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Abstract

In this thesis, the effect of circularly polarized light on a graphene sheet is explored.
The fundamental question that we try to answer in this work is whether circularly polarized
light is able to induce a DC magnetization in a sheet of graphene. We also consider whether
that magnetization can be related to important structural constants and if the form it takes
can be connected to the Inverse Faraday Effect. We first describe the basics of graphene
and its lattice structure and energy dispersion. We then discuss some of the literature
regarding optomagnetics and the Inverse Faraday Effect, including Pitaevskii’s paper which
uses the Maxwell-Abraham stress tensor to predict static magnetization in a dispersive,
transparent medium. In the theoretical analysis section, we use a quantum mechanical
approach to calculate modified wavefunctions for graphene using a modified Hamiltonian.
After obtaining the new wavefunctions, we apply these wavefunctions in the context of a
quantum mechanical expectation value to find the magnetization. We find an analytical
expression for the DC magnetization which includes very important structural constants as
we expected and has the form of the Inverse Faraday Effect. Finally, we present a numerical
analysis which shows that DC magnetization has a maximum value and a saturation value
for increasing values of the electric field amplitude Ey. We find magnetization values
between 1.68 x 1071 A and 3.58 x 107% A within an experimental range of applied laser
intensities and wavelengths. We also find a theoretical saturation value of 1.07 x 107* A
for this magnetization. Our result shows that not only can DC magnetization be induced
in graphene, but within certain criteria, can be experimentally detected. This can open
more possibilities for the use of graphene in the field of optomagnetics.
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Chapter 1

Introduction

We will be looking at the effect of linearly and circularly polarized light on a sheet of
graphene on the wavefunction of the graphene and analyze the effects of the the wavefunc-
tion obtained from the application of circularly polarized light on the magnetization of
graphene. As such, we will first introduce the basic structure and properties of graphene,
and then introduce the basic idea of the Inverse Faraday Effect and optomagnetism and
how they have developed.

1.1 Graphene

Graphene is a two-dimensional sheet of carbon atoms arranged with a hexagonal or hon-
eycomb crystal lattice which shows very special optical properties. The triangular Bravais
lattice vectors are (as shown in Figure 1.1 (a)):

a; = 5(3, \/g), agy = 5(3, —\/g) (11)

with a ~ 1.42A being the distance between nearest-neighbour atoms.

For every elementary cell in the honeycomb lattice, there are two atoms which belong
to two different sublattices, A and B. As a result, every atom from either of the two
sublattices has three nearest-neighbour atoms from the other sublattice. The nearest-
neighbour vectors are:

5 = 3(1,\/5), 8y = 3(1, —V3), & =a(-1,0) (1.2)
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Figure 1.1: (a) Real-space graphene honeycomb lattice. Sublattices A and B are shown in
blue and red respectively. (b) Reciprocal lattice (first Brillouin zone) with special points
K, K’ (also called Dirac points), M and T'.

The area of a primitive unit cell is

3V3

Ap = \al X ag - a3| = TCL (13)

where az = 2 is the unit vector pointing perpendicular to the plane of the graphene lattice
[22].

The reciprocal lattice is also hexagonal with a rhomboidal unit cell. The primitive
vectors for the reciprocal lattice are

b, = 271'& = r (%, _£> (1.4)

a; X ag *asg 3a 2

azg X ap 4 1 \/§
2 Walxa2~a3 3a (27 2 ) ( )
We will then have
a; - bj = 27T(5ij (16)

where ¢;; is the Kronecker delta function.



The special high symmetry points in the Brillouin zone labelled in Figure 1.1b have
wave vectors

2r 2w 2T 2T 2T
K= 5 ) K/: 5 _ 0 ) M = _7()) 17
<3a 3\/§a> <3a 3\/3(1) (3<l (17)

The electronic band structure of graphene is obtained through the tight-binding method.
In this method, two Bloch functions are constructed from the atomic orbitals for the atoms
in sublattice A and B. These Bloch functions which describe the m-states arising from 2p,
orbitals, provide the basis functions for the graphene Hamiltonian [29] (this is the starting
point of our analysis in section 2.) Considering only the nearest-neighbour interactions,
there is no hopping within sublattices, but rather, only between them. The tight-binding
Hamiltonian can then be represented as

(k) = (t 39 (k) tsék)) (1.8)

where
> ikza k 3 .
S(k) = zé:e“‘"s = 2¢"5* cos (%\/_) 4 e hwa (1.9)
and t ~ —2.97 eV is the nearest-neighbour hopping parameter [11]. Defining the function
f(k) as

f(k) = 2cos (\/gkya> + 4 cos (?kya) Ccos (gkza) (1.10)
the energy can be written as
E(k) = +t|S(k)| = £t/3 + f(k) (1.11)

The energy dispersion diagram resulting from Eq (1.11) is shown in Figure 1.2. As can be
seen, the energy dispersion around these points is conical without any gaps between the
valence band and the conduction band. As such, graphene is called a gapless semiconductor
[141] and can also be called a semimetal as shown in the work of Burkov, A. [5]. A main part
of our analysis will include the opening of this gap through the application of circularly
polarized light to the graphene sheet.

The effective Hamiltonian near the symmetry points K and K’ is

’ _ 0 ¢ Fig
Hr x(q) = hw (C]x 4 ig, 0 (1.12)
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Figure 1.2: Dispersion diagram for graphene. The zoomed-in area shows the dispersion at
the K point which is called the Dirac cone.
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where v = 5 is the electron velocity at the Dirac cones [14]. In the vicinity of the Dirac

points, this velocity is approximately equal to 1.0 x 10°m/s. Oftentimes in literature, the
Hamiltonian in Eq (1.12) is also written as [22] [14]:

Hy = vo - hk (1.13)

where o = (0,,0,) is the Pauli matrix vector:

oy = <(1) é) , o, = (? _0’) (1.14)

This is an equivalent form of Eq (1.12) where instead of q, k is taken to be the wave vector
and the Hamiltonian is only considered around the K point, instead of both the K and
K’ points. We will use the form of the Hamiltonian from Eq (1.13) for our calculations in
the theoretical analysis section.



1.2 Inverse Faraday Effect and Optomagnetism

Optomagnetism originally comes from nonlinear interactions between the spin and orbital
magnetic moments of electronic structures with intensive not-linearly polarized light (e.g.
circularly polarized light) where the control, generation and detection of magnetization in
materials is determined by the gyration or angular momentum of light. The optomagnetic
effect is mostly researched in terms of the IFE (Inverse Faraday Effect), and that will be
the central result of the thesis.

It is difficult to come up with an exact point of beginning for the field of optomagnetism,
but the best point of departure for our current purposes is the paper that laid the theoretical
foundations for the IFE. In his paper in 1960, L. P. Pitaevskii uses a phenomenological
approach using the Maxwell-Abraham stress tensor to predict static magnetization in a

dispersive and transparent medium. Subsequently in 1965, van der Ziel et al. [31] observed
this effect experimentally and coined the term Inverse Faraday Effect. They derived an
expression for the static magnetization using a potential function [25] and derived the

expression for magnetization in the form

M = TOH —7 (Er€R — ELET) (1.15)
where F'is the potential function, H is the DC magnetic field, v is the optical gyration
coefficient and £ and &£, are the amplitudes of the right and left circularly polarized light
respectively. This relation is also written as

M(t) = —E*(t) x E(t). (1.16)

This equation connects the magnetization to the generating electric field of the light pulse.
They also showed that the generated magnetic moment was proportional to the Verdet
constant of the material, demonstrating the connection between the Faraday effect and the
IFE (See also Shen (2002) [30, Chapter 5]).

Furthermore, Pershan et al. [20] provided a detailed quantum-mechanical explanation
of the IFE by formulating an effective Hamiltonian for the process and linearizing the
nonlinear problem through it. For example, for a spin—% system, the effective Hamiltonian is
given as Heg = 1AS-E X E* with S as the spin matrix and A as a phenomenological constant.
It is important to note that the IFE is a nonlinear optical effect creating nonequilibrium
magnetization without scattering of light. This implies that after interaction with spins,
the spectral distribution of light does not change and only the average number of photons
decreases, reflecting the energy transfer between the spin system and light [9].



To see the nonlinearity of this optical effect clearly, we look at the dynamics and inter-
action of magnetic moments with magnetic fields through the Landau-Lifshitz equation.
For a volume V' of a magnetized solid, the magnetic moment is given by m = VM where
M is the magnetization and m is the magnetic moment of a given volume. All interactions
contribute to a thermodynamical potential ® and the action of these combined can be
considered as the effective magnetic field

HT = — (1.17)

oM
The Landau-Lifshitz equation corresponds to the motion of the magnetization vector [21]:
dm
—— = ~m x HT, 1.18
= (1.18)
describing the magnetic moment precession around the effective magnetic field. The full
expression for the thermodynamical potential (neglecting terms with orders higher than 3
in E(w)) can be written as

® = X\ Ei(w)" Ej(w) + ol Ei (w)" B (w) My (0)
j X

’ ) + ol
+ B Ei(w)* Ej(w)1(0) + X7 Bi(2w)* By (w) By (w) (1.19)

+ aE;ZIQEZ'<2w)*Ej (w) By (w)M;(0) + BZ;Z,QEIQw)*EJ (w) Ex(w);(0)

where XE?, ngk), oz”k, 1?127 Bljk, ﬁl(;kll are tensors that describe the optical properties of
the material and the superscript [ corresponds to the linear response, and the superscript
nl corresponds to the nonlinear response and M(0) and 1(0) correspond to the static
magnetization and the antiferromagnetic vector respectively [25]. The Faraday Effect and
the Inverse Faraday Effect were derived from equation (1.19). The Faraday Effect involves
the rotation of linearly polarized light passing through a material under a magnetic field,
while the IFE is the process of circularly polarized light creating a magnetization in a
material. As such, the strength and degree of rotation (measured by the Verdet constant)
that the linearly polarized light undergoes in the Faraday Effect is also a measure and
determining factor of the strength of the IFE and the resulting static magnetization.

With the discovery of ultrafast demagnetization of a Ni film by 60 fs optical laser pulse
by Beaurepaire et al. (1996) [2], a new field of ultrafast manipulation of magnetization
was created. After this paper, there were many experiments aimed at demonstrating other
possibilities such as laser-induced spin orientation [15] and optical generation of coherent
magnetic precession [12] on time scales of 1 ps or less. In general, there are three classes
describing the effects of pump laser pulses on magnetic systems [17]:
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1. Thermal effects are caused by absorption of photons as energy is pumped into
the material. The magnetization change is thus an effect of the spin temperature
M = M(Ts). Phonons and electrons are pumped with the energy from light. Any
subsequent magnetization changes and their time scales are determined by the in-
ternal equilibration processes like electron-spin interactions, which can be as low as
50 fs for ferromagnets. External parameters such as thermal conductivity of sub-
strates and the geometry of the material give the lifetime of such thermal effects.
This class is limited by the cooling time as it limits the repetition frequency of the
magnetization manipulation through spin excitation.

2. Nonthermal photomagnetic effects involve the absorption of pump photons [13]. For
this class, through certain electronic states that have direct influence on magnetic
parameters such as magnetocrystalline anisotropy, photons are absorbed. Through
these same magnetic parameters, the magnetic moment of the material is affected
and the lifetime of the effect is given by the lifetime of the corresponding electronic
states.

3. Nonthermal optomagnetic effects are unrelated to the absorption of pump photons
and are seen mostly in transparent crystals [13]. They are based on an optically
coherent stimulated Raman scattering mechanism and mainly include effects such
as the IFE and the Inverse Cotton-Mouton effect. This mechanism’s action can be
considered as instantaneous and the spin-orbit coupling which is the driving force for
the magnetization change is its limiting factor. The lifetime of the effect is similar
to optical coherence (100-200 fs).

The publication by Kimel et al. [16] had managed to experimentally demonstrate for the
first time, that spins can be manipulated with a circularly polarized laser beam [10]. This
was a major milestone in the understanding of optomagnetism. Not only had it managed
to demonstrate this effect, it utilized this effect for ultrafast non-thermal coherent control
of magnetization and spin dynamics in magnets through the application of these circularly
polarized femtosecond light pulses with the use of the IFE. Until then, IFE had remained
relatively unknown and unexplored experimentally, and only in a limited form was the basic
theory of the process theoretically explored. There were papers which focused on thermal
and photomagnetic effects. For example, Kimel et al. (2004) [15] had already shown a
laser-induced ultrafast spin reoriontation in TmFeO3 on a timescale of a few picoseconds,
contrasting to what was previously hundreds of picoseconds. Photomagnetic effects were
already shown to exist in garnets with certain dopants [32] and Duong et al. (2004) [7]
had probed and examined magnetic changes that were caused by the photoexcitation of
NiO by optical second-harmonic generation.



The paper by Kimel et al. [10] starts from the basic theory of the IFE, with the equation
for Faraday rotation through a medium under a magnetic field:

ap = %M Kk (1.20)

where n is the refractive index of the material, k is the wave vector of light and M is the
magnetization. They use the expression for the magnetization from the basic theory for
IFE:

M(0) = % [E(w) x E*(w)] (1.21)

where y is the magnetic susceptibility. This is another form of the equations we have
previously shown. They used DyFeO3 for their experiment as it had a strong anisotropy
of the magnetic susceptibility y. Finally, they were able to show that an ultrashort laser
pulse will act on the ensemble of strongly correlated spins, acting as a magnetic field pulse
which is directed along the wave vector k. They showed that such femtosecond circularly
polarized laser pulses are equivalent to 200 fs magnetic pulses up to 5T [16].

Consequently, new research was beginning to find more applications for the IFE and
optomagnetic effects. Hertel (2005) explored the theoretical side of the IFE in metals using
a microscopic approach based on the Drude approximation of a free-electron gas, where
the magnetization due to IFE was interpreted as a result of microscopic solenoidal currents
generated by electromagnetic waves [10]. It was shown by Stanciu, Hansteen, et al. (2007)
[31] that IFE could be used to reverse magnetization in a controllable way with a single 40
fs circularly polarized laser pulse without the use of any applied magnetic field. Others such
as Popova et al. (2011) [27] have tried to correct some of the shortcomings of the theory
behind IFE to account for extremely short laser pulse durations which cause problems
for the original formulation. Others such as Battiato et al. (2014) [1] further explored
the quantum mechanical model of the IFE using perturbations in conjunction with an
analytical time-dependent solution of the Liouville-von Neumann equation and the density
matrix approach. The interest in optical control of magnetization and specifically the IFE
has consistently increased and can be seen by the papers from Lambert et al. (2014) [20]
and Kozhaev et al. [18]. Tokman et al. [33] published a paper on the IFE effect in graphene
which attempts to address the same issue as we do in this thesis, with a completely different
approach. We will compare our results with those of Tokman et al. in the next chapters.
More recently, Majedi, A. Hamed and Lounis, Brahim [23] developed a quantum mechanical
formulation for a generalized Pitaevskii’s relationship and showed that photoinduced DC
magnetization is proportional to the odd harmonics of light power. Our purpose here is to
apply a similar methodology with graphene and theoretically determine whether we can
induce DC magnetization in graphene, and whether this magnetization follows the same
form as the IFE observed in previous research.



Chapter 2

Theoretical Analysis

2.1 Circularly Polarized Light

Before we begin with the calculations, we will give a summary of the method and the steps
used to obtain the final result. We first start from the Hamiltonian of graphene around
the K point, which includes the interaction term coming from the vector potential of the
circularly polarized light that we apply to the graphene. This will break up our total
Hamiltonian into two parts: 1) H;, which is the original Hamiltonian and 2) Ho which is
the interaction Hamiltonian.

We then solve Schrodinger’s equation for the interaction Hamiltonian and obtain the
wavefunctions which we name 1i. In order to solve for the wavefunction considering the
total Hamiltonian, we assume the form of the solution ¢y is a combination of functions
of time £*(t) multiplied by the interaction wavefunctions found in the previous step. We
then plug our assumptions into Schrodinger’s equation with the full Hamiltonian to arrive
at a system of ODEs. This system turns out to have non-constant coefficients, so we use
an approximation to simplify it to a system with constant coefficients. We then solve this
system and arrive at the total wavefunction ¢y for both the conduction and valence band.

After finding the total wavefunction, we use the formula from the paper by Majedi, A.
Hamed and Lounis, Brahim [23] for magnetization, which involves taking the expectation
value of the total angular momentum operator. Since our basis functions are orbital func-
tions, we break up the angular momentum operator into two parts, one for r x p and one
for r x eA. We then apply translations to the two orbital functions for the A and B atom to
account for their physical translation in space. After showing that the expectation values
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Figure 2.1: Diagram of the steps used in finding the dressed wavefunction of graphene.

for the first part of the angular momentum operator is zero, we use Matlab to numerically
solve the integrals arising from the expectation values of the second part of that operator.

Finally, after obtaining the values for these integrals, we combine the integrals with
the constant terms that we obtain from the multiplication ¢}tk and show the complete
expression for the magnetization of graphene (refer to Figures 2.1 and 2.2 for a visual
representation of the steps.)

For graphene, the Hamiltonian in the presence of an electromagnetic field can be written

in the following form: R
H =vo - (hk — eA) (2.1)

where A = (A,, A,) is the magnetic vector potential, & = (0,,0,) is the Pauli matrix
vector and k = (k;, k,) = (kcosp, ksinp) is the wave vector and ¢ is the azimuth angle
of the electron wave vector. To find the dressed states in graphene, we follow a similar
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Figure 2.2: Diagram of steps for finding the expression for DC magnetization of graphene.

methodology as the one used in the paper by Kristinsson, K., Kibis, O., Morina, S. and
I. A. Shelykh [19], by applying a circularly polarized field to the graphene and solve the
corresponding Schrodinger’s equation using the above Hamiltonian, as illustrated in Figure
2.3. Since we are using circularly polarized light, our vector potential will have the following
form:

A = (Agcoswt, Agsinwt) (2.2)

where E
Ay == (2.3)

w

We will have two parts to our Hamiltonian if we expand the total Hamiltonian

H = Ho + Hy (2.4)
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Figure 2.3: Circularly polarized light applied to a sheet of graphene.

First we find the interaction Hamiltonian H,:

~

Ho = —vo - eA
= —ve(o,A; +0,4A,)

— e K(l] (1)) (Aycoswt) + (‘2 ‘OZ') (AOSinWt)}

— (—vedy) ( 0 cos wt — zsmwt)

cos wt + 1 sin wt 0

. 0 iwt
HO = (-U@Ao) (eiwt 60 )

12
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Next we find the graphene Hamiltonian Hy:

~

H = vo - hk
= vh(oyk, + oyky)

01 0 —i
=6 o) (o))
B 0k, —ik,
_Uh(kx—l—z'ky 0 )

. 0 oh(ks — iky)
e = (m(kw +iky) 0 ) (2:6)

We arrive at the following wavefunctions that are also derived by Kristinsson et al. [19] by
solving the system of equations ih%d}o = Hoo:

VE _iwt QZFhw / iwt
1/ 50 D, (r)e + 4/ 50 D, (r)e ] (2.7)

where we define the new energy of the system dressed by circularly polarized light as

0= \/(hw)2 + (2”ZE°>2 (2.8)

We can see from equation (2.8) that the frequency of the system is also being dressed. Tak-

+ 4
Q/)O = e 2h

. . 2
ing 0 = Awgressed, We get the expression for the dressed frequency, Waressed = \/ W2 + (%) )

We put these wavefunctions in vector form, using ®)(r) and ®,(r) as the basis vectors

Ot hew 9 _iwt
vy = i — 0 ¢ 2
0 77/185 Q;gweizﬁ*'%t
- O—fiw — 8t iwt
w_ et 1/}01 — 20 € 2h 2
0 ¢0_2 _ Q;—Qhwef%4”w7t
' (2.9)
g (Y Z (155) N
0 77Z1(—)F2 7 (Q+£M Qig‘”e%"’%
2 2
@ZJ— = (¢M) _ —i (Q;:M) Q;g”e_i%—”%
o b N (1917 iw
v i (S50e) | [ ke a Y



Yy will have the following form

Fd 4+ € (g (2.10)
e ()ca(2) 1)
(i) - (G0 0 o

We have the Hamiltonian

.~ 0 —Woemiwt 4 ho(k, — iky)
= (—%em + ho(ky + iky) 0 (2.13)
~ (0 Hy
H = ( H 0 ) (2.14)
where
Wo = 2U€A0 (215)

The Schrodinger equation has the following form
ihe = Hipie (2.16)

Applying the product rule to the derivative of

the = £ (YT + MU +E (Mg +E (g (2.17)
On the right hand side of equation (2.16), we have
y _ 0 H ¢ 1) H ¢ 2
o= (g, ) () = () (215)

The full Schrodinger equation will now be the following

ih | £t %ﬁ) + (%rl) — (%_1) - (%_1)} _ <H11/)k2)
ih {5 <¢8_2 +¢ v +¢ e +¢ i Hythe, (2.19)
This leads to two sets of coupled differential equations
ih [0 + €00 + € + €| = i, (2:20)
ih [0t + €0, + € Ui + €U0 = Hat, (2:21)
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Rearranging equation (2.21) in terms of &
o b i [ + €0 + €050
- i,
Subbing in equation (2.22) into equation (2.20)
Hath, — i [€4 0 + €40 + € ]
ihtg,

ih [éwoﬁ + Mg + (

Multiplying both sides by 1y, and dividing by A:
¥ . et e .. H _
i€ o102 — 1€ Paathor HiE g1 Yoe + fwklwm
Y U S
— i Pty — 1€ Pty + 1€ Vg = #Zbkz
i (Ui — vt € = — i (e — v ) €
— i (Vi — Yt ) €
H. _
- fwklwm
H _
+ 71%%2
To simplify the calculations, we define the following variables
¢ =Yg — Yava
0 £ Yg1ve — Yhvn
07 = oyt — Yoaton
Using these definitions in equation (2.25)
e . .. H _ ..\, H — o\ -
i€ = —idtet —iome — =2 (€M + € v vor + - (60 + € V) Yo

Gathering all terms with £+ and £~ together and dividing both sides by (:

. ot H H
iEt =— (z'? + h—gw(;wgl ~ h—é%%) ¢t
o~ H. H
- (@? + h—gﬁ){)—lﬂ)& - h_glbo_ﬂ/’o_z) §
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(2.22)

) oy + 51/'101] = Hytu,

(2.23)

(2.24)

(2.25)

(2.26)
(2.27)
(2.28)

(2.29)

(2.30)



Using the following definitions

ot H _ H _

At 2 Z? + h—gl/farl@/)m - h_gﬁbaéﬁ/)oz
.46 Hy, _  H{
A™ 2 Z? + h—élboﬂ/)m - h_gﬂ)o%boz

The equation becomes

i€ = —ATeT — A

(2.31)

(2.32)

(2.33)

Now we need to find A* and A~. To do this, we first find ¢, 6T, 6~, noting that W =

QQ—(hw)zz
¢ = Yo% — Va¥o
(O Q — hw
__( 20 )_< 20 )

:_(mm Q—hw)

0 20
C: _17
0" = Vv — Uit

S ) a5

1

= —i— [(Q = Bw)(Q + hw) + (Q + w)(Q — w)]

4R
(Q — hw)(Q + fw)
2hQ2

W2
+_ "Wy
S TIok

0 = Yo1¥ee — Voato

—i (94*7;{7;“) Q) (2 1 ha)e ®

Q= hw ot

—z( 0 >\/(Q—hw)(Q+hw)e
. W _ it

=55 (Q— hw)(Q + Tuw)e™ »

. AWOCU _mTt

0 —2296
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(2.34)

(2.35)

(2.36)



Now we calculate A™:

Calculating b, ¢ and d:

LA NY Ve WE
C hC 01%01 — C 02 %02 (237)
=b+c—d
2
b=1 (—221/;;—(;_2> (—1)
2 (2.38)
0
2h82
iﬂ Yo,
n¢ Vo1t
1 WO zwt WO —iwt
h( 5 + ho(k, —Hk)) 50
WO WO iwt . —iwt
50 (— 57, ¢ —|—v(kx+zky)) e
Wi W
2—5 (—2—7; + v(ky + ik, )e ”’t) (2.39)
H _
h Vi
Wo —iw W —iw
(—7 "+ ho(k, Zky)> 50 ¢ t
WO WO —iwt wt
50 ( o7, ¢ + v(k, —zk‘y)) e
4% Wi
- (—2—7;’ + v(ky — k)™ (2.40)
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W Wo . it Wo , it
( o T v(ky + iky)e ™ + on T v(ky —iky)e
Wo (_% + ok, (eiwt 4 6—iwt) + vk, (e—iwt _ eiwt))
Wi Wi
0 (_?0 + 2v (ky coswt + ky, sin wt))

AT:

2
W Wo (_% + 2v (k, coswt + k, sinwt))
W W
2h$) Q

At = —v% (kg coswt + k, sin wt)

(ky coswt + k, sin wt)

Now we calculate A~:
_ 0 Hy _ _ H _
A = Z? + h_c¢01¢01 - h_g¢02¢02
=f+g—h

Calculating f, g and h:

f=i (zm;gwe%’> (—1)
Wou.} _iQt

= e h

2Q)

H
g= h—é@walwal

1 » Q — hw ior_
=—— (—%e“"t + ho(k, + Zky)) ( ) e i it

h 2 2Q

Wo iw . Q — hw — B2y
:_(—%e t—l—v(kz—l—zky))( 50 )e po it

Wo _iar o it Q— hw
:_(—%6 ot vk +iky)e Tk t>< 50 )
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(2.41)

(2.42)

(2.43)

(2.44)

(2.45)



Hy _ _
h= e ViV
- 1 W() —iwt . Q + hw — gt
__h(_Qe +hv(k‘x—zky))( 50 )e z
_ WO —iwt . Q + hw 7M+iwt
——(—%e —l—v(kx—zky))( 50 )e z
Wo _iou L0t Q0+ hw
= — (—%6 o+ U(k'a: - Zky)e n t) ( 2Q ) (246>
g—h:
_ 11 WO —iwt Q — hw
g—h=—e" < 2h+v(kx+zky)e )( 50
Wy i\ [ 24w
. iQt W(]CL) Q — hw it
=—e | 5g —|—v(kx~|—zky)< 50 )
. Q4w ,,
—v(ky —iky) < 50 >e t] (2.47)
A~
AT=f+g—h
. W()w iQt iQt Wo(,d — hw it
50 € —e [ —I—U(/{Zx-i-lky)( 50 )
Q+hw\ .
— vk, —iky) ( 50 )
Wow _ it Q ﬁw —i(24y,
=(1-1) 5q € " —U(k)x—i-lky)( 507 )e (F+w)t
Q + hw —1 Q*(.d
+ vk, — iky) 50 emi(H—)t
Q- Q
A_ — _U(kx + Zky) ( QQhw> 671(%+w>t + U(k:x - Zky) ( ;Qhw) 671<97M)t (248)



Finally, subbing equations (2.42) and (2.48) into equation (2.33), we get the following:

@'SJF =0 {% (ky coswt + kysinwt) £F

(2.49)
(k= ) () R (i) (L) el
£ = —v [% (ky coswt + kysinwt) £
(2.50)

+(ky + iky) (Q ;Qh“) e (Rl — (k, —ik,) (Q ;Qm) ei(%_”)tﬂ

W
Under high frequency, where the relation EO holds, equations (2.49) and (2.50) will simplify

with the following:
WONWONO Q—i—thl Q—lw

Qw7 29 20
to the following equations [19]:

0, (2.51)

€7 (1) = —v(h, — ik, )e (RN (1) 2.52)

i€ (1) = —u(k, + ik,)e!(F )it (1)
From here, we take the time derivative of the first equation of these two coupled equations
and insert the second equation into the derivative of the first to get a second order equation
in terms of £:

i£ = vk, — ik,) (—z’—(Q _hhw)> eTiE )t — oy, —ik)e (F) e (2.53)
We have the following;: .
— ZSJF 7 %fw t
and . .
£ = iv(ky + ik,)e (T )igt (2.55)
Inserting the above equations into equation (2.53):
e = i e~ wrpern (2.56)
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We can get both £+ and £~ from this equation. First we find £*:

~

o+ —%’<“V ‘%Qﬁ“’g—4<vk>2+9?‘”>t
& =C"e

Similarly for £:

5_ =C eE
= 0_67%(i\/*(ﬂfho.;)2f4(hvk)2iﬂihw>%
= C’e_i(i\/_(%)(z—(ﬁvk)? Q,ﬁw)%
= C’e_i(_ (Q_zh“)2+(hvk)2_g+%w)%

or written a different way:

where:

o= o (2B

= hwdressed — hw

- h(wdressed - W)
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(2.57)

(2.58)

(2.59)

(2.60)

(2.61)



Figure 2.4: Gap created at the location of the Dirac cones, with a magnitude of ¢,.

The immediate result of this energy dispersion is the opening of a gap at the Dirac points
as shown in Figure 2.4. (compare with Figure 1.2.) The energy gap can be expressed in
terms of the difference between the dressed and the original frequency multiplied by A. It
is similar to the detuning for the generalized Rabi frequency of a two-level system.

Now we can write {7 and £~ in the following form:

g5 (t) = CHe(F3F i (2.62)
To find C* and C'~, we must make use of the normalization condition for the wavefunction
Yy
1= (Yu|tne)
= &7 (g lvg) + 1671 (o 1)
=€+ 16717
= |O+67i(%7%}+€k)%|2 + |C'_@7’i(7%+h7w7€k)%|2
1=[CTP+|C 2 (2.63)

Now using this result alongside the first equation in (2.52), the left hand side will be:

e =ifor (-5 (5T ra) )t

1 Q - Q iw t
=Cts (‘ L fk) e (T (2.64)



The right hand side will be:

fw)

= —v(k, —iky)e” e (25t ) (2.65)
At t =0, we will have the following equation:
ct —(———+€k) v(ky —ik,)C™ (2.66)
Taking the magnitude squared of both sides:
2
CJF% (%—%—F&() = }—U(km—iky)cff
1 (Q hw ?
‘C+|2 ﬁ (E — 7 +€k> = (Ulﬁ)Q |C_‘2
\O+|2% (Z+e) = @h? e (2.67)
Now we use the normalization condition obtained previously (|C~|> =1 —|C*[*):
2
}CﬂZ% (%" + sk> = (vk)? (1 - \G+|2)
2 1 re 2 2
O (2 +e) = (k) = (k) [C]
2
o= L (Z+a) +@R2|CH] = (why?
ot (2 +€k) + (hok)?|CF]” = (hok)?
ot = — )
(% +ex)” + (hwk)?
\C+|2: €l — (%)2
(%)% + 22 + e + (hok)?
v B3 (@t )
et = 2ex (ex + %)
k \¢k D)
2 Ex— 3
‘C+| - 281(2
Ay
- o (2.68)
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From this result, we can simply find C'~ using the normalization condition:

()

Y

+
0|

C=7F

(2.69)

[\l
™
=

Solving for Ct and C'~ using the second equation in (2.52) will result in the following:

e + &
Ct =+ 2 2.70
2o (2.70)

Ex — =
Cc~ = 2 2.71
A o (2.71)

So we have four solutions for these constants which come in pairs. We can express the final
result as such:

ex F 2
Ct =+ 2 2.72
oer (2.72)

€k + 2
C- = 2 2.73
Al oer (2.73)

We must note that since we have used the normalization condition, and since C* and C~
are complex numbers, we have lost the information of their complex phase. To account for
it, we must add this phase in the expression and find it using equation (2.52):

& -= .
it ijk 2 il (2.74)
==
C-=F k25k 2 it (2.75)
Subbing these expressions into equation (2.52):
1 /92 hw € (@-he), i(-Q hw .
C+ﬁ <§ G €k> et = —v(k, — z’ky)eﬂm =i et o (2.76)
Setting t = 0 and substituting the expressions for C* and C~:
=% 1 (Q hw P et 3
- =—-— = —v(k, — - 2.77
2 m\2 2 Tk vlks = iky) 2 (2.77)
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Multiplying both sides by 1/ €k+k2 :

€g\2 9, (2 hw . g\
- (2)en (§-% ) <ot — i) (ac+ 2) e
(hvk)e™ <%g + 5k> = (hok)e " <5k + %) e

ei91 — e—i<pei92
ei(92791) _ eit,p

We have found the relation between the phases of C* and C~. Weset ; = —% and 0, = .
Now we can express the full form of the wavefunction v, using our results:
Ekt

wk _ 671'7 £+ |5k| :F Q + r)eiwt
2\€k| V
(2.79)
‘Ek‘i%l i Q—h&) ’ —iwt Q"’h@.} ’
:F‘/WB \;Tél(r)e — 1/ 50) CDQ(I')

The + and — correspond to the wavefunction for the conduction band and the valence
band respectively. This also holds for the sign of ey (this detail is important for when we
calculate expectation values using this total wavefunction.)

S

Setting CI>/L2( ) = D19( ) and applying the previous approximation in (2.51):

lex] F 5 EAE=2
— 4y T2 /250 2.80
¢k ka 2‘81{’ ) 2‘61{’ €2 2(1’) ( )

This equation is physically equivalent to Eq (2.79), only simplified with the aforementioned

Q+hw Q—hw ezwt
2Q ) 2Q 7

refer to the total wavefunction for electrons in the graphene sheet around the K point for
the conduction and valence bands.

approximations which removes all and e~ ™! terms. Both equations

2.2 Magnetization Formula Applied to Wavefunction

Following the definition of magnetization developed in the paper by Majedi, A. Hamed and
Lounis, Brahim [23], we define the formula (ignoring the spin term) for the expectation
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value of the magnetization as
~oy Ne -

(M) (L) (2.81)
where N is the atomic number density of the material (3.82 x 10* m~2 for graphene). Note
that the angular momentum operator L is the total angular momentum operator which
includes the angular momentum induced from the vector potential of the light. First we
write our wavefunction from the previous section (from Eq (2.80)):

- 2m

€g €g
— 71’%‘t |€k| 2 7i% |€k| + 2 42 282
P = pi(r)e —2|€k| 1 —2!8k| ( )

o | e =2 ekl + % e
= (r)e'n — = e'207 —_= 2.83
wk @k( ) 2‘€k’ 1 2’5k| ( )
Using the formula for magnetization as follows |
~ Ne ~
(M) = BT / YpLapy dPr
N (2.84)
e
= om |:M1]11 + Malio + M3lay + Myl

where we have the following terms which come from the multiplication of the constant
terms attached to the basis functions

M, = |€;||T_k|? (2.85)

) = %e”’ (2.86)
M, = ;ZS ei (2.87)
M, = k‘;"%f (2.88)

and Iy, 12, I>; and Iy are the integral terms arising from the expectation value of the
angular momentum operator with basis functions as the wavefunctions. Although the
calculation for all of the M; terms are not given for the unsimplified wavefunction from
Eq (2.79), the final results of the calculation are given and used in the last section of the
theoretical analysis.
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2.3 Calculation of Expectation Value of Angular Mo-
mentum Operator

We note that in this case, the angular momentum operator is:

L=rx(p—eA) (2.89)
which can be written as R R R
L=L,+Ly (2.90)
where we have
i, —rxp
A A (2.91)
= (Lpz7 pr? Lpz>
L ih 0 (2.92)
= —1 — —z— .
be Y52 oy
- . 0 0
Ly, = —ih (Z% — I@) (2.93)
. 0 0
L, =—ih|lo— —y— 2.94
D=z ? (xay yax) ( )
and
fJA = —er x A
... (2.95)
= (LAZ>LAya LAZ>
L, = eAyzsinwt (2.96)
ﬁAy = —eAyz coswt (2.97)
L. = —eAo(zsinwt — y coswt) (2.98)

We take the position vector and the wavevector to be:

r=2Ir+ 9y -+ 2z (2.99)
k = 2k cos ¢ + gk sin ¢ (2.100)
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We also know the formula for the p, orbital for the carbon atom from the hydrogen atom

model:
1 6\ _a
Uoo(r) = \/% <a_0> re 20 cos b

5/2
. ]. <£) / Ze_% /$2+y2+z2

Qo

(2.101)

V32T

where ag is the Bohr radius. Now we find the expanded form of ¢y (r) which is simply the
form of the Bloch wavefunction with a normalization factor of S. Usually, this factor is V/,
but since we are dealing with a 2D material, this factor is a surface area instead:

1 ik-r
r)=—e
oi(r) 5

1, -
_ezk(x cos p+y sin p) (2.102)

\/_

VS

_ Leik\ [ x2+y?
VS

However, since we are dealing with only one unit cell in our calculations, we normalize
S and remove it from calculations. Relating the orbital function to our basic functions,
we have (the positions of the atoms are shown with respect to our chosen coordinates in
Figure 2.5) [29]:

(I>1(r) = eik'RA\Ilglo(I' — RA)

, 2.103
(I)Q(I‘) = GZk'RB\IJQH)(I' — RB) ( )
where we have
ap .
Ri=— s 2.104
W (2.104)
ap .

Rp=—=x-2 2.105
where a; = 2.46A is the lattice constant of the graphene honeycomb lattice. Note that
|IRa| = |Rp| is half of the distance between two adjacent A and B sublattice carbon
atoms. From section 1, we can write |Ra| = |Rp| = a/2. Figures 2.6a and 2.6b show the

probability density of the orbitals with their respective shifts.
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Figure 2.6: Orbital probability density for a shift in the direction of (a) R4, (b) Rp.
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It is important to note that since these exponential functions are only there to satisfy the
Bloch form for the wavefunction in the crystal, they will not be included in the integration
process for the inner product of states. Combining these results we will have:

1 6 5/2 _i\/ﬁ A ‘
@1(1')901{(1‘) = (_) ze @0 ( +2\/§) +y+ €Zk'RA€Zk‘ /2 +4y2

V321 \ Qo

1 6 5/2 3 2 (2.106)
PI(r)py(r) = o (a_o) zefame*ik'lhe—ik\/m
5/2 —
V321 \ Qo
(2.107)

1 6 5/2 -3 (x* 4 >2+y2+22 ik-R k\/ﬁ
(I);(r)gpi(r) = \/32_7T (a_o) ze 0 23 ¢~ ik Rp —iky/z%+y

The integrals from the angular momentum operator ﬁp are very straightforward. Since we
know that R
Lz‘wnlm> - mh’wnlm> (2108)

Since m = 0 for the 2p, orbital, the resulting expectation value will also be zero. This
is a very predictable result since it states that expectation value of the angular momen-
tum for the 2p, orbitals are zero. We have also carried out the integral calculations for
the f;p expectation values as an extra check and confirmed that they are all zero (we do
not include these calculations here.) Essentially, it means that any nonzero expectation
for the angular momentum operator with the 2p, orbitals has to come from the angular
momentum imparted by light, or in other words, the canonical momentum.

We will have the following integrals (note that I1o = I5;):

= [ 1)) L [0l s (2.109)
Ly = / @;()i(r) La | @3(0)(r)] de (2.110)
b = [ 031500 L [Rar)nlr)] s (2.111)
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We will need to solve these integrals numerically with Matlab (refer to Appendix B).
I, = /(I)T(r)goi(r)(—erz sin wt) [@1(1‘)@1((1')} d’r
= (—eApsinwt)— 3 ( ) / / / Be"ap V @-Ra)yyi+at dx dy dz
T\ Qg
i, = [ B e cosen) [0 (0)(r)]
L (6N [ [ [% oo myp
= (—eAy Coswt)ﬁ @ e dx dy dz
L, = /@f(r)api(r)(—eflo:v sinwt + eAyy cos wt) [(I)l(r)apk(r)} d*r

= (—edy Slnwt o (a ) / / / w2le w VTR 00y 4 (2.114)
0

+ (eAy coswt)32—7r <a_> / / / yz’e” agVERaPHy2 22 g dy dz
0 0o J—oo J—

With the exception of I1;. and Iy, all of the integrals are zero:

(2.112)

(2.113)

I, = —ger sin wt (2.115)

Loy, = ger sin wi (2.116)

If we use equations (2.84) and (2.85)—(2.88), we will have the following:

~ Ne |5k| -2 a . |Ek| +
M) == 2 (—— A t> —— < A t)
(M), o [( 2ol ) 26 0 Sin w —i—( 2|€k| 26 0 Sinw

Nae _ lex| — 22 lex| + 22
= A =2 < 2
i eApsinw [( 2] + 2len]

= ——ecAysinwt—"—
am 2yak|

~ Ne ClE0€ .
M — t 2.117
M) = e el (2117)

Z_

This result clearly has no DC components. In order to get the magnetization with non-zero
DC component, we will have to use the unsimplified wavefunction from Eq (2.79) where
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the approximations in Eq (2.51) are not applied to the wavefunction itself. This will yield
the following:

- Ne |hw ¢ hvk Wy
M) = 0|2 Se ORI I
M. =5 lQ e Ta @ (¥ “p)} .

_ Ne*ahE, [weg 2ev’kE,

5 T, oS (—wt + go)} sinwt (2.118)

T dmwleQ

Therefore, the total magnetization will be:

~ Ne?ahe, E, Nedahv’kE?
M) = ———2 —sinwt —0[ i in (2wt — ] 2.119
(M), Sl sinwt + I sin ¢ + sin (2wt — @) ( )

The DC components of the magnetization in the z-direction will then be (the +z-direction
is in the direction of the propagation of the polarized light):

~ Nedahv?ksin p B2
M)pc = . 2.120
(Mno Amw?|ex|Q ( )
Eq (2.120) can be fully expanded as:
~ Nedahw?k sin p B2
(M)pc = e et (2.121)

2

g2 [ (o) + (21);&)2\/ 1 W(mv T (zemn)? m) T (k)

Eq (2.121) physically describes the magnitude of the resultant DC magnetization vector
that we expect to obtain by applying circularly polarized light to a sheet of graphene. As a
sanity check, we can see that by setting the bandgap ¢, to zero, or in other words, setting
Ey = 0, the magnetization will vanish as well.

The term ksinp in Eq (2.120) is the y-component of the wave vector k. Since our
Hamiltonian was constructed on the assumption that it is specifically for the regions very
near the Dirac point K, the wave vector k has to be in that same region. For simplification,
we have taken the Dirac point K itself as the value for k. In other words,

k=K = (2—7T 2n ) : (2.122)
3a’ 3v/3a
2
ksing = —— (2.123)

3v/3a
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We can further simplify Eqs (2.120) and (2.121) with the above assumption:

- Nrelhv?E?
(M)pc = §
6v/3 mw?|ex |

(2.124)

Expanding Eq (2.121) as a Taylor series in terms of Ej as the variable, up to the sixth
order, we will have:

(M) pe — Nelav ,  Nelav® B Nelav?(27a*w? — 1927%0?)
T 8mhwt T’ AmiBwT " 2567m2mhdwi!

ES+ ... (2.125)

The orders of the Taylor polynomial will be 2,4,6,..., thus the DC magnetization is a
function of Ey in the form of |E, X E;|N (where N =1,2,3,...), as predicted by Majedi,
A. Hamed and Lounis, Brahim [23]. We use the second order term in the Taylor expansion
from Eq (2.125) to compare our result with other formulas derived for magnetization of
graphene:

- Nedav
M ~ 2
(M)ne 8mhw3 " °

(2.126)

Comparing Eq (2.126) with Pitaevskii’s equation Mpc = vE x E*, we obtain the optical
gyration coefficient for our magnetization:

iNe*av
= 2.127
7 Tomhw? (2.127)
Furthermore, we observe that our result from Eq (2.126) is similar to the results obtained
classically by Hertel [10], with the magnetization formula M = ;:353 where (n) is the time

averaged electron density. Although the method here is completely different from that of
Hertel, we see the same proportionalities of ~ €3 and ~ w™3. Comparing our result with
Tokman et al. [33] shows even more similarities. Their expression for magnetization in
graphene is:

3,2 2Wr 2_2 2
0 _ _¢v (h) w L s
P (25T 7 Re(iE, E?) (2.128)

where W is the Fermi energy. Here we see the same proportionalities of ~ €3, ~ w™3 and

also ~ v2. However, our method of taking into account the band gap created in graphene
due to the circularly polarized light results in no singularities in our expression for the
magnetization, while the expression by Tokman et al. does contain a singularity in terms
of the frequency w.
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Chapter 3

Numerical Results

In this section we will show our final results by looking at the equations derived in the
previous section and plot them in regions of interest. The parameters used for the numerical

calculations are given in Table 3.1.

Parameter Symbol Value
Graphene lattice constant a 2.46 A
Graphene nearest-neighbour atoms distance a 1.42 A
Orbital left shift IR 0.71 A
Orbital right shift Rp| 0.71 A
Fermi velocity in graphene VR 10° m/s
Graphene atomic density N 3.82 x 10*¥ m~2
Wave vector ksing 8.51549 x 10° m/s

Table 3.1: Parameters for numerical calculation

First, we will show the effect of the applied electric field strength and angular frequency
on the dressed energy €2 which was given by Eq (2.8).

We take into account a realistic spectrum range for typical tunable lasers between the
near ultraviolet (NUV) and near infrared (NIR) wavelengths. We note how the surface
plot in Figure 3.1a looks entirely linear in the region of low electric field amplitudes and
in a frequency range between w = 1 x 10" s7! to w = 5 x 10'® s7!, corresponding to a
wavelength range of A = 380 nm to A = 1890 nm. The energy hw is between 0.6582 eV

and 1.3164 eV. It is clear that in this region, the energy is hardly dressed with any extra

34



w

Electric Field Amplitude, Eo(V/m)

1000
800
25
600 =
2 B
400 =
15
200
0
1 15 2 25 3

hw (eV)

N
(&)
w

2
hw (eV)

(b)
Figure 3.1: Surface plots for the dressed energy 2 with respect to field amplitude and

energy, for high and low field amplitudes. Both figures are in the same frequency range of
between w = 1 x 10 s7! to w = 5 x 10" s7! The electric amplitude range is (a) Ey = 0

to EO = 103 V/m, (b) Eo = 109 to Eo = 1010 V/m
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Figure 3.2: Surface plots for the dressed energy  with respect to field amplitude and
energy, for high and low field amplitudes. Both figures are in the same electric field
amplitude range of between Ey = 0 V/m to Ey = 10° V/m The electric amplitude range
is(a) w=1x10"tow=2x10%s" (b) w=1x 10" tow =5 x 10" s~
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energy, and this is already clear from the equation. We can see a nearly seven-fold increase
in the dressed energy when increasing the field amplitude from 10 to 10° V/m in Figure
3.1b. This corresponds to field intensities of 2.65 W/cm? to 2.65 x 10" W/cm?, easily
attainable with lasers such as a Ti:Sapphire laser [3]. However, this maximum increase is
mostly in the lowest range of frequencies in the selected range, meaning the lower original
energy sees the most increase. What is more interesting is how we see a gradual shift in
the surface plot gradient in Figure 3.2a to Figure 3.2b just by increasing the frequency
range to a higher value. In Figure 3.2a, the dressed energy maximum is slightly higher
than the original energy, but in Figure 3.2b, the dressed energy is almost the same. Much
higher field amplitudes are required for significant dressed energies if the original energy is
significantly high.

Finally, we will look at the magnetization formula we derived earlier and apply it to
graphene as we plot the result.

Looking at Eq (2.124), one interesting observation that we also see numerically when
graphing the magnetization plot is that there is an asymptote for the DC magnetization
in terms of Ey (choosing w to be a constant.) Theoretically, we can determine this value
by taking a limit:

lim Nre’hw*E;  Nmeh
Eo—o0 6y/3mw?|ex | 12v/3m

This shows there is a saturation point for the DC magnetization which is directly related to
very fundamental constants including the atomic number density of graphene, the graphene
lattice constant, and electron charge. It is also inversely proportional to the mass of an
electron. We have plotted this equation for frequency values of w = 10'%, 5 x 10'® and
100 s7! with the saturation line at 1.071 x 10~* A in Figure 3.3.

(3.1)

As can be seen from Figure 3.3b, the magnetization approaches this saturation value.
There is also a maximum value for the magnetization for each frequency, but it is not
shown in the plot as the range which the maximum can be viewed from the plot would be
beyond experimentally viable intensities. We were unable to obtain analytical expressions
for this maximum value, unlike the saturation point, but it is very simple to observe it
with a graph and obtain them numerically.

Note that with an increase in angular frequency, this maximum magnetization value
increases, but it also takes significantly more applied field intensity to for the magnetization
to even rise above the saturation point. Compare the blue line in Figure 3.3a to the orange
line. It is clear that for any realistic applications, frequencies above 101 s are much less
feasible because of the higher values of applied intensity required to get to the highest ranges
of magnetization. As Figure 3.3b shows, very high intensity lasers are required for inducing
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Figure 3.3: Magnetization plot with respect to field amplitude Ey. (a) Semi-log graph
for the range of Fy = 10% to 10'° V/m (intensity of 2.65 x 10 to 2.65 x 103 W /cm?).
(b) Log-log graph for the range of Ey = 10% to 10 V/m (intensity of 2.65 x 1072 to
2.65 x 1013 W /cm?)
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any significant magnetization. This was expected, as the induction of magnetization has
been shown to be a nonlinear effect. In nonlinear optics, we generally employ ultrafast
(femtoseconds) high intensity lasers for the experiments.

Figure 3.4 shows the magnetization for an experimentally applicable range of wave-
lengths of 800nm, 1000nm, 1650nm, 2000nm and 2500nm within a range of field intensities
I=10" to I =10 W/cm?.

1><1Q'§IWI o
—\ = 2500 nm
— X = 2000 nm
08l A =1650 nm i
— X =1000 nm
= —\ =800 nm
- Graphene damage threshold
206 1
'4:‘
)
N
:‘3
= 04rF 1
)
S
=
0.2 B
0 IR | — — Ll . il i
10’ 108 10° 1070 10" 102 103

Light Intensity, I(W/cm?)

Figure 3.4: Semi-log graph of magnetization of graphene as a function of the light intensity
I for the wavelength values 800nm, 1000nm, 1650nm, 2000nm and 2500nm.

Figure 3.5 shows the magnetization for the same range of wavelengths as Figure 3.4,
but as a log-log graph in a wider range of intensities. Xing et al. estimate the intensity
cutoff threshold for optical damage to graphene at 300 GW /cm? based on nonlinear optical
measurements [35], which is what we have indicated in both of these figures by the blue
dashed line. other research has shown that graphene has a single-shot damage threshold
of ~ 3 x 10" W /ecm? with 50fs laser pulse [23].

39



T ™ H”E
O sttt Bl B b ot s e s =
- = A =2500 nm :
: |=A=2000 nm
f A = 1650 nm
6L
—~ 107 F |—A = 1000 nm
= - |—\ =800 nm
g Graphene damage threshold
i 108 - [~ "Magnetization = 1.071 x 10 A <
@ f
:‘:1
5
ED 10
< 107 3
=
10712 i
10-14 bl I ! Ll

102 104 10° 108 100 102

Light Intensity, I(W/cm?)

Figure 3.5: Log-log graph of magnetization of graphene for the wavelength values 800nm,
1000nm, 1650nm, 2000nm and 2500nm within a range of field intensities I = 10? to
I = 10" W/cm?. Note the increased value of magnetization with increasing wavelengths
for the same intensity.

It is important to note that the units of magnetization here are given in Amperes
(A) instead of A/m. Normally, the magnetic moment is given in units of A - m? and the
magnetization is defined as the magnetic moment divided by the volume of the material.
In our case, the volume is replaced by the area of graphene, due to its 2D nature. We
have confirmed this by dimensional analysis with Eq (2.120). It is interesting that in two
dimensions, magnetization is difficult to distinguish from current itself in terms of units.

Finally, we can once again compare our results with the results of Tokman et al. [33]
by comparing the magnetization values for a specific value of frequency and applied light
intensity, ignoring their results for values of frequency which are near the singularity points
as we do not have such singularities. In their paper, Tokman et al. use an applied circularly
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polarized light with intensity of 10kW/cm? and vary the frequency. We compare the
magnetization at one of their frequencies of Aw = 100meV, which is equivalent to w =
1.52 x 10 st with the magnetization from our own plot for the same frequency value
and intensity. Tokman et al. predict a magnetization of 1 x 1071°G - cm = 7.85 x 10710A,
while we predict a magnetization of 3.09 x 107!°A. These values are on the same order
and it further verifies that for any significant and detectable magnetization, a significantly
high laser intensity is required.

41



Chapter 4

Conclusion

In conclusion, we fully derived the expression for the modified total wavefunction of
graphene around the K point by solving the Schrodinger equation for the full Hamil-
tonian with the orbital functions ®;(r) and ®4(r) as the basis functions. We showed how
the expression for the modified energy €2 and band gap ¢, appear from the procedure of
solving for the total wavefunction.

We applied the resulting total wavefunction and the atomic orbital basis functions to the
magnetization formula to obtain the final expression for the total magnetization induced
by a circularly polarized light applied to a sheet of graphene. The total magnetization
expression included both AC and DC terms, confirming that it is theoretically possible to
obtain DC magnetization with this application of circularly polarized light. Importantly,
this DC magnetization follows our expectation that this is a form of the Inverse Faraday
Effect.

In the section on numerical results, we used the expressions from the analytical section
to obtain several plots that showed the trends for both the modified energy amplitude and
DC magnetization with respect to applied field amplitude Ejy and the applied field intensity
I. We noted that there is a saturation magnetization with increasing intensities of light
and noted that there are maximum values of magnetization for each wavelength (although
not shown in the graphs.)

Since the predicted magnetization values even at relatively high applied intensities are
very small, one possible method of detecting them is through SQUID (Superconducting
QUantum Interference Device) magnetometry. This involves inducing a static magnetic
field in graphene by an intense circularly polarized laser beam and direct magnetic field
measurement by a mounted SQUID chip on the back of the graphene that is connected to
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SQUID controller electronics. There are various measurement modes for SQUID such as
VSM (Vibrating Sample Magnetometer), DC, etc., but we are not concerned with the mode
at this point. One of the more widely used SQUID magnetometers, the MPMS (Magnetic
Property Measuring System) has the sensitivity of < 1 x 107%emu, or equivalently, <
1 x 1071A -m? [1].

In a realistic scenario, we could have a 150fs applied laser pulse of wavelength 1650nm
with a power of 10W concentrated in an area of 1pm X Ipm with a resulting intensity of
10 W /m? or 10° W/cm?. Referring to the plot in Figure 3.5, the expected magnetization
will be 7.3 x 1078A. This value must then be converted to magnetic moment by multiplying
by the area of the graphene sheet. Assuming a graphene sheet of area 5mm x 5mm sits on
a SiO4/Si substrate (which also acts as a heat sink), the resulting magnetic moment will be
1.825 x 10~ *2A -m? which is lower than the sensitivity for this magnetometer. If we increase
the power from 10W to 60W, the magnetization will be 4.19 x 10~7A with a corresponding
magnetic moment of 1.048 x 10~ A - m? which will be within the sensitivity limit of this
SQUID model. The intensity of 6 x 10° W/cm? would be the absorbed intensity. However,
this is without taking the absorption of graphene into consideration.

If we take into account the 2.3% absorption rate of graphene [11], the absorbed intensity
for the above scenario would be 1.38 x 10* W/cm? which would give a magnetization of
1.012 x 1078A and a magnetic moment of 2.53 x 10"**A -m?. This is outside the detectable
range of the model we have mentioned. To be able to detect with the current MPMS
model and the same sample size, the applied intensity would have to be increased to
2.8 x 10" W /ecm? which is a significant increase in intensity, but still below the damage
threshold of graphene.

Alternatively, it is possible to increase the area of the substrate as a way of increasing
the magnetic moment for detection, but any higher values than already assumed could
lead to problems with the measurement process of the SQUID itself [1]. Increasing the
absorption rate of the graphene sheet is also another possibility [24], although it is most
likely not sufficient by itself with the increased absorption rates that could be achieved.
Higher wavelengths will also allows us to achieve higher magnetizations, but that is limited
by the range of wavelength for lasers which is usually in the visible spectrum range.

It could also be possible to detect the magnetization more indirectly by passing linearly
polarized light through the graphene sheet that has already been irradiated by circularly
polarized light. If the rotation angle can be measured in that case, due to the similarity
in concept of the Inverse Faraday Effect and the Faraday Effect, we should see a Faraday
rotation directly proportional to the DC magnetization derived (although the expression
for this rotation and its exact relation with the DC magnetization expression was beyond
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the scope of this thesis.)

The importance of DC magnetization stressed throughout this thesis is that because of
a lack of time-dependence, it opens up the possibility for ultrafast magnetization. In con-
trast to the bulk magneto-optical crystals, graphene combines high optical transmission
with optomagnetic phenomena such as Faraday rotation in a two-dimensional platform
making it attractive for integrated magneto-photonic devices and systems. From our re-
sults, we expect the possibility of creating electrically-tunable magneto-optical devices
based on graphene structures and its combination with conventional photonic circuitry,
i.e. integrated silicon photonics platform and silicon-based photonic band gap structures.
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Appendix A

Calculations with Linearly Polarized

Light

In this appendix, we carry out similar calculations to the ones in section 2, except with a
different vector potential (illustrated in Figure A.1):

A = (Apcoswt, 0)

Consequently, the Hamiltonians will be:

Ho =

Ho =

—vo - eA
—ve(o, Az + 0,4,)

o[ o]

0 -1
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Figure A.1: Linearly polarized light applied to a sheet of graphene.

We assume the form of )y taken from the solution to Schrodinger’s equation from 7:[0
to be:

1 / / 129240 gin o
1ﬁ:;§@mﬂi%uﬁﬁhf f (A4)

Similar to the previous section, we assume the solution to the Schrodinger equation for the

total Hamiltonian to be: " v
_ et 01 - 01
te=¢ Q&>+5<%J )

Using the same algorithm for solving for the differential equations in £t and £~ by solving
for ¢, 6, 6%, A~, At with the new Hamiltonian, we will get the following expressions:

2veA

i6T = vk, &t vk, e T et

. ety (A.6)
I67 = —vky€ — vk el e st
We use Floquet’s theorem for £*(¢) and £ (1):
£5(t) = e HIE() (A7)
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where
_ 3 o (A8)
n=—o00
We also use the Jacobi-Anger expansion for the term that includes the exponential of the
sine function [19]:

ZZblIle Z J znG (A9)

Where J,,(z) is the nth order Bessel function. Before applying these expansions, we find
the time derivatives of £*(t) according to these expansions:

é+: z%k - ht5++€ hté—i— (A.10)
—_— 2;: —itg— | it (A.11)

We note that £ can be written according to the expansion in equation (A.8):

Z inwet et (A.12)

n=—oo

We then applying expansions in equations (A.9), (A.10), (A.11) and (A.12) to the first
equation in (A.6):
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(A.13)

First we focus on the double summation in the final term on the right hand side of this
equation to simplify it (m” = n +m):

2ueA , , . 2ueA

E Cn emwt E : ] < 1;;‘) 0) ezmwt E 6znwt€zmwtc7: ] ( ve O) (A14)
, : 2ueA - 2ueA
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Since m” is a dummy index, we set m” = n so we will have:

f: einm f: Cr:—m‘]m (_207;?0) (A'16)

n=—oo m=—0oQ

Now using the result of equation (A.16) in equation (A.13):

Z emtet [ ky — — —nw] Z ginwt [zvk Z o, (— 22;;:40)

n=—oo n=—oo m=—0oQ

=0 (A17)

Performing the same operation for the differential equation of £~ (¢) and applying the same
results will give us the final equations:

(vkm — %k — nw) cr + vk, i CrrmIm <_2@hejo> =0

e sved (A.18)
VEA
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For n # 0 and in the high-frequency field, equations (A.18) will become:
vk, > 2ueAg
A.19
s S i (F0) (A19)

Since |¢f| < 1 and |J5(2)| < 1, all the terms except ¢ will vanish (i.e. cf#) ~ 0). Noting
that Jo(z) = Jo(—x), then equations (A.18) will simplify to:

2ueAy
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The determinant of this system of equations must be 0 to have consistent solutions:
, 2ueAy 2
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Rearranging equation (A.21) in terms of ey:

2veA
e = (hvk)? |:COSQ @ +sin® @ ( 1;;} 0)} (A.22)
Thus we get the final expression for ey:
ex = ok f() (A.23)
where
2ueA
flp) = \/COSQ o+ J2 ( Uhi} 0) sin® ¢ (A.24)

Now we need to find the ¢ terms themselves. We can easily deduce the normalization con-
dition on these terms through equation (A.5). Like the previous section, the normalization
condition will lead to the following equation:

|t ] + |y } (A.25)

Applying this normalization condition to equation (A.20):
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Taking the magnitude square of both sides:
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Simplifying further, noting that sin®@Jg (220¢) = f2(p) — cos’¢ and also that % =

o4



vk f(p):
et |? = (vk)? (f*(p) — cos® p)
"1 (kcosp — vk f(p)F + (k) sin? o2 ()
f2(p) — cos® ¢
cos? ¢ + f2(p) — 2cos pf (i) + sin® pJ§ (252e)
f2(p) —cos?
f2(0) + f2(p) = 2cos pf ()
__ fAe) —cos?y
2f%(¢) — 2cospf(p)
_ (f(p) +cosp)(f(p) — cos )
2f(p)(f(p) — cos p)
_ s+ f(p)
2f(p)

of =4y | =LY gf;]; (¥) (A.29)

We use the result from equation (A.29) in the second equation in (A.20):
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(A.28)

So we have:
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Now that we have found both ¢j and ¢;, we can substitute them back into equation (A.5)
to get the final dressed electron wavefunction y:
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This wavefunction can be used in the calculation of polarization with a similar method
as before, by taking the expectation of the position operators to obtain an expression for
the polarization vector which is equivalent to the form given by Boyd as P = —Nex [3].
We have also looked at the possibility of finding the nonlinear refractive index of graphene
using this method, but it is outside of the scope of this thesis.
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Appendix B

Matlab Code

B.1 Integrals for the Expectation Value

All figure properties can also be manipulated from the command line. Here’s an example:

a_0 = 1; % Bohr radius normalized to 1
a = 2.46e-10; % Graphene lattice constant
R_A = -a/(2*sqrt(3)); % Shift vector for atom A
R_B = a/(2%sqrt(3)); % Shift vector for atom B
norm = (1/(32*pi))*(6/a_0)"5; % Normalization constant

I_11_z1 = @(x,y,z) norm * x.* z.72 .x exp(-(6/a_0)*sqrt((x - R_A)."2 + ...

+y.72 +2.72)); % Integrate the first of the two terms in I_11_z
I1 = integral3(I_11_z1,-inf,inf,-inf,inf,-inf,inf, ’RelTol’,le-6);

I_11_z2 = @(x,y,z) norm * y.* z.”2 .*x exp(-(6/a_0)*sqrt((x - R_.B)."2 + ...
y."2 + z.72)); % Integrate the second of the two terms in I_11_z

I2 = integral3(I_11_z2,-inf,inf,-inf,inf,-inf,inf, ’RelTol’,1le-6);

I_11 xy = @(x,y,z) norm * z."3 .*x exp(-(3/a_0)*sqrt((x - R_A)."2 + ...
y.”2 +2.72)); % Integrate I_11_x and I_11_y (they are equal)
I3 = integral3(I_11_xy,-inf,inf,-inf,inf,-inf,inf,’RelTol’,le-6);

I_12_z1 = @(x,y,z) norm * x.* z."2 .*x exp(-(3/a_0)*sqrt((x - R_A)."2 + ...
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y.72 + 2.72)) .% exp(-(3/a_0)*sqrt((x - R_.B)."2 + y."2 + z.72));
I4 = integral3(I_12_z1,-inf,inf,-inf,inf,-inf,inf, ’RelTol’,le-6);
% Integrate the first of the two terms in I_12_z

I_12_z2 = @(x,y,z) norm * y.* z.72 .x exp(-(3/a_0)*sqrt((x - R_A)."2 + ...

y.72 + 2.72)) .% exp(-(3/a_0)*sqrt((x - R_.B)."2 + y."2 + z.72));
I5 = integral3(I_12_z1,-inf,inf,-inf,inf,-inf,inf, ’RelTol’,le-6);
% Integrate the first of the two terms in I_12_z

I_12_xy = @(x,y,z) norm * z."3 .*x exp(-(3/a_0)*sqrt((x - R_A)."2 + ...
y.72 + z2.72)) . % exp(-(3/a_0)*sqrt((x - R_B)."2 + y."2 + z.72));

16 = integral3(I_12_xy,-inf,inf,-inf,inf,-inf,inf, ’RelTol’,le-6);

% Integrate I_12_x and I_12_y (they are equal)

B.2 Code for Dressed Energy Plot

v = le6; % Fermi velocity in graphene (m/s)
charge = 1.60217662e-19; % Electron charge (C)
hbar = 1.0545718e-34; % Reduced Planck’s constant (J.s)

joules_to_eV = 6.241509e18; % Conversion factor from Joules to eV

E_O_start = 0;

E_O_end = 1e3;
w_start = lel5;
w_end = b5elb;

E_O0 = linspace(E_O_start,E_0_end,2000);

hw_space = joules_to_eV*hbarxlinspace(w_start,w_end,2000) ;

[hw, E_0] = meshgrid(hw_space, E_0);

w = hw/((joules_to_eVxhbar));

Omega = sqrt((hw)."2 + (joules_to_eV*(2xv*charge.*E_0)./w)."2);

set(gca, ’FontSize’,30);

h = surf(hw, E_O, Omega);

set (h,’LineStyle’, ’none’)

¢ = colorbar(’FontSize’,30);
c.Label.String = ’\Omega (eV)’;
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ax = gca;
ax.FontSize = 30;

xlabel (’$\hbar \omega$ (eV)’,’interpreter’,’latex’,’FontSize’,30);

ylabel (’Electric Field Amplitude, $E_O (V/m)$’,’interpreter’,’latex’,
’FontSize’,30);

zlabel (*$\Omega$ (eV)’,’FontSize’,30);

view(2)

x1lim([hw_space(1) hw_space(length(hw_space))]);

ylim([E_O_start E_O_end]);

B.3 Code for the Magnetization Plot

a = 2.46e-10; % Graphene lattice constant (m)

a2 = 1.42e-10; % Nearest-neighbour distance (m)
R_A = -a/(2*sqrt(3)); % Orbital shift (m)

v = le6; % Fermi velocity in graphene (m/s)
charge = 1.60217662e-19; % Electron charge (C)

hbar = 1.0545718e-34; % Reduced Planck’s constant (J.s)
m = 9.10938356e-31; % Electron mass in kg

N = 3.82%x10719; % Graphene atomic density (m~-2)

k = 4xpi/(3*sqrt(3)*a2); % Dirac point K (m~-1)
graphene_damage_cutoff = 3ell; /» Intensity W/cm~2

asymptote_value = N*pi*chargexhbar/(12*sqrt(3)*m) ;
format long

E_0 = logspace(2,10,100000); % V/m

I =(E_0.72/377)/(10°4);

w = [(2%pi*3%1078)/(2500%10°-9) (2*pi*3x10°8)/(2000%10~-9)
(2%pi*3%1078)/(1650%107-9) (2*pi*3%1078)/(1000%107-9)

(2%pi*3%1078)/(800%10°-9)]; hs™-1

Omega = zeros(length(w), length(E_0));
eg = zeros(length(w), length(E_0));
ek = zeros(length(w), length(E_0));
M_full = zeros(length(w), length(E_0));
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asymptote_array = zeros(l, length(E_0));
asymptote_array(l,:) = asymptote_value;

for i=1:length(w)
for j=1:length(E_0)
Omega(i,j) = sqrt((hbar*w(i))." 2 + ((2*vkcharge*xE_0(j))./w(i))."2);
eg(i,j) = Omega(i,j) - hbar*xw(i);
ek(i,j) = sqrt((eg(i,j)/2).72 + (hbar*xvxk)~2);
M_full(i,j) = (N*xpikcharge~3xhbar*v 2+«E_0(j)."2)./ ...
(6*sqrt (3)*m*w(i) . 2*ek(i,j) .*0mega(i,j));
end
end

loglog(I, M_full,’LineWidth’,3)

hold on

semilogx ( [graphene_damage_cutoff graphene_damage_cutoff], ylim,
’LineWidth’,2,’LineStyle’,’--’)

semilogx(I,asymptote_array,’LineWidth’,3,’LineStyle’,’--’,’Color’, ’black’)

set(gca, ’FontSize’,26)
xlabel (’Light Intensity, $I (W/cm~2)$’,’interpreter’,’latex’,’FontSize’,30);
ylabel (’Magnetization $(A)$’,’interpreter’,’latex’,’FontSize’,30);
legend(’\lambda = 2500 nm ’,’\lambda = 2000 nm ’,’\lambda = 1650 nm ’,
’\lambda = 1000 nm ’,’\lambda = 800 nm’,
’Graphene damage threshold’, ’Magnetization = 1.071 \times 10°{-4} A’);
x1im([10°2 10713]);
ylim([10"-14 10°-3]);
grid on
hold off
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