface rougness around 100nm. Then, to transfer the graphene
on top of a silicon-silicon dioxide substrate, a sacrificial layer of 60nm of polymethyl
methacrylate (PMMA) was deposited to protect the graphene. Copper is then etched in
a ferric chloride solution. The stack PMMA /graphene is then deposited on the Si/SiOs
substrate. The PMMA is removed with the acetone. The chip thickness is 675um with a
gate oxide of 90nm. The contacts are in Cr/Au. The device is presented in figure 59.

Cr/Au Cr/Au
iii ii CVD Graihene iiii ii
Si(675 pm)

Figure 59: Side-view of the graphene device produced by Graphenea.

To connect a gold wire to the back gate, a cotton swab previously immersed in hydrofluoric
acid was used to etch the thin film of oxide under the chip.

We measured the ambipolar effect of the studied sampled. Figure 60 gives the result

Thttps://www.graphenea.com/
2ht‘cps ://www.graphenea.com/collections/buy-gfet-models-for-sensing-applications/
products/gfet-s10-for-sensing-applications-10-mm-x-10-mm
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obtained for one of our samples. The Dirac point is between 50 and 65V, which was the
case for all the samples measured.

1

20 25 30 3 40 45 50 55 60 65 70
Vglv]

Figure 60: Measurement realized on a Hall Bar of 30 x 50um before cleaning. An al-
ternative current of 10nA with a frequency of 413H z flowed between the two contacts.
The blue and the red lines were obtained by varying the back gate voltage V; from 20
to 70V and from 70 to 20V with a jump and an acquisition time of 0.05V and 300ms
respectively.

As represented in this figure, the Dirac point is significantly shifted from 0V expected
for pristine graphene. This can be explained by the presence of water [103], oxygen, car-
bon dioxide[104], organic residues adsorbed at the surface of graphene or at the interface
between graphene and the substrate during the fabrication process. Indeed these impuri-
ties can be physically adsorpted and can play the role of acceptors. Consequently, some
free electrons in graphene can be trapped, thereby leading to a change in the balance
between the holes and the electrons [105, 106, 107, 108]. The graphene is p-doped and,
as explained in section 1.3.2, the Dirac point is shifted to a positive value. Cleaning the
surface of graphene can allow us to remove all the dopants and bring Dirac point closer
to OV. All the cleaning steps are presented in the next section

An hysteresis can be also observed in figure 60. This effect can be explained by the
injections of charges into the trap centers present at the graphene/oxide interface or in
the bulk of the oxide. Indeed, when the back gate voltage starts at a negative value
and is increased, the holes are slowly trapped by the trap centers. The potential feels
by the graphene is higher than the one from the back gate. Consequently, the Dirac
point is shifted down. On the other hand, when the back gate voltage changes after the
Dirac point, electrons start to be injected into the trap centers. Consequently, when the
sweeping is in the opposite direction, the Dirac point is shifted up [106, 109].

7.2 Cleaning of the sample
7.2.1 24 hours in acetone

In this section, two samples and their characteristic curves will be presented. The first
one called G; has dimensions of 30 x 50 um. The second one, called G2, has dimensions
of 50 x 50 pum.

The first step of the cleaning process was to put the sample in acetone during 24 hours
to remove a maximum of impurities at the surface of graphene which could induce a shift
of the Dirac point. Figure 61 is obtained using AFM in tapping mode on the sample G»
after cleaning with acetone. In figure 61(b), ripples and impurities can be observed.

As shown in figure 62, this first cleaning step allows to significantly shift down the Dirac
point.
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Figure 62: (a) and (b) are realised on Gy after cleaning with acetone. An alternative
current of 10nA with a frequency of 413H z flowed between the two contacts. In (a), the
blue and red curves are respectively obtained by varying the back gate from 0 to 50V and
from 50 to OV. In (b), the blue and red curves are respectively obtained by varying the
back gate from 0 to 20V and from 20 to 0V. (c) and (d) are realized on G2. An alternative
current of 20nA with a frequency of 413H z flowed between the two contacts. In (c), the
blue and red curves are respectively obtained by varying the back gate from —20 to 20V
and from 20 to —20V. In (d),the blue and red curves are respectively obtained by varying
the back gate from —15 to 15V and from 15 to —15V.

As presented in figures 62 (b) and (d), applying a lower gate voltage allows to reduce the
hysteresis. This is also experimentally demonstrated in Ref. [106]. Indeed, the charge
carriers are injected into the interface trap centers at every back gate voltage. However,
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to fill the bulk oxide traps, a higher voltage is required. By decreasing the interval, only
interface traps are filled, leading to a lower hysteresis.

The sample Go with a Dirac point at approximately 12V was different compared to the
other one we used and was kept under vacuum without any additional cleaning steps, to
be used for the functionalization with magnetite nanoparticles. The other samples, after
a cleaning with acetone, had a Dirac point between 30 and 42V as represented in figure
62(a) for the sample G;.

From measurements in figure 62 (d), the mobility of charge carriers was calculated using
equation 23 in the linear parts The mobility of the holes is 970cm?/V s and the mobil-
ity of the electrons is 145¢m?2 /V's. These mobilities correspond to the specifications of
Graphenea.

7.2.2 Mechanical cleaning with Atomic Force Microscopy in contact mode

In this section, two samples, G; and Ggs already cleaned with acetone are used. The
dimensions of Gg are 50 x 50um.

After cleaning in acetone, AFM in contact mode was used to mechanically clean the
surface of graphene to shift down the Dirac point. This has already been presented in
many references such as Ref. [110, 111]. The principle of Atomic Force Microscopy was
explained in section 5.2. The purpose of this technique at this step is to push away the
impurities present that were not removed by acetone. Figure 63 is an image obtained by
the optical microscope before and after the mechanical cleaning.

(a) (b)

Figure 63: Optical microscope image taken (a) before and (b) after the mechanical clean-
ing with AFM for a sample of Gg.

As shown in these figures, many impurities were pushed away and formed walls. Unfortu-
nately, the Hall bar was too large to clean up the entire surface of the graphene without
bringing back the impurities in the cleaned areas.

The graphene is still present as can be seen with the contrast between the silicon dioxide
and graphene in figure 63(b). In addition, a Raman spectroscopy was realized and the
spectrum is given in figure 64. The raw data are in annex 10.7.

As explained in section 5.1, the Raman spectrum presented in figure 64 is a signature of
monolayer graphene. The FWHM of G’ peak at 2694cm ™! is approximately 45¢cm~! and
the ratio & is equal to 1.39. A larger FWHM than 30cm ™!, as represented in section
5.1, is explalned by the presence of defects that broadens the G’ peak. The presence of
defects is highlighted by the presence of the D peak at 1347cm~' inducing a ratio %
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Figure 64: Raman spectrum obtained with 514.5nm laser of mechanically cleaned part
of the G3 by AFM in contact mode.

equal to 0.31. By considering that we are in the regime of low density of defects, the
equation 85 can be used. Consequently, the concentration of structural defects is:
np = 7.96 x 10%m~* (88)

Then, electrical measurements were realized. The results for G; and Ggs are given in
figure 65.

V, € [2020[V
V, € [20-20[V

RIKQ]
B

Figure 65: (a) was realized on G; after cleaning with AFM. An alternative current of
10nA with a frequency of 413Hz flowed between the two contacts. The blue and red
curves are respectively obtained by varying the back gate from —20 to 20V and from
20 to —20V. (b) was realised on Gj after cleaning with AFM. An alternative current
of 20nA with a frequency of 413H z flowed between the two contacts. The blue and red
curves are respectively obtained by varying the back gate from —15 to 15V and from 15
to —15V.

These results do not highlight the ambipolar electric field effect in graphene as explained
in section 1.3.2. Indeed, the resistance increases slowly until it reaches a voltage of zero.
The resistance makes a jump and then continues to increase slowly. Until now, the origin
of this peculiar behaviour is not understood. One theory is that the walls create a channel
inducing a short circuit when the gate voltage varies. This should mean that most of the
impurities pushed away by the AFM are metallic which may be explained by the fact
that, during the wet transfer of CVD graphene, the copper is not totally etched and iron
particles are still present after the transfer. However, the walls are probably composed of
some residual PMMA. Of course, more characterizations of the surface are required.
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7.3 Etching by Focused-Ion Beam

The Focused-Ion Beam (FIB) technique uses a beam of ions of gallium to image a sample
or, if a high current is used, to sputter material in a controlled fashion, for example to
etch away different layers with a geometric pattern. Indeed, ions will hit the surface and
sputters a small amount of material.

In this section, two other samples, called G4 and Gs, were used. Their dimensions are
respectively 50 x 50um and 180 x 50um.

The first reason to use FIB in this master thesis is to reduce the size of the used Hall
bar. The smaller area can afford us an easier enumeration of deposited nanoparticles. The
second reason is to reduce the region to be cleaned by AFM and push all the contaminants
out of the surface of graphene. Figures 66 (a) and (c) show two different samples after
applying the FIB with gallium-ions.
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Figure 66: (a) and (c) are optical microscope images after FIB on (a) G4 and (c) Gs.
The Ga-ions energy is 50keV with a current of (a) 120pA and (c) 50pA. (b) and (d) are
the Raman spectra obtained with a laser of 514nm on the Hall bar.

To confirm the presence of graphene in the Hall bar, a Raman spectrum was recorded for
each sample. The spectra where the background is removed, are given in figure 66 (b) and
(d) (see raw data in annex 10.7). As for figure 64, monolayer of graphene is still present.
Indeed, for G4, the FWHM of G’ peak at 2690cm ' is approximately 48cm ™! and the

ratio II—GG' is equal to 1.19 and for G5 ,the FWHM of G’ at 2690cm ™! is approximately

50cm ™! and the ratio II—‘;’ is equal to 1.22. However, the density of defects increased,
leading to a ratio % equal to 1.579 and 1.45 for G4 and Gj respectively. Larger FWHM

than 30cm ™!, as represented in section 5.1, is explained by the presence of defects that
broadens the G’ peak.
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Firstly, the defect peak comes from the tail of the Ga-ions beam. Indeed, unwanted area
were exposed to Ga-ions inducing structural defects. Secondly, this is due to the image
taken with the FIB. Indeed, it was necessary to take images to determine the area we
wanted to remove graphene, leading to gallium-ions exposition over the whole surface of
graphene . This also led to structural defects. The defects in graphene due Gallium ions
were also studied in Ref. [112, 113].

V, € [2020]V /
1.2} v, € [20-20)V /

Rk

Figure 67: Measurements realized (a) G4 and (b) Gs after the FIB. The Ga-ions energy
is 50keV with a current of (a) 120pA and (b) 50pA. An alternative current of 20nA
with a frequency of 413Hz flowed between two contacts. The blue and red curves are
respectively obtained by varying the back gate voltage (a) from —40 to 40V and 40 to
—40V, (b)from —50 to 50V and 50 to —50V.

Figure 67 give the measurements realized with the samples shown in figure 66.

Figure 67(a) is exactly the same as the one obtained after the AFM cleaning. In this
case, there are no channels created by the impurities as it was the case after the cleaning
with AFM. We could not find any theories that could explain this result.

Figure 67 (b) shows a Dirac point between 41 and 45V. In addition, using the equation
23, the hole and the electron mobility are respectively 15 and 2 <7-. This low value
compared to the ones obtained before is directly due to important number of structural
defects due to Ga-ions. This sample can also be used for functionalization to determine
the effect of disorder on the quantum anomalous Hall effect and see the difference in the
deposition of the nanoparticles on the surface with structural defects.
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8 Synthesis of magnetite nanoparticles

In this section, the synthesis of magnetite nanoparticles (NPs) will be presented. In the
first subsection, the materials and the methods used will be described. In the second
subsection, the results will be presented. The synthesis method is based on Ref. [114]
and Ref. [115].

8.1 Materials and methods

The setup used for the synthesis of the nanoparticles is presented in figure 68.

(1N—
—=> Water outlet

Condenser

Round bottom Flask | — €— Water inlet
Magnetic stirrer

———— Heating plate

Figure 68: Setup used for the synthesis of nanoparticles. In red, the condenser, in green
the round bottom flask and in dark, a magnetic stirrer which allows to stirr the solution
to obtain a uniform temperature.

The formation of the magnetite is based on the thermal decomposition of iron acety-
lacetonate, Fe(acac)s. In addition, the adsorption of the oleylamine, C1gH3sNHo, at the
surface of the iron oxide, leads to the formation of well separated nanoparticles which are
illustrated in figure 69. Dioctyl ether is used as a solvent due to its high boiling point
(268 °C). For this procedure, 0.35 g of Fe(acac)s, bml of C15H35NH, and 5ml of dioctyl
ether were used.
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Figure 69: Magnetite core surrounded by a shell of oleylamine modified from Ref. [E]

v

The first step of the process was to put the whole setup under vacuum and subsequently
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fill it with argon. This step was repeated three times to remove as much air as possible.
The three products were then added in the round bottom flask represented in figure 68
and the bath was heated. When the temperature of the bath reached 110°C), the system
was stirred during one hour. Then, the temperature of the oil was increased until 300°C'.
The water flux through the condenser was activated at this moment to avoid loosing
vapors of the solvent. After one hour of reaction, the system was left to cool down.
Finally, ethanol was added to precipitate the nanoparticles. Finally, the nanoparticles
are stored in hexane.

The solution was introduced in a centrifuge during four minutes at 6000 rpm. The
nanoparticles sedimented at the bottom of the tube. It was then easy to discard the
supernatant and replace this removed-volume by ethanol. This step was repeated three
times to wash the nanoparticles.

8.2 Result

Figure 70 shows the result obtained at the end of the synthesis.

" i
Figure 70: Nanoparticles, in dark, obtained at the end of the synthesis procedure. In
grey, a magnet allowing to conclude that the nanoparticles are magnetic.

Figures 71 are obtained using the transmission electron Microscopy(TEM). The dark
spheres represent the magnetite nanoparticles. The largest one are probably obtained by
the agglomeration of small nanoparticles.

(a) (b)

Figure 71: TEM image obtained by depositing a droplet of hexane containing the nanopar-
ticles on a lacey carbon film on copper grid.
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9 Deposition of magnetite on graphene

It was decided to use the sample Gs to deposit the nanoparticles. A small droplet of
hexane containing the nanoparticles was deposited on the sample. The sample was then
rapidly rinsed with acetone and isopropanol to remove the solvent residue. Figures 72 are
obtained by using the scanning electron microscopy (SEM). The nanoparticles are in white
in the images and the graphene in dark. In figure 72(b), a nanoparticle with a diameter
of 20nm is observable. Smaller nanoparticles are also present below this 20nm—diameter
nanoparticle. We concluded that the small particles are the elementary particles and that
they have formed, by agglomeration, larger particles such as the one visible in the figure
72(b).

EHT = 15.00 kV Signal A= InLens Date :29 Jul 2020
wp= 52mm Mag= 50.00KX Time :12:07:08

20 nm EHT = 15.00 kV Signal A= InLens Date :29 Jul 2020
wp= 52mm Mag= 286.79K X Time :12:06:16

(a) (b)

Figure 72: SEM images of the sample Gy with electrons of energy 15keV .

To confirm the presence of iron on the graphene surface, X-ray photoelectron spectroscopy
(XPS) was performed. This technique is commonly used to analyze the chemical com-
position of a sample and is based on the photoelectric effect. An incoming X-ray with
sufficiently high energy can be absorbed by an atom leading to the ejection of an electron
with a certain kinetic energy.

The XPS bases its principle on the conservation of incident photon energy, which can be
expressed as follows:

hy = Elinetic + Ebinding + ¢ (89)

with hv, incident photon energy, Frinetic kinetic energy, Epinding, the binding energy and
¢, the work function. The work function and the photon energy are known parameters.
The work function of a material is the minimum energy required to remove an electron
from a solid to a point in the vacuum. By measuring the kinetic energy of the ejected
electrons, it is possible to determine the value of the binding energy. Indeed, this energy
depends on the element and the orbit from which the electron is ejected [116].

Figure 73 is the result of the XPS measurements on the sample Go after deposition of
nanoparticles with (a)/(b) and (c)/(d) are respectively obtained for a surface of analysis
of 1.4mm? and 250um?. Figures (b) and (d) are the Fes, spectra from figures (a) and (c)
respectively.
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Figure 73: XPS results on the sample Ga.

With these figures, we can conclude that iron is present. Indeed, the position of the
main peaks at 711.2eV and 710.6eV for figures 73(b) and (d) respectively, corresponds
to iron with the atomic concentration of 0.4% for both cases. However, we have to take
into account a possible presence of iron which comes from the etchant solution of copper
during the wet transfer of the CVD graphene. To prove the presence of iron before the
deposition, the XPS analysis has to be performed before the fuctionalization

Figure 74 gives the result of the electrical measurement realized on G after the deposition
of the nanoparticles and after putting the sample in vacuum at room temperature. The
Dirac point is located at 6V compared to 12V before deposition. The mobility of the
electrons and the holes are not affected by the presence of magnetite nanoparticles and
are respectively 237cm?/Vsand 992cm?/V's compared to 145¢m?/V's and 970cm?/V's
before deposition.
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Figure 74: Measurement was realized on Go. An alternative current of 20nA with a
frequency of 413Hz flowed between the two contacts. The blue and red curves are re-
spectively obtained by varying the back gate from —20 to 20V and from 20 to —20V.

An important parameter that can explain the shift of the Dirac point is the relative work
function between the magnetite nanoparticle and the graphene.
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The work function of graphene is 4.5¢V [117]. A work function of 5.20eV for magnetite
was obtained in Ref. [118]. Consequently, the graphene is n-doped due to the presence
of the magnetite nanoparticles which can explain the shift of the Dirac point compared
to the one obtained in figure 62(d).
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Conclusion and perspectives

In the first part of this master thesis, the quantum anomalous Hall effect was highighted
by using Kwant and Pybinding. Indeed, by adding the Rashba spin-orbit coupling and
exchange in the tight-binding model of graphene, it was possible to show that it opened
a topologically non-trivial band gap. Thus, by simulating a graphene nanoribbon, a Hall
resistivity of %e% was obtained with a zero longitudinal resistivity in the bulk band gap.
Moreover, as the main objective was to deposit magnetite nanoparticles, a system with a
Rashba spin-orbit coupling and a non-uniform exchange field was implemented allowing
to realize that the quantum anomalous Hall effect was still observable with a decrease of
the band gap in the bulk graphene with a decrease of the density of the nanoparticles.
However, these simulations did not take into account the presence of a weak magnetic
field necessary to orient the magnetization directions of the nanoparticles. A combined
classical hall effect and quantum anomalous hall effect should be experimentally observed.
Moreover, these results were realized using Rashba spin-orbit coupling and exchange field
strengths that did not represent physical reality. These simulations should therefore allow

a qualitative analysis.

In the second part of this paper, the first experimental results were reported. The sam-
ples received by Graphenea were contaminated leading to a significant shift of the Dirac
point. It was, therefore, necessary to clean them. Indeed, the purpose was to deposit
nanoparticles and it was therefore important to limit the presence of other contaminants
that could disrupt future measurements. For this purpose, different cleaning techniques
and their effects were described. First of all, the samples were immersed in acetone for
24 hours. This step made it possible to reduce the position of the Dirac point. However,
except for the sample Go, the Dirac point was always at too high a value, meaning still
a significant contamination. It was therefore decided to clean with the AFM in contact
mode to push back the impurities. However, after the electrical measurement, all samples
cleaned with AFM did not highlight the ambipolar electrical effect. To reduce the size of
the Hall bar, firstly to facilitate cleaning by AFM allowing to push impurities out of the
graphene and secondly to facilitate the enumeration of the deposited nanoparticles, we
used a FIB with gallium-ions. However, this step created important defects in graphene.
It was then decided to use the G, sample for the deposition of nanoparticles. This part
stopped with the measurement of the Dirac point after deposition. The Dirac point of
the sample Go shifted from 12V to 6V. Moreover, the deposition of the nanoparticles
did not seem to have decreased the quality of the graphene because the mobilities of the
electrons and holes were of the same order of magnitude before and after deposition.

The different results obtained in this master thesis, open different future perspectives.
First of all, it would be interesting to use the magnetic force microscope to visualize the
presence of nanoparticles and their dispersions (unless their density is too high) easily.
Then, the effect of changing the density of nanoparticles on the transport in graphene
could be analyzed. Finally, measurements at low temperatures under a weak magnetic
field would perhaps make it possible to highlight the anomalous Hall effect in graphene.
However, as obtained in the Kwant simulations, the presence of a too high disorder, or a
non-uniform Rashba spin-orbit coupling and exchange field can reduce the bulk band gap
of graphene making it difficult to highlight this phenomenon. Moreover, the magnetite
nanoparticles are composed of a core made of oxygen and iron surrounded by an organic
shell, which avoids the agglomerations and short-circuits. The exchange field, due to
the hybridisation between carbon 7 states of graphene and the localised d-states of iron
atoms, and the Rashba spin-orbit coupling will be strongly reduced, leading to a smaller
band gap.
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10 Annex

10.1 Development of the secular equation

The two terms presented in equation 11 are:

(P (e k) HE ) (r, k) o (0, k) HEP) (1 k)
He = (w<3>*(r,k)HW>(r, k) @B, k)HW(B)(r,k)) (90)
and
(W (e ) (1, k) D (e, k)P (r, k)
S = (W(B)*(r,k)kp(A)(r,k) 7B (r K)WP) (x, k)) (01)

The eigenvalues given by E from equation 11, are obtained by solving the secular equation:
det[Hk - ESk] =0 (92)

Consequently, we should first calculate the different parts of the matrix Hy and Si. Each
terms of the matrix Hy are equal to :

) ) 1 ) ) )
i) ) _ 1 ik (Ry=Ri) [ 40 (11 5 _RNAU. 6D _R.dr2
FO* (r K) AUPD (r, k) = N;;e / ¢ (r48;,—R;) AU;¢') (r+8,—R,;)dr

(93)
In the case of i = j = A or B, as we consider only the interaction between the nearest-
neighbors, R; = Ry. The diagonal terms of the matrix Hy vanish. On the other hand, if
it=Aand j = B, orifi =B and j = A, the terms do not vanish anymore and a hopping
parameter can be defined:

t= /¢(A)*(r—RA)AU¢(B)(r+63—RB)dr2 = /¢<B>*(r+aB—RB)AU¢<A>(r—RA)dr2
(94)

which is a constant approximately equal to 2.7-3eV. Consequently,

T (p K)HUP) (£ k) = (1 4 e 2 4 emikazy — ¢ () = [WB* (¢, k) HFY (r, k)]
(95)

with

\/gkxacc cos kyacc
2 2

flk)y=1+ eTikral 4 mikray \/1 + 4cos + 40082%“C (96)

Each term of the matrix Sy are given by:

O (x, )0 (r, k) = % DD et TR / 60" (r+8;—Ri)o ™ (r+8;—R;)dr? (97)
R, R,

In the case of i=j, the equation 97 is equal to 1. In the other hand, if i=A and j=B, the
equation 97 is equal to zero if we consider no overlap. The equation 92 becomes:

£ tf(k)

et iy

} =E? —t*f3*(k) =0 (98)

Consequently, the eigenvalues of the Hamiltonian are:

2 2

3k, k k
E= j:t\/l + 4cos \[2 @05 4 4eos2 82 (99)
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10.2 Berry phase: Time-dependant Schrodinger equation

The state given in equation 49 can be inserted into the time-dependant Schrodinger
equation:

D i) 1 (R)) = H(RI/T)e O 104 (R)) (100)

The second part of the equation is just e*?() |¥;(R)) E;(R).
The simplification of the first one is described below:
d s Aoi(t) 0. b (1) d
— e |y (R)) = i— LM (R @i — | (R 101
dte | Z( )> ? dt € | Z( )>+€ dt‘ Z( )> ( 0 )
The derivative as a function of time of the eigenstate is given by :

d _d R d dRy | 4 dR
TR = S W (R) o+ oo W(R) 2 4 = A B(R) - G (102)

We can now introduce all the parameters in equation 100 and multiply by %) < ¥ (R)|.
By isolating the phase ¢;(t), we obtain:
do;(t) dR 1

g i< 7;(R)|Ar|¥i(R) > e ﬁEZ-(R)]dx (103)

Consequently:

RJt] t
B @R = [ < n(®isnw(R) > R / dt'E,(R)

60-00) = [ i < w R AaR) > G mm)= [
(104)

10.3 Kwant: A python package for quantum transport simula-
tions

Kwant is a free and user-friendly python package used for quantum transport caluclations.
It can simulate any system of any size that can be described with tight binding models
and allows to solve the scattering problem of particles in a system coupled to semi-infinite
leads. Transport properties as the conductance, the density of state or the density of
current can be obtained.

To describe how an Hamiltonian is implemented in Kwant, consider a continuous Hamil-
tonian of a 2-dimensional square system as the one presented in the first tutorial in the

Kwant website: .
_ 2 2

with m, the effective mass and V' (z, y), the local potential energy. This continuous Hamil-
tonian can only be implemented in Kwant if it is discritised into a tight binding model.
Each site of the square lattice corresponds to an integer with a lattice coordinate (i,j).
This coordinate is linked to the real coordinate by (z,y) = (ai,aj) with a the lattice
parameter of the square lattice. A discretised positional state can be defined as:

i, j) = lai, aj) = |z,y) (106)
Consequently,

5§=;Z(IHLJHZ,JI+|%J><Z+1,J|—2lw><w\) (107)

(2]
An equivalent expression can be obtained for 5;. The Hamiltonian becomes:
H = "[(V(ai, ag)+4t) i, §) (i, j1—t (i + 1,5) (i, jl+1i, 5) (6 + 1, 5]+6, 5+ 1) (G gl+Hi, 5) G, G+ 1))
isJ

(108)
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t is the nearest-neighbor hopping and is defined by % It is important to note that
this model is only valid if all the quantum states have a wavelength larger that the lattice
paramater. In other words, the model is valid if Ap >> a.

10.4 Code Kwant
10.4.1 Exchange Field

def onsite(site i,V R=0.1*(-t),m=0.3*(-t)):
return m*sigma z

Figure 75: Implementation of the exchange field in code using Kwant package with ¢, the
hopping parameter, m, the exchange field parameter and o, the Pauli matrice.

10.4.2 Rashba Spin orbit Coupling

def rashba(site i,site j,V_R=0.1*(-t),m=0.3*(-t)):
d ijl = site i.pos-site_j.pos
d_ij=d ij1/(np.sqrt(d_ij1[0]**2+d_ij1[1]**2)) #Unitary Vector
rashbal = 15 * V_R* (sigma_x * d ij[1] - sigma_y * d ij[0])

return -t*sigma_ O+rashbal
Figure 76: Implementation of the Rashba spin-orbit coupling in code using Kwant package

with ¢, the hopping parameter, Vg, the RSOC parameter and d;;, the unit vector between
two atoms and o, the Pauli matrices.

10.4.3 System implementation

def systemeComplet (W=1000e
systl = kwant.Builder()

latl = kwant.lattice.general{[{np.sgrti{3)*a, 4), {0, 3*a)l, [la*np.sqgrti3)sfz, 0), (0, a/f2), (0, 3*af2)\

, {a*mp_sgrt{3)/z, =

J0e-%, boclean=True) -

A, B, C, D = latl.sublattices
hoppings = T L o0 Doty CIoE), D 3 Br. -l oho1) Eish
systl[latl.shapei{gecm, (0,0} ) l=cnaite

aystl [ [kwant .builder HoppingKind {*hopping) for hopping in hoppings]] = rashba

sym0 = kwant.TranslationalSymmetry{latl.vec{{-1, 011}

leadd = kwant Builder [sym0)

lead0[latl.shape (lead shape, {0,0))]=cnaite

leadd[ [kwant .builder HeoppingKind {*hopping) for hopping im hoppings]] = rashb.

syml = kwant_ TranslationalSyrmetryi{latl _weci{{l, 01))

leadl = kwant.Builder{syml)

leadl[latl.shape {lead_shape, (0,0} ) ]=cnsite

leadl [ [kwant _builder HoppingKind (*hopping) for hopping in hoppings]] = rashba

aym3 = kwant TranslaticnalSymmetryi{latl _wvec{{d, 111}

lead3 = kwant.Builder {sym3)

lead3[latl.shape{ Vertileadl, (-pesL,0))l=cnsite

lead3 [ [kwant _builder HoppingKind (*hopping) for hopping in hoppings]] = rashba

aym5 = kwant TranslaticnalSymmetryi{latl _wvec{{d, 111}

lead5 = kwant.Builder {sym3)

leadS[latl.shape! VertileadZ, (posL,0))]=cnsite

lead5[ [kwant _builder HoppingKind (*hopping) for hopping in hoppings]] = rashba

aystl_attach lead{leadd)
systl.attach lead{leadl)

gystl=systl.finalized|)

return systl

Figure 77: Example of implementation of the system including the Rashba spin-orbit
coupling and the exchange field.
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10.5 Density functional theory (DFT)

10.5.1 Fundamental principle

The purpose of the DFT is to solve the time-independant, non-relativistic Schrédinger
equation of a system with M nuclei and N electrons:

HY({r:},{R.}) = E¥i({r:},{R.}) (109)

with r; the parameters linked to the electrons and R, linked to the nucleus. His the
Hamiltonian and is equal to the sum of two operators: T and V_ouiomp. The first one is
the kinetic energy of the electrons and nuclei. The second one is the Coulomb potential
due to the interactions between electrons, between nucleus and between electrons and
nucleus. This equation is difficult to solve without doing some approximations.

The first approximation is called the "Born-Oppenheimer approximation". Nuclei are
much heavier and slower than electrons. Consequently, the wavefunction can be decoupled
into a electronic and a nuclear part:

V({ri} {Re}) = ¥n({Re})xWe({ri}) (110)
Now, only the ground state of electrons can be obtained by solving the following equation:
HeWe({r:}) = E¥c({r:}) (111)

The electronic Hamiltonian is composed of three terms:

Zv“' va+22U i, 7;) (112)

=1 j>1

with the first term, the kinetic energy, the second one, the potential due to the interaction
between electron and nucleus and the last one the electron-electron repulsion.

The DFT is based on two important theorems:

e The ground state energy E is a unique functional(=function of a function) of the
electron density:
E = E[n(r)] (113)

with n(r) the electron density given by :
n(r) = We({r:})"Ve({r:}) (114)

e The electron density that minimizes the energy of the overal functional is the ground
state electron density:
E[n(r)] > E[ne(r)] (115)

This energy can be divided into two parts:

E{¥i}] = Ea + Exc (116)
The first part is known and is given by:

Zw {r:i ) V2 ({r:}) /V d3r+—// e s, ' + Eiop,

(117)
The first one is the kinetic energy, the second one is due to the interaction between
nucleus and electrons, the third one is due to electron-electron interactions and is also
called the Hartree energy and the last one is the nuclei-nuclei interaction. The second
term of the equation 116 is called the exchange correlation functional. It takes into
account all the quantum mechanical interactions between electrons. Unfortunately, this
terms is unknown and needs to be approximated. The two simplest exchange correlation
functionals are:

cl—
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e Local density approximation(LDA): Consider that the exchange correlation poten-
tial depends only on the electron density

e Generalized gradiant approximation(GGA): Consider that the exchange correlation
potential depends also on the gradient of the electron density

To simplify the problem, Kohn and Sham found a way to obtain practically the ground
state electron density. They solve a set of single-electron wavefunctions that do not

interact: )

[ V2 +V(r) + Vi (r) + Vxe(r)¥r = e;¥r (118)

They used a self-consistency principle divided into 3 steps:

h 2me

e Choosing some electron density

e Introducing into the Kohn and Shame equation and solving all the equations (one
per electron) to determine the wavefunctions

e Determining the electron density.

If the new electron density is the same as the initial one, it means that we are in the
ground state. If it is not the case, we need to repeat the last two steps.

10.5.2 Important numerical parameters

An import concept in DFT calculation is called the cutoff energy. Electrons in a periodic
potential induced by a periodic arrangement of atoms( a crystal) are represented by Bloch
waves:

@i (r)) = ™ Jujn () (119)

with u;, a function that possesses the periodicity of the potential, j, the energy band
index and k the wavevector in the first Brillouin zone. One can define a reciprocal lattice
vector, G, which links two equivalent wavevectors from different unit cells of the crystal.
In other words, k and k’ in the following equation are considered equivalent if:

k =k’ +mG (120)

with m, an integer. As u;j is periodic, it can be represented by Fourier series:

™ T lujp(r)) = T cheiG'T (121)
G
Consequently, the Bloch waves can be represented as an infinite sum of plane-waves
e (G+k) T Each plane wave has a kinetic energy given by:
h? 9
EF=—k+G 122
[k +G] (122)

However, in numerical calculations, it is impossible to manage a infinite sum. A so-called
cutoff energy needs to be defined. Plane waves with an energy higher than the cutoff
energy will not be considered. To determine this value, convergence study in function of
the total energy of the system must be realised.

Another import concept is the number of k-points used in the first Brillouin zone. Indeed,
numerically, we need to choose a finite number of k-points to sample the Brillouin zone.
Again, to determine this number, a convergence strudy in function of the total energy
must be realised.
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10.6 Convergence study

In this section, the different results of the convergence study will be shown. Firstly, the
convergence study in the graphene unit cell will be developed. Finally, the convergence
study for the iron face-centered-cubic structure will be given.

10.6.1 Graphene Unit Cell
10.6.1.1 Cutoff energy
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Figure 78: Convergence study of the cut-off energy for the unit cell of graphene with the
grid of k-points (5x5x1) with a numerical accuracy better than 0.5 mHa/atom for the

total energy.
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Figure 79: Convergence study of the number of k-points as a function of the total en-
ergy per atom in the unit cell of graphene with a temperature of smearing equal to
(2)0.004¢V, (b) 0.005¢V with an energy cut-off of 35 Ha and a numerical accuracy better
than 0.5mHa/atom for the total energy.

10.6.1.3 Lattice parameter Acell(1) and Acell(2)
10.6.1.4 Acell(3)
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Figure 81: Convergence study of the lattice constant acell(3) in function of the total

energy per atom with the energy cut-off equal to 35Ha.

10.6.2 Iron face-centered-cubic structure
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Figure 82: Convergence study of the lattice parameters acell(1), acell(2) and acell(3) in
function of the total energy with a cut-off energy of 45 Ha.
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10.6.2.2 Ecut in function of the total magnetization
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Figure 83: Convergence study of ecut in function of the total magnetisation.
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10.7 Raman sprectra: Raw Data

In this section, the raw data obtained by Raman spectroscopy will be presented. To
determine the baseline of each set of data, the model presented in Ref. [119] was used.
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Figure 84: Treatment of the data obtained by Raman spectroscopy for(a) and (b) G4 and
(c) and (d) Gs.
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