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Abstract

We theoretically study the heat transfer mechanism between graphene and a polar
substrate. We develop a thermodynamic theory of heat transfer between graphene
and a SiC substrate based on the master equation method. In the presence of strong
coupling between surface plasmon- and phonon-polaritons in graphene and the sub-
strate, a quantum master equation can be used to describe the relaxation dynamics
of hybrid modes of our system.

We explore quantization of surface plasmons in a graphene nanodisk structure
and derive the response of the graphene nanodisk to an external field. Discrete
frequencies and corresponding wavefunctions of localized plasmons in the graphene
nanodisk are due to space quantization. The specific case of a dipole excitation is
studied to represent the near-field experiments. The approximately spherical tip
of a near-field microscope is modeled as a point-dipole with an known orientation
(polarization). Due to the finite(non-zero) width of plasmon resonances in the disk,
the response function may allow the near-field patterns with combined angular sym-
metry, obtained as a composition of modes with different angular momentum and
radial quantum numbers.

Furthermore, we investigate the surface plasmon hybridization between the quan-
tized modes in a disk and an infinite monolayer of graphene. We also consider new
mechanism for mixing of the angular plasmon modes. In the case of mismatched
lattice between the disk and the monolayer the angular momentum is not conserved.
We introduce a scalar perturbation with a spatial pattern which resembles one of
a moire pattern in graphene bilayer. Such a perturbation that varies smoothly
within the graphene nanodisk and has 3-fold symmetry modulates the conductivity
of graphene. We observe coupling between plasmon modes with different angular
quantum number which occurs due to perturbation. The shape of the hybrid wave-
function is analyzed in terms of broken axial symmetry of the system. Response

function of the hybrid system is derived and near-field maps were computed.



Chapter 1

Introduction

1.1 Graphene Plasmonics

Graphene, a two dimensional crystal, is made of a single layer of carbon atoms.
Graphene has attracted a lot of interest due to its unique properties applicable in
electronics, optics and thermal management[8, 9, 10]. Graphene plasmonics stud-
ies collective surface charge oscillations in a single or multiple layers of graphene
accompanied by strong surface an EM field. Due to the extraodianry properties
of graphene materials, such as high mobility and tunabilty of surface impedance
[11, 12], plasmonic application were porposed. Indeed, plasmons in graphene at in-
frared frequencies have a high confinement factor and lower propagation loss [13, 14].
To better understand the fundamental properties of plasmons in graphene, we begin

with introducing the electronic structure of graphene.

1.1.1 Graphene Band Structure

Graphene is a two dimensional honeycomb lattice of carbon atoms. However, the
honeycomb lattice is not a Bravais lattice because the two neighboring sites are not
equivalent. In Fig.1.1, the honeycomb lattice is shown to be formed in a triangular

Bravais lattice with a two inequivalent atom basis (A and B). The lattice vectors



Figure 1.1: Honeycomb lattice (Left) and corresponding Brillouin zone (Right) of
graphene. The vector a; and ag are the basis set vectors of the triangular
Bravias lattice and vectors 41, d2, d3 are the nearest-neighbor vectors. Right
panel represents the first BZ with its center (I') and the two inequivalent
corners (K and K'). by and by are reciprocal lattice vectors [3].

are [3]

a; = 50(3, \/g), Ay — 50(3, —\/§> (11)

The lattice constant ag = 0.142 nm. The first Brillouin zone (BZ), which represent
a set of inequivalent points in the reciprocal space is also shown is Fig.1.1. The
reciprocal lattice vectors are

b, = 2—”(1,\/5), by = 2—”(1, —V/3). (1.2)

3ag 3ag
The six corners of the first BZ consist of two inequivalent points K and K’, which
can be called Dirac points. The other four corner points can be obtained through
a translation of the reciprocal lattice vectors. Therefore, we just need to consider
Dirac points K and K’, that can describe graphene in momentum space.

Graphene presents sp? hybridization. Three sp? hybridized orbitals are oriented

3



in the x-y plane and form a triangular structure with an angle of 120° between
carbon atoms. Therefore, carbon atoms in graphene are strongly bonded by means
of covalent ¢ bonds. The remaining 2p, orbital is oriented perpendicularly to the x-y
plane and forms the 7 electron subsystem. The tight-binding approach is sufficient

to describe the band structure, and the energy bands have the form
EL = +t\/3 + f(k), (1.3)

where t =~ 2.8eV is the nearest-neighbor hopping energy.

f(k) = 2cos(V3kya) + 4 Cos(gkrya) cos(gkma) (1.4)

The energy dispersion Eq.1.3 is plotted in Fig.1.2. We can see that the energy
dispersion consists of two bands: the lower energy band, which is the valence bands
and is completely filled with electrons, and an upper energy band, which is the
conduction band and is completely empty at zero temperature. The two bands are
degenerate at the Dirac point. Also, in the enlarged view of Fig.1.2, we can see that
the dispersion relation close to the Dirac point can be approximately regarded as a

linear at small wave vectors. This linear dispersion can be described as,

E+(q) = Fuylq] (1.5)

where ¢ is the wavevector and vy is the Fermi velocity, with a value v; ~ 10°
m/s. This linear dispersion suggests that electrons and holes in graphene act as
massless relativistic Dirac fermions. Also, due to conduction and valence bands
intersecting at the Dirac point, there is no energy gap. Graphene is thus a zero
band-gap semiconductor [15] with a linear energy dispersion at long-wavelength
limit. One can expect that quasiparticles in graphene behave differently from those

in conventional metals and semiconductors [16].

1.1.2 Surface Plasmon in Graphene

Graphene is a zero band-gap semiconductor: the gap between valance band and

conduction band closes at the Dirac points, which also indicates that the Fermi

4



Figure 1.2: Electronic dispersion in the honeycomb lattice obtained with the tight-
binding approch, for t = 2.7eV,t' = —0.2¢,[3].

level is at zero (Er = 0) for undoped graphene. Thus for undoped graphene,

only interband electron-hole transitions are allowed. When extra electrons or holes

are added to graphene through electrical gating or chemical doping (n/p doped
graphene)[18, 19, 20|, the Fermi energy Er shift away from the Dirac point, and is

given as Ep = hvgy/mn, where n is the charge density of those extra electrons or

holes. Due to the shift of the Fermi level, the intraband electron hole transition is
allowed. Therefore, the optical conductivity of graphene should contain two parts

in general: due to interband transitions and intraband transitions.

The conducitivity of graphene can be derived from RPA (Random Phase Approxmation)[17],

_ fw [ df(e) df(—e)\  2ie*kpT
Tuiral) = S /0 de( o)A )—ﬂh(w+Z.T_1)ln[2cosh(Ep/2T)]),

iw [ (-9 (0
wh Jo (w—+iT71)2 — 4(e/h)?

is the Fermi distribution function, and 7~

(1.7)

Ointer (UJ) =
1

Where f(e) =

trons relaxation rate related to the damping of electron in graphene. In the low

1 .
e(e—Er)/kpT 1S the elec—

temperature limit, kgT < Ep, the intraband terms of the graphene conductivity



Mode Im[o] Contribution Frequency Damping
™™ >0 Intraband THZ, far —infrared No
TE <0 Interband  Far—,near —infrared  Finite

Table 1.1: TM and TE surface plasmon in graphene [1].

have the Drude-like form,

ielwFEp
intra = - 1.8
Tintra(W) mh(w +i171) (1.8)
The interband contribution in the same limit also can be approximated as
e? i1, w4+ 2Ep
inter =— |f(w—2EF) — —In|———— 1.9
it () = 5= 1000 = 2B0) = Zin| 2| (19)

where 6 is the step function. Grahene conductivity is a complex valued function of
frequency. The real part of the conductivity shows a step at w = 2Ep, thus, for
w > 2Fr, the optical loss is dominated by the interband transitions. The imaginary
part of the conductivity determines which kind of surface polariton modes can be
supported. If the imaginary part is negative, then TE modes are supported in
graphene. Otherwise TM modes are supported. The properties of graphene for
TM and TE plasmon modes are summarized in Table.1.1 [1]. Fig.1.3 shows that
in doped graphene there is a region where surface plasmons are not subject to
Landau damping due to energy-momentum conservation. The typical frequency of
surface plasmons falls in the THZ and far-infrared region. We consider TM modes
in graphene surrounded by a dielectric medium with permittivity €; and €,. From

Maxwell’s equations,

V-D(r) = p(r) (1.10)

V x H(r) - a]gir) — J(r) (1.11)
V x E(r) + agir) ~ 0 (1.12)
V-B=0 (1.13)



and boundary conditons

the dispersion relation for graphene plasmons can be analytically derived

&1 E9 10

T +Y% 1.16
\/QQ—EIC—%JZ \/q"‘—si—‘f w 10

The dispersion of surface plasmons is shown in Fig.1.3(b). We can see that for

k) < ky and w < 2Ep, surface plasmons have zero damping. However, outside
of this region, surface plasmon dispersion curve enters into an interband excitation
region where plasmon can decay into electron-hole pairs. In the non-retarded limit,

where we assume ¢ >> ¥ above equation yields,
(&

GRS (1.17)
g

Assuming graphene is described by the Drude conductivity model, we insert

Eq.1.8 into Eq.1.17. In the infinite lifetime approximation, we get,

| eEf

Eq.1.18 indicates that the surface plasmon frequency can be controlled by chang-
ing the charge concentration through doping or gating, as we mentiond before, due
to Er = hvugy/mn. The tunabilty of surface plasmon is the one of most important
advantages of graphene for plasmonics. It opens up the possibility to create tunable

devices of various kinds, for instance tunable optical filters and modulators [21, 22].

1.2 Graphene Stacking

Graphite consists of stacked graphene layers. For bilayer graphene, the most stable

stacking of the two layers is AB or A A stacking. Graphite usually has a variety of



light  interband
line y

= Drude

L 1+ / |

intraband

Uk,

Figure 1.3: The Dispersion relation of plasmons in graphene. (a) Two electron-hole
transition : Interband transistion (green and blue arrow) and Intraband
transition (magenta arrow). (b) Density plot of dispersion relation for sus-
pended graphene.[3]

defects which effect stacking order [23]. It has been shown that a graphene bilayer
with a relatively small rotation between the layers can result in the formation of
superlattices known as moiré superlattices [24], as shown in Fig.1.4. The term moiré
superlattice is used to describe the beating of any short range perodic pattern to
create a long range quasi-periodic pattern [25].

Suppose that the initial stacking between two layers is AB stacking, the moiré
pattern can be seen when rotating one layer about a fixed site. The relative angle

can be derived [24]

32+ 31+ 1/2
R S
where i = 0,1,2--- (i = 0 corresponds to an A A stacked bilayer). The superlattice

(1.19)

basis vectors are

tl = z'al —+ (2 + 1)a2
to = —(i+1a;+ (2i+ 1)ay (1.20)

V3

5 )ag are the Bravias lattice basis vectors and

where a; = (3, %)ag,a2 = (-1,

8



Figure 1.4: Moiré patterns obtained by stacking two honeycomb lattices with a relative
angle ¢. The hexagonal superlattice is produced.

ag ~ 2.46A is the lattice constant. The lattice constant of the superlattice is

(1.21)

V3i? + 3i + lag

[t1] = [t2] =

LC =

The reciprocal lattice vectors are

(1.22)

Gy

] [(3i 4+ 1)a; + a]

4
3(3i2+3i+1

(1.23)

=3+ 2)au + (30 + Dy

4
3(3i2+3i+1

Go



1.3 Basics of Phonon Thermal Conductivity in

Graphene

Thermal properties, such as thermal conductivity and interfacial thermal resistance
of the electric material, are crucial properties of a material to control heat dissipation
in device. The ability of a material to conduct heat is essential in the potential elec-
tronic applications. Heat is carried by both phonons and electrons. Since graphene
lattice is composed of a light element, where the in-plane bonding is very strong,
graphene exhibits a very large sound velocity. Therefore, thermal conductance is
dominated by phonons in graphenes unlike a normal metal.

To understand the thermal properties of graphene, we first inspect the phonon
modes of graphene. Graphene has three acoustic and three optical phonon modes
[26]. In Fig.1.5, we can see longitudinal and transverse acoustic modes (LA and TA)
that have a linear dispersion relations near the center of Brillouin zone (I" point).
Z A modes stand for out of plane vibrating acoustic modes (also known as flexural
modes) that show ¢* dispersion near the ' point, which is a characteristic feature
of the phonon dispersion in layered crystals also observed experimentally[4]. The
acoustic phonons serve as the main heat carriers in graphene [27].

Thermal conductivity describes the ability of a material to conduct heat. Higher
thermal conductivity plays a significant role in the cooling of electronic devices.

Thermal conductivity is introduced through Fourier’s Law [5]:
Q = —~rVT. (1.24)

where () is the heat flux, VT is the temperature gradient, s is the thermal con-
ductivity, which is a function of temperature. The sign in this relationship is neg-
ative, indicating that heat flows from high to low temperature. Graphene has a
very high thermal conductivity, which can exceed 2000WW/mK at room tempera-
ture [28][6].Fig.1.6b[5] shows that the thermal conductivity for suspened graphene
at room temperature has the highest value among all the materials, about 2000 —

4000W/mK. On the other hand, the thermal conductivity across plane direction
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Figure 1.5: Phonon dispersions for monolayer graphene [4].
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(along ¢ axis) of graphene is strongly limited (see Fig.1.6a) by weak interlayer in-

teraction (van der waals interaction).

1.4 General Theory of Linear Response to an Ex-

ternal Perturbation

In order to understand absorption and reflectance spectrum, we have to evaluate the
response of the material to an external perturbation. If this perturbation is weak
as usually in spectroscopic experiments, the induced change in the charge density
can be described within perturbation theory as linearly dependent on the applied
perturbation. In this section, we provide a general background of the linear response

to a weak external perturbation.

Follow the derivation of Fetter and Walecka [29], we suppose that we have a sys-
tem described by a Hamiltonian H. Then the exact state vector in the Schrédinger
picture |W(¢)) satisfies the Schrodinger equation

Ow(t))
t

il = H|U(t)) (1.25)

the solution of the (unperturbed) time-dependent Schrédinger equation is given as
W (1)) = e~ 1% (0)) (1.26)

Introduce the time-dependent perturbation, we transfer the Schrodinger equation

to:
0¥ (t))

ot

The solution of the new Schrodinger equation within the first order perturbation

ih = (H + H=H| (1)) (1.27)

theory is given by

[W(t)) = e HH(0)) — ih~te / dt' HeH ()| W(0)) (1.28)

to
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Hence the expectation value of O(t) is in the form

O)t) = (Vy(0)|On(t)|¥r(0)
+ b N Wy (0)] /t dUHE (), O ()] ¥ 1(0)) (1.29)

we require (U (0)|Ox(t)| ¥ (0)) = 0, and then the second term measures the fluc-
tuation of the observable away from the expectation value. We use H.,; to represent

an external source which couples linearly to the observable,

Hows — / rO(r, 1) (1. 1) (1.30)
Therefore, the change in the expectation value of the observable induced by the
source f(r't') is

t

(0)(t) = m—l/ dt' (U 5 (0)|O®(  ¢), O(r, )| U 5 (0)) f (', ') (1.31)

t0

Thus we define a generalized response function x(r, ', t,t")

OVt)=x-f= / d*r /to dt'x(r, e’ ) f(r t) (1.32)

We expand f(r,t) in the Fourier series:

Frt) = % / dwe= F(r, w) (1.33)

where f(r,w) = &= [ dte™! f(r,t).

Then we can define the Fourier transform of the response function

x(r, v w) = ih_l/ eiw<\IfH(O)][CA)H(O,T),OH(T, [P (0)) (1.34)

to

1.5 Master Equation Method

Qunatum Mechanics of open system is required to consider the decay rate of a
quantum State. Such a decay rate, for example, arising from the coupling of the

quantum system to its reservoir. One general method to study the influence of a
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reservoir upon a quantum state is the master equation method. In this section,
we will introduce the master equation description of an open system in terms of a
density operator based on [30].

In this thesis, ps stands for the reduced density matrix of the system in the
interaction picture, and ps stands for the reduced density matrix of the system in
the Schrodinger picture. We characterize the quantum system through the density

operator,
p(t) = [ () (1)l (1.35)

Where [1)(t)) is a pure state of the open quantum system. Consider the Hamiltonian
of the total system given as
H = H, + H (1.36)

here Hy includes both the Hamiltonian of the system and of the reservoir in complete
neglecting coupling Hy = Hg + Hg. Meanwhile H; represents the system and
reservoir interaction. In the interaction picture, evolution of the density operator

has the form

op(t)
o = ilHi(s),p(s)] (1.37)

Henceforth 2 = 1 unless explicitly written. This equation has the formal solution

t
pt) = 5(0) ~ i [ dsln(s) ) (1.38)
0
Substituting back into Eq.1.37, we get

a@—f) = —i[H;(t), 5(0)] /0 ds[H (1), [H;(s), p(s)]] (1.39)

We move to reduced density operator ps by taking the trace over the environment:

Tryes 9p 515(75). Then the dynamics of the reduced density operator aﬁa;t(t) in the interac-

tion picture is given by :

Ops(t)
ot

As the bath is in the stationary thermal state, and the interaction Hamiltonian

— —iTeg[Hi (1), 5(0)] - / dsTrg Hi(t), [Hi(s), (s)] (1.40)

contains only one bath creation (or one annihilation operator, Trg[H;(t), 5(0)] = 0.
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If we iterate this equation, the right side has higher order terms, so we make
some simplifications. Assumptions are made:
(1) At t = 0, there is no interaction between S and E.
(2) We assume H; is weak, and the bath is large enough and unaffected by the

system. Then the total density operator can be factorized:

pt) = ps(t)pe (1.41)

within the Born approximation, we can neglect higher order terms. Then the master

equation has the form

9ps(t)
ot

_ /0 dsTrplH1(8), [Hi(s), pu(5)ps]] (1.42)

(3) Withen the Markov approximation: p,(t) only depends on its present state:
ps(s) — ps(t). Then we have

0ps(t)
ot

__ / dsTew[F (), [y (), pu(t)pi]] (1.43)

(4) Substituting s — t — 7 and extending the integration limit to infinity, which
is possible since when the time is larger than the bath correlation time it does not
contribute to the integral.

Then in the interaction picture, the master equation can be written:

0ps(t)
ot

= — /OOO dTTI'E[ﬁ[(t), [I:[](t - T)vﬁs@)ﬂE]] (144)

So far we have been working in the interaction picture. The transformation of an

operator, for example A in the Schrodinger to the interaction picture is given by

Ap = el (t7t0) gemits(t=to) (1.45)

here we define Uy(t,ty) = e~"s(t=t)  The reciprocate relation between the density

matrix in the Schrodinger and the interaction picture has the form
ps(t) = Uy (t,t0)ps(t)Uo(t, to) (1.46)
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From that we have

%ﬁs(t) = %(U(}L(t,to)ps(t)Uo(t’to))

= i [H,,Us (t,to)ps(t)Uo(t, t0)] + UJ(t,to)%ps(z&)Uo(t,to)

9 OUnlt,ts)  (L4T)

= iU (&, to) [Hs, ps (D)Uo (o) + Ug (¢, to) 5

Then we can find the density matrix in the Schrodinger picture

9 pult) = —ilH pa (1)) + Uolt, 1)U (1) (1.48)

The Master equation can be applied straightforwardly to many different problems. It
allows to solve for the time-dependent expectation values of the system of observables

of interest.
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Chapter 2

Nonequilibrium Thermodynamics
Approach for QED Heat
Conduction between Graphene

and a Polar Substrate

The thermal properties of graphene have been studied extensively [31, 32, 26, 7].
Graphene’s thermal conductivity can reach extremely high values in suspended
devices [6, 33, 28]. Recent studies have shown that the thermal conductivity of
graphene is significantly reduced once it is supported on a substrates or embed-
ded into another material [34, 35]. Given that interfacial thermal transport can
strongly affect the thermal conductivity of nanocomposites [36], understanding how
heat flows across the interface between graphene and a substrate is essential to de-
sign and optimize thermal coupling materials[37]. Next we will briefly review recent
experimental and theoretical studies of thermal properties of graphene to give a
background and motivation for our own work. We will develop a thermodynamic
theory of heat transfer between graphene and the substrate based on the quantum
master equation. Lastly, we will discuss the interfacial thermal conductance between

graphene and the polar substrate such as SiC and SiOs.
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2.1 Review of Experimental work of Thermal Trans-

port in Graphene

We begin with a brief review of experimental work for the thermal conductivity of
graphene. In 2008, A. A. Balandin [38] showed for the first time that graphene has
extremely high intrinsic thermal conductivity K, which can exceed that of carbon
nanotubes, using an optothermal method based on Raman spectroscopy. In the ex-
periment, a graphene layer was suspended across a trench and heated with laser light
(Fig.2.1), and a Raman spectrometer acted as a thermometer measuring the local
temperature rise in graphene. They found that the intrinsic thermal conductivity
of suspended graphene at room temperature is in the range of 2000W/mK to 5000
W/mK][6]. Several independent studies confirmed the high values of thermal con-
ductivity in graphene [39, 40]. In 2010, Cai [39] found thermal conductivity at room
temperature in the range of 1500W/mK to 5000 W/mK for suspended high-quality
chemical vapor deposited graphene.

The optothermal method have also been applied to measure the thermal con-
ductivity of few-layer graphene [41]. In 2010, Ghosh [41] found that the thermal
conductivity of FLLG decreases with increasing number of layers and approaches the
bulk graphite limit ~ 2000 W/mK due to inelastic scattering between phonons.
The thermal conductivity of supported graphene is lower than that in suspended
graphene due to coupling to the substrate. Seol [42] found the thermal conductivity
~ 2000 W/mK for graphene on SiO5/Si near room temperature.

2.2 Theoretical Motivation

The thermal conductivity across the layer direction has been reported, with the to-
tal thermal conductance G of the Au/Ti/Graphene/SiOs sandwich was found to be
25MWm2K~! at room temperature [7], which indicates that the thermal conduc-
tance of the Graphene/SiO, interface (also called the Kapitza thermal conductance
[43]) is higher than 25MWm ™ 2K~!. Understanding the physical mechanism of how
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Figure 2.1: Schematic of suspended graphene structure used for measurements of ther-
mal conductivity of graphene.[6]

heat flows across the interface may help us better understand the thermal properties
of graphene. It is suggested that thermal transport at graphene/substrate interface
could have a contribution from acoustic phonons in graphene and polar optical
phonons in the substrate [7]. However, due to the weak van der Waals coupling
between materials and the large mismatch between 2D and 3D phonon symmetry
and DOS, this energy exchange mechanism has a low efficiency.

On the other hand, the plasmon is found to strongly couple with the mid-IR
surface phonon of the SiOy substrate [44]. This strong coupling between surface
plasmons in graphene and surface optical phonons in the substrate and resulting
energy exchange may provide another channel for interfacial thermal transport.

In our work, we consider an open system which consists of surface plasmons and
phonon polaritons that are coupled to each other and to the bulk optical phonons in
graphene and in the substrate. The latter constitute thermal reservoirs. We assume
that the reservoirs are large and have a short relaxation time scale. The surface
modes are affected by coupling to the reservoir, and their energy is irreversibly
dissipated into the reservoir. We assume the interaction between surface mode and
reservoir is weak enough, and the reservoir is large enough not to be affected by

the surface modes. We also assume different temperatures for the substrate and
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graphene, so the coupled system is out of thermal equilibrium which creates a non-
zero net heat flux ,(see Fig.2.2). Such an open system will be studied here by using
a quantum master equation method. We will write a time-evolution equation for a
reduced density matrix of the system, and then determine the system observables,

such as the heat flux across the interface.

2.2.1 Swurface Plasmon Damping in Graphene

Surface plasmons excited in graphene have a longer lifetime than in noble metals [45].
In the equation for graphene conductivity, one can phenomenologically introduce
an intrinsic decay rate, which causes the plasmon frequency to have an imaginary
part corresponding to a finite lifetime. Experiments [46, 47, 48] have studied the
damping mechanisms of surface plasmons in graphene. Plasmons can decay into
electron-hole pairs via inter- or intraband Landau damping, or decay into photons
via a radiative process [46]. In addition, plasmons can interact with optical phonons,
and impurities. Finite grain size and edge effects also could cause the damping of
surface plasmons in graphene[48].

Within our model the lifetimes of the surface plasmons is finite due to the interac-
tion with the surface optical phonon mode. Such a scattering rate can be calculated
from electron self-energy due to interaction with optical phonons (see Appendix A).
Plasmon lifetimes of 20 fs or less are observed in CVD graphene nanowires of small
width[46] when damping via the emission of graphene optical phonon is allowed. In
this work, we introduce a finite lifetime for the plasmons in graphene of ~ 200fs in

a phenomenological way.

2.2.2 Damping of surface phonon polaritons in substrate

Surface phonon polaritons (SPP) are lattice vibration modes of polar dielectrics cou-
pled to the electromagnetic field at the surface, typically at far-infrared frequencies
[49]. SPP can only propagate at the interface between two different materials, and
the amplitude of the field decays exponentially with the distance from the interface

[50]. The physics of SPP can is to that of surface plasmons and similar models can
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SiC  Si0,  hBN

€0 9.7 390 5.09

€co 6.5  2.50 4.1
wio(meV) 97.1 556  97.4
w2, (meV) 138.1 187.6
wi(meV) 116 61.0 101.6
w2(meV) 149.0 195.7

Table 2.1: Material parameters for SiC, SiO2, and hBN substrate.[2]

be used for theoretical description. The dispersion of surface phonon polaritons can
be derived from Maxwell’s equations, similar to surface plasmons in graphene. We
consider a polar semiconductor, where the surface phonon polaritons excite at the
interface with air/vacuum. The dispersion relation for the wave vector of SPPs is
given by [50][51]:

w | e(w)ey

by, = 24|12
e\ e(w) + e

(2.1)
where kg, is the wave vector along the surface. €;(w) and e; = 1 are dielectric func-
tion for a polar material and dielectric constant of the air, respectively. Frequency

dependence of € (w) can be modeled in vicinity of an optical phonon mode as:

2 2
El((,d) = Emm (22)

where €., is the high frequency dielectric constant, wr is the transverse optical
phonon frequency, and wy, is the longitudinal optical phonon frequency. From Eq.
2.1, we can see that the peak of density of states for SPPs is given by frequency
which satisfies eq: €;(w) = —1. The frequency of the SPP is then close to the
frequency of the optical phonon w, = 4 /wT:OOO—Jfl, where € is the static permittivity.
Material parameters for several substrates are given in Table 2.1.

We consider the damping of surface optical phonons based on the coupling of

transverse optical bulk phonons with a finite lifetime. On the basis of Nkoma’s work
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[52], the relative energy loss for a single mode is

20 ()
(%)

v(k) (2.3)

where (Uy) is the cycle-averaged density of the atomic oscillator kinetic energy in an
electromagnetic field. (U) is the cycle-averaged total energy density including the
kinetic and potential energies of the oscillator and the electromagnetic field energy.

Then the energy loss rate of a surface phonon polariton is [52]:

1, Oe(w)
5(,&) Ow FTO

’yop = 66(0.)) (24)

e(w)(1 + e(w) + %WW

where the damping of transverse optical bulk phonons is I'ro = 4.7em™! in SiO,
[53] and T'ro = 1.56cm ™" in SiC [54].

2.2.3 Coupled Modes between Graphene and Substrate

In this section we evaluate the coupling of SPPs in the polar substrate such as SiC
and surface plasmons in the graphene. The surface phonons on the polar substrate
produce an electric field coupled to the surface plasmons on the graphene shown in

Fig.2.2. The interaction potential is given by
1 A A
Hue =~ / &ErP(r) - B(r) (2.5)

P is the polarizaiton wave in the dielectric associated with a surface phonon po-
larization. This polarization wave can be expressed in the second quantization as
[55]

P(r) = S, F/qe” "% (2 — iR)b} (2.6)

Where b; is a creation operator of a surface phonon mode with two dimensional
wave vector g. The vector normal to the solid at (z > 0) is 2, and unit vector along
qis R. The magnitude of the polarization field is controlled by the Frohlich coupling
F.

hws, 1 1
F= — 2.7
2rS (eoo—i-l 50+1) (27)
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graphen

d>0.34nm

Figure 2.2: Schematic of the coupling of SPPs in the polar substrate and surface plas-
mons in graphene. The graphene and substrate have temperature T, and
T, respectively.

Where w,, is a surface phonon energy and ¢y and €., are static permittivity and
high frequency dielectric constant of the polar substrate, given in Table 2.1. S is
the contacting surface area. The graphene plasmonic field in the second quantization

form is
E =Y Age =gt (2.8)
q

Where d; is the surface plasmon creation operator with wave vector ¢, and frequency
wsp. Ag is the amplitude of the field. This unknown amplitude of the plasmonic

mode is determined from the mean energy

1 312
8_7r/d r|E|* = Eq hwspa, aq (2.9)
which yields
2mhwsyq
A, = 5 L (2.10)
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Then the interaction matrix has been derived
vy = (QW)QSFAqﬂ(e*qd —1) (2.11)
q
We write the effective Hamiltonian of the closed system
Wspp Vg
Hepp = ( )
Vg Wsp

This Hamiltonian has two eigenvalues

(Wspp + Wsp) £ \/(WSPP + wWsp)? — WsppWsp — Ug)
2

(2.12)

21,2 =

Fig. 2.3 shows the dispersion behavior of coupled modes between the surface

plasmon in graphene and SPPs in the SiC substrate, with graphene Fermi energy

eV
hVg’

by the Fermi energy of graphene, which is to say by the charge density of graphene.

which is determined

Er = 0.2eV. We can see a crossover occurs at ¢. ~ 0.03

Each of the coupled modes z; 2 has a ”"phonon-like” and a "plasmon-like” part.

Those modes are assumed to provide the efficient heat flux channels.

2.3 Quantum Master Equations for Coupled Sys-

tem between Graphene and the Substrate

Our closed system contains SP (surface plasmon polariton in graphene surface) and
SPP (surface phonon polariton in SiC substrate), which are strongly coupled via the
interaction v,. Such localized surface modes are, in fact, dissipated into reservoir
modes such as optical phonon modes in the substrate and graphene. The interaction
between surface modes and their corresponding reservoirs (environmental modes)
leads to the loss of quantum coherence and the dissipation of their energy when
driven out of equilibrium with their reservoirs. Assuming weak system-reservoir
interactions which can be treated as a perturbation, and a short reservoir correla-
tion time, Markovian quantum master equations can be used to describe relaxation

dynamics of our system [56]. The open system Hamiltonian reads
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Figure 2.3: Schematic of coupling between plasmon and optical phonon mode of SiC.
The Fermi energy of graphene is 0.2eV, the distance between graphene and
the substrate is d = 0.34nm.

Graphene
Substrate N\ N optical

TO phonon phonon
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LE

Figure 2.4: Schematic of the open system containing two subsystems, SP, and SPP.
H,_s and H,_, are interaction Hamiltonians between the subsystem and its
reservoir. Hy is the interaction Hamiltonian between the two subsystems.
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Table 2.2: List of Notation

Notation Meaning
op surface optical phonon
sp surface plasmon
w,P frequency of surface plasmon in graphene
we? frequency of surface optical phonon in the substrate
Qf frequency of optical phonon in graphene
QF frequency of bulk optical phonon in the substrate
Uiy coupling matrix element between op and its reservoir
vzq coupling matrix element between sp and its reservoir
Qg surface plasmon operator in graphene
Bq surface optical phonon operator in the substrate
Cr optical phonon operator in graphene
d optical phonon operator in the substrate
~5P Linewidth of surface plasmon
~°P Linewidth of surface optical phonon

H == Hsp + Hop + V + Hr681 + HTCSQ + Hafs + Hbfs
— Z hwPata, + Z hwgpi);z}q + Z v (a by + B;;aq)
q q q

+ Y Qfeta+ ) Qidid,
k k

+ Y 0 (dfbg + b dk) + > vl (6 e+ éfay) (2.13)
kq kq

Here, we consider a system containing a two subsystem surface optical phonon
and surface plasmon with Hamiltonians H, and H,,, which are coupled via the
interaction Hamiltonian V. Each of these subsystems is coupled to its respective
reservoir via the interaction Hamiltonian H, , and H,_4 respectively. H,.s, and
H,.s, are Hamiltonians for these independent reservoirs. The meaning of notations
in the Hamiltonian is given in Table.2.2.

We group the Hamiltonian in Eq.2.13 so that the total Hamiltonian reads [57]:
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H = Hy+ H; where

Z hwiPata, + Z R PbY by + Z v(afby + b ag) + > Qfete+Y  Qudldy
k k
(2.14)
Hy=Hp+Hp =Y v, (dib, +bfde) + ) of (af e + &5 ay) (2.15)
kq kq
where we assume that the interaction Hamiltonian only involves both two subsys-

tems and reservoirs. Then we move into the interaction picture:

]":[Il (t) — eiHotHllef’iHot
Z UzqeiHabt(d;remztl;qe—iwopt + i)(—;eiwoptdke—mit)e—mabt
Kq
= Y e (Au(t) Mo (t))e V! (2.16)
qo

H[Q(t) _ eiHotH e—iHot
_ Z ,que”LHabt( ~+ szta e —iwgPt + d(—]i-eiwéptdke—iﬁit)e—if]abt
qk
= Y eVUBa(O)Ta(t))e ! (2.17)
qo
where Hpy = 32, vy(a by + 05 ag), V = 32, va(a} by +bjag), Ar(t) = b e, Ay(t) =
qu—iwopt’ Bl( ) _ CL+ iwiPt BQ( ) _ d e~ wi't  And Ml( ) Zk U}zqdke—iwfct’ MQ(t) _
>k Uiqdze’“k ,Th(t) =D quckefiw’“a To(t) = > ngc+ it
Then we construct the master equation of the reduced density operator pg(t) of the

two subsystems in the interaction picture following standard methods as we showed
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in Chapter 1 Eq.1.44.

op) _ [
ot _/0 dr
{Tryes, [gll (t), [gll (t —7), ps(t) pres |] + Trres, [FIH(t)a [FID(t —7), Ps(t) Press ]

= — /000 drTryes, (ﬁH(t)f{Il (t —7)ps(t) pres, — Hii(t — 7)ps(t) pres, Hrt (t))

+ / dTTrTeSl (I:IH (t)ﬁs (t>presll:fll (t - T) - ﬁS(t)presl }NIII (t - T)ﬁll(t))
0

- / dTTrT‘ESQ (gl2 (t)ﬁIQ (t - T)ﬁs(t)pr&sz - PII2 (t - T)ps preszHIQ >
0

+ / dTTrTeSQ <H12<t)ﬁs(t>pr632ﬁ]12(t - 7_) - ps( )preSQHI2 t - T H]Z ) 2 18
0

Since the reservoirs are assumed to be in thermal equilibrium, we have:
6_Hresl /kBTl

Tr(efH'resl /k'BTl )

Pres; = (219)

e_HT652 /kBT2

Presy = Tr(e*HreSQ/kBTQ)' (220)

Substitute Eq.2.16 and Eq.2.17 into Eq.2.18, use the cyclic property of trace, for

example, the first term in Eq.2.18 become

Trresl <]:[II (t)lilll (t - T)ﬁs (t)pres1>
= Trpes, Z eV AL Mo ()e VT Ag(t — T)Ms(t — 7)™V 5y () pres,
qaq'B

= Tres Z Aa()e VT Ag(t — 7)™V T Mo (t) Mg (t — 7)ps(t) pres,
qaq’'B

(2.21)

Equation for Correlation Function We assume that that environment is
in an equilibrium state. It is possible to obtain two-point correlations C,s3 as a

environment correlation function

Clag(t,s) = Trres1 (Mo (t) Ma(5)pres1) (2.22)
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C2,5(t,5) = Trreso(To(t)T5(S)pres2) (2.23)

where M, and T, are the environment operators. The correlation function measures
how an excitation of the reservoir at t is correlated with the excitation at s. Since
reserivors are in an equilibrium state, then [H,cs, pres)] = 0. If we use the cyclic

property of the trace, we can see some properties of the correlation function C'1(same
for C2).

Clap(t,s) = Tryes, (Ma(t)Mp(5)pres:)
— TrT681 eZHTestM e lHres:lt€74HrF€13M e ZHresl pr681>

(
(
= Tiyes, (o1t MyemHrenntgitiresss Ny o =itresy )
(
(

= Tres, (e M e Hrean =) Nrgp )
= Trres; (Ma(t — 5)Mppres,)
= Ca(t—s) (2.24)
and
Clag(T) = Trres, (Ma(t) Mp(t — T)pres;) (2.25)
Clga(=7) = Tryes; (Mp(t — 7) Ma(t) prest) (2.26)

Those properties show that for a reservoir describing thermal equilibrium the cor-
relations should only depend on the time difference.

For a thermal equilibrium state p,.s, the following averages are found

<ékék’> - Trresl< kck’pres1) =0
<Czk Ak:’> = Tr?"eSQ (CZ Ak’pr682> =0
<ékéz’> = Trpes, (€ kék'p7"651) =0(k — k/) (1 + N(QZ))
<dk Al-:'> = Tryes, (CZ Ak'pre@) =0(k — k/) (1+ N(lec))
where .
N(w) = ew/kT _ 1 (2.27)

is the Bose-Einstein occupation number.

29



Substituting correlation functions into Eq.2.18, we find

9ps(t)  _ =S / dr ([Aa(t), e VT Ag(t — 7)™ ™ 5o (1) Clas(7)

ot aBqq’
+ [ps(t)e WTAB( - )’V’,Aa@)]Clﬁa(—T))

S / dr ([Ba(t), e V" Bs(t — 7)™ pul(£)] C2us(7)

aBqq’

+ [ps(t)e™ " Bg(t — 7)™, Ba(t)]C25a(~T)) (2.28)

commutation relations for Bosons can be summarized as follows:

lag, ax] = [cﬁ af] = [bgbr] = [b+ bi1=0 (2.29)
[aq, a;] = [by, b,j] = gk (2.30)
lag, bl = [ag bkl =0 (2.31)

Then by using Eq.2.32 and those commutation relations,if B = l;q, A= Zq vq(d;rl;q+

B;dq), then [A, B] = iTv,a,, since

1
e"Be ! = B+ [A, B] + 5[A, [A, B]] + ... (2.32)
e Vb eV = b, +iTv,a, — 1 2b — 1731)3@ —f-lT v4b + -
q q q-q 2' 3' q 4|
- 1 1 » 1
= bq(1—§7'v T s — -)+zaq(rvq—§7'3v3+ -)
= l;qcos(vq T) + iagsin(v,7)
_ (ez‘mq + e—z‘rvq)l;q/Z + (eirvq . e—irvq)&q/2 (233)
—iVri+ Ve iTVq —iTvg\ 7, iTVg _ ,—iTUq\ A
eI T = (e e )b /2 4 (e e~ )t /2 (2.34)
Clia(r) = Y |up e (1 + N(©})) (2.35)
k
Clau(r) = D vl e N(}) (2.36)
k
C2u(7) = Y |vf, e (1+ N(Q)) (2.37)
k
C2(7) = > |vf [P N () (2.38)
k
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We define the spectral density as

Jw) = 3 ongl?8(w — )

k
_ /D(wk)|vkq|25(w—wk)dwk
~ Do (2.39)

which is a measure of the system-reservoir coupling strength, weighted by the envi-
ronmental density of states D(w). In our model, the spectral density J(w) can be

identified as the linewidth of the localized surface modes.

Ysp = WJ(Q)
Yop = TJ (wg") (2.40)

Now, we consider the integrals over 7 on the correlation function, for example

/ dre™TClyy(r) = Z|vkq|2(1+N(QZ))/ dre~ (-
0 » 0
- / D()[org2(1 + N (w))deo / dre—ite—r
0
q

- / dr / dw (e“w’—ww(w)@ + N(w))) (2.41)
0 0
The time integral can be calculated with the help of
- —tiwt 1
/ dte =md(w) £ P— (2.42)
0 w

Then
J(w)(1+ N(w))

w —w

(2.43)

/000 dre™“TClia(7) = (W) (1 + N(w)) + iP /000 dw

The imaginary part is the energy shift due to coupling to the reservoir and is ignored
in our case. Then we combine all components to solve the master equation, for

example
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S [ el emnb )01
aq 70

- /0 " dr / deod 8= () (1 1 N (@) (B, by (0)
= I (vg + W) (1 + N(w))[bf , byps(D)]
= vy + W)L+ N ()b by (1)) (2.44)
here
Y(vg + w) = ] (vg + wi¥) (2.45)

Then we write the equation of motion for the reduced density matrix in the

Schrodinger picture, see Eq.2.46.
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dps(t)

ot

~

= —i Y [hwPaf ag + vg(a b, + b ag) + hwb by, pil

q

[Mu + N* (v, + wiP)) — M(1 + N*(wg? = v)]by gl
[Mu + N*(vg + w)) + w(l + N*(wg? = v )][by . beps]
200 o 4 ) - P00 o )t )
200 sty )+ L st — (i B

20 ) oty b ) + 200 s
[MNS(% + W) — ww(wyﬁ 0g)][bgs @ ps]
[M(l + N*(vg + wf)) + W(l + N*(wg? = v))][psby . by
2O 1 s+ ) = T 0y N = )
[Mu 4 N3+ ) = D0 0 s ) o
[M(l + N9(v, + W) + w@ + Nwi? = vg)llag s aps]
200D o+ ) - L0 o, — by i
T
(20 o, ) + L0 o
[MNQ(% L) - wm(u}f — )] [ag, b7 ps]
[Mu + N9 (v, + W) + wﬂ + N9 (wg” = vg))llpsiy ag]
O I S LT ) XS

(2.46)

We apply the master equation to determine the equations of the mean values of
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d(ata,) 0

- L (1 0)

Dps(t) ... iz

Tr( 5 iy ag) + Tr 5 )
Ops(t

Tr(%”d;dq) (2.47)

and we use the cyclic property of the trace,
Tr([ay ag, polagay) = Tr(af agpean iy — psty Gl

= Tr(psay g0 a0y — peay Gga,ay)
= 0 (2.48)

Q>

Tr([a] by, pslagay) = Tr(a;bepsay,

q

8(at g et S Y(vg +wt) (WP —vg)\ ..
2i — —iny(afh) - (a2 (T T
V(g +wi?)  v(wi =)\ s .
- (T Y (g + )
+ ¥(vg + WZP)NQ(Uq + w;p) + 'V(Wf;p - Uq)Ng(ng ) (2.50)
0(bg by) 14 " Y(vg +wif) (Wi —vg)\ o
ot = _wq(<bq aq) — <aq by)) — B 5 <bq by)
V(g +w) (W =)\ s .
(T TR g + i)
+ Y(vg + WP )N (vg + wiP) + y(wi? — vg) N (wy — Vo) (2.51)

34



2.3.1

9(aq be)
ot

+

. - V(g +wi?)  v(wg —vg)
in (0 ) = (b)) = (150 - T
sp V(we? —vg)  (vg +wpP) A
wy 5 — 5 ay a)
op __ 4 wop .
<—iw3p GV > v) (v . Y )) (a7 bg)
¥(vg + W;p)Ng(Uq + wé”) — Y(wg — Uq)Ng(ng )
2
V(vg + wFf )N*(vg + wi?) — Y (W — vg) N*(wg? — vo)
2

V(Uq + w;p) _ 7(w;p — V)

= —( ) (b by)

2 2
e Yvg +wif)  ywi v\
R R e e Lo
- Al
<_2wqp_ q2 = - q2 — ) (by q)

o VWP =g (g wP)N
(uqu — 1 5 - 7 1 <b;aq>
Y(vg +WP)NI(vg + we) — V(WP — vg) N9 (wiP — vg)
2
ey + )N {0y +7) — 1 (P~ 2N — )

q
2

(2.52)

(2.53)

Dynamics of Heat transfer in the Small Coupling Ap-

proximation

To study how heat flows across the graphene-substrate interface, we first assume that

the coupling between local modes is weak. Therefore coupling between subsystems

does not change the energy and wave function of each local mode.

Y(wi? £ vy) = y(sp)
Y(wg? +vy) ~ y(op)
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The master equation in the small coupling approximation is:

0 ; spA+a opr+1. AdT AN
—pstt) = =iy (hwqpa;aq + hwgPhi by + vyl by + b;aq)) 4]
q
+  2y(sp)agpsa; —y(sp)n(wiP)
X (0 gps — 207 pstty + gl ps — 2gpsly + paliy g + Pl )
+ 2’y(0]9)13q,()sl;;r —y(op)n(wP)
X (?);qus - QZQJPSZA?[] + qu);ps — ZquSB; + psf);rl;q + psl;ql;;)

(2.56)
Then the master equation can be divided into three parts.
0 1
8 ps( ) Zh[HS)pS<t)] - ngs(t> - F8p5<t> (257)

here

Tops(t) = 2y(splagpsay — v(sp)n(wi?)

X (&;dqps — 2aq psly + aq&q Ps — 2aq,03a + psa g + psya )(2 58)

Lapa(t) = 2v(op)bypsby — v(op)n(w?)
X (b baps = 257 paby + byl ps — 2bypsbf + psblby + psbebf) (2.59)

where the first term describes the reversible motion of the system and shows the
propagation of the states under the influence of the weak interaction between them;
the second and third terms are dissipative terms due to the existence of the reser-
voirs. To obtain the time evolution of the average occupation, equations of the mean
values are simplified as:

O i ag) = —ivg((ahy) — ) — 2v(sp) (a3 ,) + 21 (spIn(wf Ty) (260

9 (58) =~ (b 2) — (@) — 29(op)67) + 21(ophnle T (26)

%@erq) = (iwq —iwy — Y(sp) — V(OP))@JFGA(]) - wq(<&;&q> - <B;Eq>) (2.62)
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%<A;Bq> = (iw;’p - iwf;p —(sp) — ’Y(Op))<dq+6> + wq(@?%) - <B;Bq>) (2.63)
where (d,"d,) and <l;;“lA)q> stand for number of surface plasmon modes in graphene
and surface optical modes in the substrate, respectively. The first term means
number of modes exchanged due to the weak interaction between them; the second
and third terms in both equations describe that modes decay to the reservoir and
gained from the reservoir, respectively.

We can exactly solve the problem at steady state by setting that the derivative of

average occupation equals zero, then we have

U? (vsp + 701)) (YopTop + 'VSpnsp) + 'Vspnsp70p[(w;p - wf;p)Q + (7829 + 701))2]
Vg (Vsp + Yop)? + YspYopl(wWa” — wg")* + (Vsp + Yop)?]

<dq+dq> =

(2.64)
U? (Vsp + Yop) (YopTop + VspTisp) + ’VSPnOPVOP[(w;p - wgp>2 + (Vep + 7017)2]
Vg (Vsp + Yop)? + VspYopl(Wa” — wi")? + (Vsp + Yop)?]

(bibe) =
(2.65)
—ivy (b ag) — (af b))

02 2YspYop(Ysp + Yop)
103 (Ysp + Yop)? + VspYop (Wg — w0)* + (Vsp + Vop)?]

(nsp — Nop)  (2.66)

vq((bg ag) + (@ by))
26p Yon (WP — W3P
~v; L Pl — 2 . (2.67)
Uq (Ysp + Yop)? + VspVopl(Wg — wo)* + (Vsp + Vop)?]

Fig.2.5 shows the occupation number of two modes at steady state as a function of
wavevector. From the steady state expressions, if the coupling between two modes
is zero (v, = 0), then we find (G} a,) = n., and (l;;rl;q) = Ny,,, which means that
two uncoupled states are in thermal equilibrium with their reservoirs. Since in
our system, the lifetime of surface plasmons 75, ~ 200ps is 22 times smaller than
that of surface optical phonons, then the damping for surface optical phonons is
much smaller than for surface plasmons, which means that in this case (a}a,) ~

<I;;Bq> A N, Finally, from Eq.2.66, there is no exchange between two modes when

nwsp = nwop.
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Figure 2.5: Occupation number of surface plasmon modes in graphene and surface opti-
cal phonon modes in the substrate at steady state for Ty, = 301K, T' = 300K
and Er = 0.2eV. n(wsp, Ty) and n(w,p, Ts) are occupation number of sur-
face plasmon modes and surface optical phonon modes which are assumed
to be in thermal equilibrium at temperatures Ty, and 75, respectively.

The system Hamiltonian is given by
Hy = hwPala,+ Y hwgblby + > vg(alb, + bl ay) (2.68)
q q q
Then the heat flux can be expressed as

)
STrHop (O] = Jo+ Ty + o (2.69)

here J, = —iTr[H [H,, ps(t)]] = 0 is the heat flux from the system itself. J, =
—Tr[HLyps(t)] and Jgup = —Tr[Hssupps(t)] represent the incoming heat flux from
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graphene and the substrate, respectively. At steady state, the sum of all heat flux
is zero, Jy + Jgup = 0. The heat flow from graphene to substrate can be expressed

in the form

Jy = ~TX[HTyp.(0)

= 27r/ qdqJy (2.70)
0

where

2.4 Results and Discussions

In Fig.2.6 and Fig.2.7 , we plot dynamic behavior for (a}a,) and <l§;3q>. The
calculating is done wave vector ¢ less than the crossover wave vector ¢., and the
temperature of the substrate slightly higher than that of graphene: T, = 301K,
T = 300K. Surface optical phonon frequency in SiC is wi? = wy = 0.016eV. First,
we can see damped oscillatory behavior in both mean occupation numbers. The
initial time (t=0) corresponds to both modes being in equilibrium with their reser-

and (b3by) = —mir—. If wy/T, < wo/Ts,

. . . i
voirs, which gives (a;a,) = o /FBTs 1

m
the initial average occupation of surface plasmons is higher than of surface optical
phonons. Then surface plasmons in graphene generate a field which will excite sur-
face optical phonons in the substrate. Since surface optical modes are damped, a
part of the excitation energy is converted into heat, and surface optical phonons
will excite surface plasmons in graphene and so forth until a steady state is reached.
Furthermore, for a smaller wave vector ¢ = 0.01%, there is no overlap between two
modes decreases which diminishes the coupling; the overlap between two modes is
the largest at ¢ = q.. From Fig.2.8, we clearly observe hybrid modes transferring

back and forth between surface plasmons and optical phonons until a steady state
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Figure 2.6: Dynamics of the average occupation number at wavevector ¢ = 0.01%(t0p)

and ¢ = 0.0Q%(bo‘ctom). Temperature of graphene and the substrate are
Ty = 300K and Ty = 301K, respectively. The Fermi energy of graphene is
E F = 0.2¢V.

is reached. For ¢ = ¢. = 0.03364eV/hvg, due to the strong overlap between two
modes, we observe the shortest dynamic time, which we expected. Fig. 2.9 presents
heat flux at steady state as a function of q. As the substrate has a higher tempera-
ture, the negative part of J; indicates heat can flow from cold graphene to the hot
substrate. The direction of heat flux is determined by =. If ;—Z < 7%, heat will flow
from graphene to the substrate. However, the total heat flux has contributions from

all modes, which is always positive when heat flows from the hot to the cold system,
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Figure 2.7: Dynamics of the average occupation number at wavevector ¢ = g.(top) and
g = 0.05eV (bottom). The temperature of graphene and substrate are T, =
300K and Ty = 301K, respectively. The Fermi energy of graphene is Er =
0.2eV, q. = 0.03364eV/hvr is the crossover wave vector.

to obey the second law of thermodynamics.

We can compare our results with the available experimental data in Fig.2.10
[7]. The interfacial thermal conductance measured at the 1—-LG/SiOs interface is
around G = 2500 to 7500Wm 2K ~!. Our computed value is about 2700Wm 2K !
at Er = 0.2¢V, which is in the experimental range. One can see that the interac-
tion between surface plasmon modes in graphene and surface optical modes in the
substrate provide the effective heat flux channels.

In conclusion, We have developed a thermodynamic theory of heat transfer be-

tween graphene and a substrate based on the master equation method. We show
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Figure 2.8: Dynamics of Im[(a*h) — (bTa,)] at different q, for Ty = 301K,T, = 300K,
Er =0.2¢eV.

that one of the heat transfer mechanisms between graphene and the substrate is due

to coupling between surface plasmon and surface optical phonon modes.
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Chapter 3

Plasmons and Response Function

of Graphene Nanodisk

3.1 Experimental Motivation for our Work

Plasmons in graphene nanostructures have attracted significant interest recently [58]
[59]. Due to the dimensional confinement, plasmons in graphene nanostructures have
different properties[60] compared to the bulk graphene. Combining graphene with
heterostructures of other materials can produce unusual plasmonic behavior. For in-
stance, graphene/boron nitride (BN) heterostructures exhibit plasmonic hybridiza-
tion and reduction of plasmon damping; energy transfer between graphene plas-
mons and surface phonon polaritons was demonstrated in graphene/BN-nanotube
heterostructures [61]. Graphene on the AlsO3 substrates exhibited edge plasmons
[62]. However, the graphene-graphene ”heterostructure”, that is, graphene nanos-
tructures supported or covered by a monolayer graphene (MLG), have been less
explored so far.

Experiments have been done in Professor Xu’s group in the Chemistry Depart-
ment at Lehigh University. They studied monolayer graphene, transferred to a
Si/Si0O4 substrate. Some of the samples were found to contain the bilayer struc-

tures. One of the structures showed signals with an interesting symmetry pattern.
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They utilized s-SNOM (scanning scattering near-field optical microscopy) to in-
vestigate both the geometry of the bilayer structure and the plasmonic response.
The structure was formed by a nanodisk buried underneath a continuous very large
monolayer graphene. Fig. 3.1(a) shows AFM topography of the system. A white
dashed circle is drawn to show the location of the disk. Fig. 3.1(b) illustrates the
sketch of the graphene-graphene heterostructure and the near-field scattering probe.
From the AFM and s-SNOM images, the size was determined to be around 400nm in
diameter, which is comparable to the experimentally determined wavelength of sur-
face plasmons in the monolayer graphene. Due to the geometric constriction of the
nanodisk, plasmon modes should be quantized in the angular and radial directions.
The s-SNOM image taken at the frequency of 1380cm™! is shown in figure 3.1(c).
It shows a circular pattern with full axial symmetry and a high signal enhancement
at the center of the nanodisk. This pattern may correspond to the L = 0 (full cir-
cular symmetry) plasmon mode, this is an expected result. However, for the higher
frequencies, for example at 1580cm ™" in Fig.3.1(d), a hexagonal symmetry mode
with a central peak and a 4-fold symmetry pattern are observed. The most striking
fact is that the corresponding reciprocal lattice vector of graphene is too large to
attribute this pattern to the graphene lattice itself. Thus, this is a mesoscopic effect

that needs to be explained.

3.2 Plasmons in the Single Disk Graphene

To understand the experimentally observed phenomena, we start by introducing a
model describing the surface plasmon in a single disk of graphene. We introduce a
simple, analytical procedure to describe the plasmon modes in graphene nanodisks
using the concept of the plasmon wave function, which we identify with the charge
density associated with these modes. Since the plasmon wavelength in a graphene
nanodisk is much smaller than the wavelength of light, the general strategy is to
solve the Poisson equation for the electrostatic potential ¢(r), with the surface charge

boundary condition and the edge current boundary condition due to the finite size of
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Figure 3.1: The graphene nano-disk heterostructure: (a) the topography of the graphene
nanodisk heterostructure. The boundary is marked with a dashed circle. The
diameter is about 390 nm. (b) The scheme of the graphene heterostructure,
a monolayer graphene disk covered by a continuous graphene layer. (c) The
s-SNOM image was taken at frequency of 1380cm ! and (d) at the frequency
of 1580 cm ™.
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the graphene disk. The complete solution in a two-dimensional conductive disk was
developed by Fetter [63], in which the wave function was described using a complete
basis set of Legendre Polynomials. Recent papers [64, 65, 66] have numerically
solved the model to yield the frequency of plasmons as well as other quantities in a
single graphene disk by using Fetter’s method.

Here, we used the method introduced by Gersten [67] to describe the surface
plasmon modes of a finite disk analytically. For the finite disk, the 2D-continuum
wavevector is no longer an appropriate quantum number to describe the surface
plasmon modes due to constriction of the geometry. The frequencies of the oscilla-
tions assume discrete values and are labeled by two quantum numbers: the angular

quantum number and the radial quantum number.

3.2.1 Discrete Eigenmodes of the Surface Plasmons in a

Graphene Nanodisk

Assume that graphene sheet surrounds the plane z=0, with dielectric constants €
and €, above and below, respectively. The conductivity of graphene is expressed by

the Drude model [17]
O'((,u) o i€2EF

Cmh (w4 i)’

1

(3.1)

where the Fermi energy Er = 0.3eV, 77" is the electron relaxation rate related to
the damping of electron in graphene. w is the frequency of the external field. The
plasmons can be obtained from the following two equations: the current density

equation reads as,

J(r),w) = o (r), w)E(r), 2 = 0). (3.2)

where J is the 2D current along the graphene layer, E is the external electric field,
and o is the 2D conductivity of graphene. The position of the graphene disk is
at z = 0, r)| = (r,0) is polar coordinate. The second equation is the continuity
equation,

V- J(xy)) = —iwp(r)). (3.3)
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Here p(r)|) is the surface charge density in graphene, which can be related to the
electrostatic potential by combining the continuity equation (3.3) and the surface

current density equation (Eq.3.2) as:

o(w)

p(r)) = vﬁqs(rn, z=0) (3.4)

In the absence of external source the electrostatic potential satisfies Laplace’s equa-

tion for z # 0 in cylindrical coordinates:

C;; 0 L. ) (3.5)

and allows separation of variable via ¢(r) = ¢(r,2)et? = ¢(r)p(2)el?. We can

express ¢(r) as a Fourier Bessel integral:
— Z / kdkori(2)Jy (kr)e't? (3.6)
L O

here Jp (kr) is the Bessel function of order L. We substitute Eq.3.6 into Eq.3.5, and

get
(-7 A ) ouste) = (37)

This Laplace’s equation has solutions in the form ¢ (z) = Crre ™, here Cpy, is an
amplitude of potential in the 2D Fourier basis. The normal derivative of potential
satisfies the following boundary condition: discontinuity of normal component of

electric field at z = 0:

9¢

0
¢‘z:0+ - 61$|z=0‘ = —P(I'//a z = 0) (3'8)

0z

€o

We then write p(r|, 2 = 0) in the Fourier Bessel integral, which gives
p(I‘H, Z = 0) = Z/ kdk}NLkJL(kT>€iL9 (39)
7 Jo

here Ny is an amplitude of charge density in the Fourier basis. A combination with
the Eq.3.8 yields:
(€0 + €1)korr(0) = Nrg (3.10)
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And according to the Eq.3.4, we have

o(w
Npp = Qk%Lk(O) (3.11)
w
Combining above two equations and substituting RPA conductivity of graphene , we

can get the frequency corresponding to eigensolution of surface plasmon in graphene

disk as:
’E
e - (3.12)
(€0 + €p)mh?
Then we can expand plasmon charge density p(r) and potential induced by plasmon

¢(r) in the eigenbasis:

p(r) =Y /0 N kdkpriJp(kr)ett?5(z) (3.13)

pr)=>_ / h kdkgryJp (kr)e *2ei? (3.14)
I 0

here pr; has the physical meaning of an amplitude of the plasmon modes and ¢ is
the amplitude of the potential at the surface of the disk. In addition, it is necessary
to impose a boundary condition at the edge of the disk: we assume there is no net
flux of charge across the boundary. Therefore, the radial component of the current

density must vanish at the edge of the graphene disk which is,

(6 3) e = ~0 (@) o 6(r)], = 0 (3.15)

where R is the radius of the finite graphene disk. Each plasmon eigenmode should

satisfy this boundary condition. Then we get

dJ,(kr)
dr

—0 (3.16)

r=R

This equation determines a set of discrete k values, kp,, = %. We can see that the
wave vector is not continuous and depends on the two quantum numbers: L and m,
where Bz, is the root of the derivative of the Bessel function .J; (). L is the angular

quantum number, which is related to the number of nodes at the wavefunction as
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Fim(—) L—=0 L—=1 L—=2 L=3
m=1 001916 0.009206 0.01527 0.02101
0.03508 0.02665 0.03353 0.04007
0.05086 0.04268 0.04984 0.5673
0.06661 0.05853 0.06585 0.07293

0.06661 0.07431 0.08173 0.08894

SARIREE
I

I
SN

Table 3.1: Values of kp,,, = 6 tm of the angular and radial quantum number L and m,
respectively.

the polar angle is varied, while m is the radial angular number which is related to
the number of radial nodes in the wavefunction. In Table 3.1, we summarize values
of B, for the different angular and the radial quantum numbers.

Due to the wavevectors are discrete, the integral in Eq.3.13 should be replaced
by a sum. We notice that by replacing the argument of the Bessel function in
Eq.3.13 Jp(kr) becomes J, (’BLmr). The orthogonality and normalization of the

Bessel functions on the interval [0,R] can be written as (see Arfeken’book [68] Page

697)
A (ﬁ» C%)W—f%i 1B 2mn (3.17)

Supplemented by the angular ket orthogonality:

2m
/ de@i(LiL/)g = 27T5LL/ (318)
0

According to the normalization of the Charge density:

/ / dfp(r) = 27 R? Z PrmPLm (3.19)

Lm

Then the charge density can be expanded in a Bessel series for r < R

2 N
ZJ&—gﬁ@mW“4%ﬂ”W” (8.20)
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The potential within the same radial interval » < R has the form:

26Lm /BLm iLO 7ﬁ%{mz
Z\/ (B2, — L2)[JL(Brm)]? ¢LmJL( R )e e (3.21)

allowing to derive the relation:

1 PLm
€0+ & Brm/R

Potential Inside and Outside of the Disk The general equation for the

Prm = (3.22)

potential due to charge density p(r) can be expressed as

p(r
= r'dr’ do' —— 2
€0 1 €1 / / I'—I"/| (3.23)

According to Eq.3.15, the boundary condition for the potential is

%Qﬁm(’f’, 0)|7‘:R =0 (324)

To find the potential inside and outside the disk, we express the Green’s function

G(r,v') = rqu in the cylindrical coordinate.

Green’s function G(r,r’) = ‘r_lr,‘ satisfies:

(r—1")000 —6)(z—2)

V2G(r,r') = — . (3.25)
We expand the Green’s function in the cylindrical coordinates [69]
G(r,r') = 2_71r2 ; /OOO dke* 0= cos[k(z — 2 gp(k,r, 1) (3.26)
Substitution into Eq.3.25, one gets the equation for the radial Green’s function
gm(k,ryr'): ,
iCZR ({%) - (K + %)gL = —%6(7" — ') (3.27)

For r # r', the solution is a modified Bessel function, I, (kr) and K (kr). The

symmetry of the Green’s function requires

gr(k,r, 1) = g1(kr<)ga(krs) (3.28)
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Here r. and r- are the smaller and larger of r and r’. The discontinuity at r = r’

results in:
dgr

. =_= (3.29)

r=r'+0
Since the potential ¢(r) is finite at the center of disk, for 0 < r < v’ < R, we

r=r'—0

have a general solution for the Green’s function in the form [69]
g5y (kyr,r") = AIL(kr)ge(kr') (3.30)
and for R; > r > ', we have
g7 (k,r,r")y = (Ip(kr) + BKp(kr))gi(kr') (3.31)
Substituting above two equations into Eq.3.29, we get
(I (k") + BE (k') g (kr') — AL (kr")gs(kr') = = (3.32)

kr!

Bessel functions have simple Wronskians [69]:

1
WL (kr'), Kp(kr')] = T (3.33)
Comparison of the two above equations leads one to conclude that
By (kr') = I(kr") (3.34)
Aga(kr') — gi(kr') = K (kr') (3.35)
We can write Iy (krs)
, r
gt (r,r') = (KL(/m“>) + LT>) I (kro) (3.36)
Due to the boundary condition for the potential (Eq.3.24), we get
ogr(k,r" ) B
T|T:R =0 (3.37)

which is satisfied if either I (kr") = 0 (trivial solution) or the coefficient B equals:

I (kr)
B—=__—4d |

(3.38)



Then the Green’s function is given by

K;(kR)

gr(r,r') = (KL(k’r>) — IL(kT>)W

) Ip(kro) (3.39)

Then we consider 7’ inside and r outside of the disk. For 0 < ' < R; < r, the

Green’s function can be determined as
gr(r' < Ry <r) = (Ip(kr) + DKy (kr)) I (kr") (3.40)

Due to the boundary condition of the potential (Eq.3.24), the radial Green’s function

satisfies:

agr(k,r' )
or

We can determine the coefficient D.

=0 (3.41)
r=R

dI(k'r)

D= (3.42)

___dr |
dK L (k'r) IT=R
dr

The full solutions of the Green’s function are expressed as:

<KL(/W‘>) — Ip(kr )%) I(kre), v'.r <R,

gr (T, 7’/) =

(IL(kr) ATy KL(/W')) I(kr'), ¥ <R<r

Potential inside and outside of the nanodisk can be written as:

2
¢znszde — / / Gr>r 7, r )7, dr d@

€+ €

2
/ / G (") dr' df
€0t €
1 26[, /27r (L—1')0 //vr ( ’I“/)
2m% € + €, Zm \/ (B2 — L)L (BLm)? Jo P Pim

X / dkgr(r' < r < R)eM%cos[k(z — 2)]r'dr’
0

25% 2w (L—1)6 R 7,/
+ m d&’/ me ( m—)
27T2 €0+ € I; ﬁLm - L2)[JL(BLm>]2 /O r PLm L BL R

X / dkgr(k,r < 1" < R)e'Xcos[k(z — )]’ dr’ (3.43)

0
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We use the following equations:

/ ’f’/d’l“,IL(k’T/)JL (ﬁLmT—)
0 R

r (k[L+1(k7")JL (5Lm%) + Brm/RIL(kr)J 14 (ﬁLm%))

_ i (3.44)
R r!
/ ’I“/d’f‘,KL(k”l“l)JL (ﬁLmE>
~Brm/RrJp (5Lm%) Kp(kr) + BomJov1(Brm) KL (kR)
B 2 + (ﬂLm/R>2
N krdr (Bomy) KL:l(f?ﬁL—ml;Z)]ZL(ﬂLm)KLH(kR) (3.45)
R 7!
/ TldT/IL(kT'/)JL (BLmE>
—Brm/Rrdii1 (Brm) 1L(kr) + BrmJri1(Brm) 1L (kR)
B 2 + (ﬂLm/R>2
N —krJy (BrmT) [L;:S/sz:/k]giL(@LmﬂLﬂ(kR) (3.46)
P -
r=R
Ko (kR) = — df;Ld(fT) o %KL(Z::R) (3.48)
—BrmJr41(Brm)/ R + £JL(ﬁLm) =0 (3.49)

R
The potential inside of the nanodisk (2 = 0) is simplified to:

N B QﬂLm 1 Brm iLo
o) = Z\/ﬁLm—LQ NI (Brm)]? €0+€bJL< RT)€
* 2coslkz]
% /0 ﬂLm/R

26L 1 PLm <6Lm ) L0 _—P /R
= o J r | etePrm®
Z \/ (Bim — LA)[JL(Bim)]? €0 + € Brm/R "R
(3.50)
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And the potential outside of the disk is:

2
0™(r) = 53 / / G(r' <r < R)yr'dr'do’

_ Z 25Lm /27( ei(L—L/)GldQI /R oL JL(BL r_>
27T2 €0 + € (Bim — LA (Brm)]? Jo o "R

L'Lm

« / dk (I (kr) + DI (kr)) T (k') cosl(= — = )r'dr’

!

_ 25 1 > o Ki(kR) .
B 7750 + € Z\/ ﬁLm — L) [Jp(Brm)]? / dk <IL(k ) ]/L(kR) Ky (k ))

% RI{JIL_H (l{?R) JL (BQLm)(;—LﬁI;;E])g(kR) JL+1 (ﬁLm) COS(]CZ)

_ 2B%m > o Ki(kR) .
B we0+ebz\/ B I G / I <[L(“ T (o) ek >)

RJy(Bm) I, (kR)
k? + (BLm/R)?

We must notice that surface plasmon modes (Eq.3.52) in the graphene nanodisk

cos(kz) (3.51)

possess a set of discrete frequencies whose magnitudes depend on the Fermi energy of
graphene (as we discussed in the previous chapter via the magnitude of background
charge density) as well as the size of the disk and the dielectric properties of the

substrate (via the screening, although this factor is minimal in the experimental

2
Wim = \/ “Er __Pim (3.52)

frequency range).

(€0 +e)Th?> R

The result for the eigenfrequencies is shown in Fig.3.2. Here we plot the plasmon
frequencies for the angular momentum number L up to 6, and the radial quantum
number up to 15. We clearly see that the frequencies of the surface plasmon modes
in the finite disk increase with Er due to the higher density of charge carriers
which could induce high oscillation frequencies [70]. Reducing the size of the disk
produces a higher carrier density due to the space quantitation. This illustrates

strong tunability of plasmonic properties of graphene. The plasmon frequencies in
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Figure 3.2: Resonant frequency of the modes calculated using the Eq.3.52. For each L,
15 discrete radial eigenmodes are shown. R = 200nm, Er = 0.3eV.

the finite disk approaches dispersion relation for infinite graphene: fr,,/R — ¢,
which indicates that the wavevector of plasmon modes in the finite disk can be
described as S, /R.

3.3 Response of Graphene nanodisk to an Exter-

nal Field

The charge density wavefunction has a central node (zero amplitude in the middle
of the nanodisk) for L # 0. On the contrary, the experimental patterns show the
central node even for the modes with clear angular dependence. The mechanism
that causes this pattern symmetry breaking must be explored. One plausible model
is that at a given frequency several plasmon modes can be excited simultaneously.

Thus the combined response may include symmetry features of L = 0 and L # 0
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the graphene disk (Bottom: Er = 0.3¢V'). The first lowest radial quantum

numbers modes are shown.
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modes. We use an analytic model to describe the interaction between a probe tip
and the graphene nanodisk. The tip can be represented by a point dipole, as shown
in Fig.3.6. This model is suitable for calculating the response of the graphene disk
when the higher multipole components of the tip potential are negligible. The self-

consistent potential due to the external dipole is given by:
¢act — ¢e:ct + ¢ind (353)

This expression of Eq.3.53 is the sum of two contributions: the external pertur-
bation ¢°“* and the potential created by the charge in doped graphene under the

external perturbation ¢™.

59



L

m=1

%
%
-4 *

Figure 3.5: Wavefunction of charge density with 6 lowest radial quantum numbers and
the angular quantum number up to 4, in the x — y plane for the graphene
disk with R = 200nm and Er = 0.3eV.
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Figure 3.6: Schematic geometry under consideration. A dipole in the presence of the
graphene nanodisk, the position of the dipole is (z, vy, 2).

According to Eq.3.21

¢ (r) = Z 267, ¢ind (ﬁL_mr) i~k (3.54)
Lm (B%m - L2)[JL(6Lm)]2 Lm L R :

Here we can express ¢q.(r) in the Fourier Bessel integral,

oae) = 37 [ ko ) T k) e (3.55)
7 Jo
According to normalization equation:
[ ot o) = 2282 3 o (3.56)
Lm
We can get:
267 L R Br
act Lm d —zL@deJ MLm e 0
o \/w%m—L?)[JL(ﬁLm)Psz?/o rir [0 () duatr0
(3.57)
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And according to Eq.3.3, we get
o(w)

Pim = ‘ ( ¢znd+v gbea;t)
w

- O'((U) (ﬁLm) 1 PLm
 w R ) e+e&Bim/R

o(w) 2ﬁ%m 1 2. —iL Brm ext
T i \/w%m—Lz)[JL(ﬂLm)Psz?/ e 9JL<R ) 9
(3.58)

The differential operator is given by:

, 10 0 10

Then we have

/ / rdrdfe .y (5”” )i{i« £¢e$t( )
_ —iL0 ﬂ_ ezt ﬁLm 2 ext
S e | () oo
27
— /O e—iLG{ (% ¢ezt d JL (BLm >¢emt( )|(})2
1d d Brm ot
+ /0 mornil %‘]L( >¢ (r)rdr}d@
27 ] o
— JL(BLm)R/O 671L95¢ezt(r)|01%

2T ) Rl d d ﬁ
=0 [ 2 g BER ) ot () rdrdd 3.60
+ /0 e /0 rdrrdr L( ¢ (r)rdr ( )

R pom 2
iLO BLm 10 ext
/0 /o rdrdfe™""" Jp, ( I ) 2862¢ (r)
o 1 62 —1 BLm ex
— /O =557 w/o JL( )¢ Y(r)rdrdo (3.61)

From above equations, we get

2
/ drje"Jy (5]3” ) 10 (r) = Jr(Brm) R /O el”%w“(rﬂéz
+ /d rje VL (5“” >¢€“( ) (3.62)

)
)i

and
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since

2

" k: / L
ViJp(kr) = k2JL(kr)+;JL(k;r)—T—2JL(k;T)

= k2 (Jg(kr) + %J/L(kr) - (ICLT)QJL(/W)>

= KTy (kr) (3.63)

Then Eq.3.58 becomes:

_ O(UJ) 5Lm 2 1 PLm
PLm w R €0+ € Brm/R

26%771 1 /271- —iLO a ext
G-k J, ¢ or” W

7 21 1 —iLo Brm cat
+ w \/<B%m - LQ)IiJL<6Lm)]2 21 R? /d2r|e : JL ( R T’) (b (I‘)
(3.64)

The potential created by a dipole source positioned at r' = (', ¢/, 2') with a dipole

moment p is given by
1

Yl =

¢ (r) = po(r') - V

(3.65)

The monopole Green’s function can be expressed as a Fourier-Bessel integral [69]

1 > : / /
G(r,r') = F Z/ dkeTO=0) gy (kr)Jp (kr')e FE=2) (3.66)
- ),
here o0 L 1 22+ + (r')?
dkJy (kr)Jy (kr')e ™ = ) 3.67
| e = —=o, (R e

where () is the Legendre function of the second kind, we define VG = V2

ek

and VG, is its form in the Fourier space,

VG = — 2im / S rdr / ATy <6L—m7’)
R e B 7o) Y e N AN
(3.68)

63



Combining all the former elements, we rearrange the Eq.3.58:

o = wi = (eo+e&)R
L =

(VGLm + VL) - p (3.69)

25Lm V e—iL0 9 1
/ a. .
B2, L2 V" f or [r=r'[| _p

If we assume the dipole has an amphtude po and consider the case for which the

here we define Vg, = R

dipole is along the x and z axis. The electric field of graphene at the position of r

has the form

R 2 /
Er) = -V / / LGB
iy

26[, 271' 5Lm zLG
_ m - 'dr’ d
Z (B2, — LA)[JL(Brm)] 2pL V/ / I‘—r\ T e-r] Y

= ap (3.70)

Here « is the graphene response function tensor to the external dipole:

2
a=2rR?Y m )R 6, v R v, (3.71)

2 _
m w WLm BLm

3.4 Results and Discussions

In experiments the excitation source allowed to probe the surface plasmons in the
frequency range of 1000cm~! to 2000cm L. If we choose Er = 0.3eV and other pa-
rameters R = 200nm, €, = 1.6, then from Fig.3.2, 6 plasmon modes exist within this
frequency range, which are Lm = 01,11,12,21,31,41 modes. A constant linewidth

of plasmon modes is assumed henceforth in the calculation: ~y, = 20cm™*

3.4.1 Response Function to the external Dipole

To make better connection to experimental results, we calculate the response func-
tion of the disk plasmon to the field of the external dipole. We begin with considering
that the dipole is placed at the middle or at the edge of the graphene nanodisk, and

investigate the frequency dependence of the real and imaginary part of the response
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Figure 3.7: Frequency dependence of the real part and the imaginary part of the response
function for the graphene nanodisk to a z-oriented(top) and a x-oriented
(bottom) dipole located at r = (0,0, 30nm).

function components. If the laser beam has a incidence angle, the polarization of

the tip is largest in the vertical (z) direction. In some other experimental geometry

this condition may not hold, thus we also consider the x-polarization model. In

general case, the dipole of the tip may have all 3 components, depending on the full

geometry to the setup.
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We consider two different dipole orientations: x and z. Resonance frequencies
in the Fig.3.7 depend on polarization: zz(zx) component of the response function
corresponds to the case when the dipole moment and the electric field component
of graphene are both along the z(x) axis. In Fig.3.7, when the dipole is in the z
direction and placed in the center of the disk, the response function contains the
single L = 0,m = 1 resonance peak, corresponding to the full symmetric L = 0
plasmon mode. When the dipole is in the x direction, the plasmon modes with the
L = 1 contribute to the response function. One can visualize this by plotting the
field of the dipole placed at the center of the disk: the z-oriented dipole induces a
full axial symmetric field on the graphene plane while the x-oriented one induces
a asymmetric field along x axis on the plane as shown in Fig.3.8 of the field cre-
ated by the z-oriented and x-oriented dipole. Furthermore, as seen from Fig3.7, the
excitation of the surface plasmons is more efficient if the external dipole is normal
to the graphene nanodisk. If the dipole is placed off the center of the disk, such
as at r = (200nm, Onm, 30nm) in Fig.3.9, the zz component (Top) and xx compo-
nent (Bottom) of the response function both show the multiple L resonances due to
the external potential does not have the rotational symmetry is broken. When the
dipole frequency is close to the lowest (fully symmetric) plasmon: w = wg; + 20eV/,
several plasmon modes with the angular momentum L = 0, 2, 3 can be excited non-
resonantly due to the finite spectral overlap of the peaks of the modes with excitation

frequency.

Fig.3.10 and Fig.3.11 present the density plot of the imaginary part of the zz
component response function, when the dipole is placed at a fixed z position (z =
30nm) and scans over the xy plane. Strong plasmonic response of the graphene disk
is achieved when the frequencies of the field have been chosen (from Fig.3.9) around
the peak resonance values, such as w = wr,, + 20eV. Fig.3.10(Top) alos shows the

case of frequency below L = 0, m = 1 mode, at w = wy; — 20cm ™!,

We observe
a 6-fold symmetry, a central peak and also a 2-fold symmetry, which is similar to
the experimental pattern. The pattern can be clearly seen from 3D-plot. At this

frequency, obviously several plasmon modes with the angular momentum L = 0, 2, 3
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Figure 3.8: Field of the z-oriented and x-oriented dipole. The red dot represents the
dipole position, the blue line represents the graphene nanodisk plane
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Figure 3.9: Frequency dependence of the real part and the imaginary part of response
function for the graphene nanodisk to a z-oriented (top) and a x-oriented
(bottom) dipole located at the fixed position r = (200nm, 0, 30nm).

can be excited. The strong central peak in Fig.3.9 is due to the plasmon mode
with L = 0. When the frequency is above 01-mode at w = wq; + 20em ™! (Fig.3.10
Bottom), the 2-fold symmetry disappears, we only observe L = 3,0 patterns. When
the frequency is at w = wy; + 20cm ™! (Fig.3.11 Top), we see a 2-fold symmetry
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Figure 3.12: Absolute value of the imaginary part of zz component response functions
at frequency of w = ws; + 20em ™!, Dipole is fixed at z position and scans
in xy plane.

pattern due to L = 1 and L = 2 plasmon modes in the graphene nanodisk that are
excited at this frequency. When the frequency is at w = wy; + 20em™! (Fig.3.11
Bottom), we observe a 4-fold symmetry. A weak L = 0 pattern is observed when the
dipole frequency is at w = w3y +20cm ™!, In Fig.3.12, we can see a 6-fold symmetry,
L = 0,1 patterns. High order symmetry is due to upper radial modes that may be

excited.
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3.4.2 Plasmon Wavefunctions Excited by the field of an Ex-
ternal Dipole

Although calculation of a map of the tip response function provides more information
about near-field plasmonic pattern, such a calculation is also more computationally
expensive. Here we will analyze the wavefunction of plasmons Vs position of the
excitation (dipole) source and its frequency. Such a calculation allows one to analyze
spatial and spectral overlap of the sourse with plasmonic modes of the system.
We plot the plasmon wavefunction (Eq.3.20) at the two fixed dipole positions r =
(0,0,30)nm(center) and r = (200, 0,30)nm(edge). When the dipole is along x in
the center of the disk (Fig.3.13), only the L = 1 pattern (2 nodes in the angular
direction) exists in the studied frequency range. While the dipole is along the z
direction (Fig.3.14), we observe only L = 0 pattern (full circular), as the coupling
to any other modes is forbidden by symmetry.

If the dipole is placed at the edge of the disk r = (200, 0, 30)nm, external po-
tential does not have rotational symmetry. In Fig.3.15 and Fig.3.16, the dipole is
oriented along the x and z axis, respectively. For both orientations, we observe dif-
ferent patterns in the plasmon wavefunctions Vs the function of the frequency. At
frequency w = wo; + 20cm ™! in Fig.3.15(a) and Fig.3.16(a), we can see a hexagonal
pattern with a central peak. This is because the multiple modes can be excited by

! when the rotational symmetry of the

the dipole at frequency w = wy; + 20cm™
external field is broken by placing the dipole off the center. The plasmon mode
with L = 0 has a strong contribution the total wave function shown in Fig.3.15(a)
and Fig.3.16(a) due to the external dipole is in the strongest resonance with the
eigenfrequency wp; of the graphene plasmon mode L = 0. While for the external
frequency w = w3y +20cm ™! in Fig.3.16(d), we can see a hexagonal symmetry with
a weak central peak. The plasmon mode with L = 3 dominates the total wave

function in this case.
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Figure 3.13: Density plot of the plasmon wavefunction of the graphene nanodisk in the
presence of a x-oriented dipole positioned at r = (0,0,30)nm (red dot)
with dipole frequency of w = wr, + 20em™1, for (a)Lm = 01,(b)Lm =
11,(c)Lm = 21,(d)Lm = 31,(e)Lm = 41. The lower right corner in each
figure shows the eigenmodes of the graphene nanodisk.
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Figure 3.14: Density plot of the plasmon wavefunction of graphene nanodisk in the pres-
ence of z-oriented dipole positioned at the edge of disk r = (0,0, 30)nm
(gray dot) with dipole frequency w = wr, + 20em™!, for (a)Lm
01,(b)Lm = 11,(c)Lm = 21,(d)Lm = 31. (f) Response function for the

dipole placed at the center and along the z direction,
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Figure 3.15: Density plot of the plasmon wavefunction of the graphene nanodisk in
the presence of a x-oriented dipole positioned at the edge of disk r =
(200,0,30)nm (gray dot) with dipole frequency w = wr,, + 20em™1, for
(a)Lm = 01,(b)Lm = 11,(c)Lm = 21,(d)Lm = 31. (f) Response function
for the dipole placed at the center and along the x direction, yellow ar-
rows indicate the position of external excitation frequency. The lower right
corner in each figure shows the eigenmodes of the graphene nanodisk.

3.5 Summary

In this section, we explore the surface plasmons in a graphene nanodisk structure and
obtain the discrete eigenfrequencies of the surface plasmons due to the geometrical

restriction. We then investigate the response function of the nanodisk to an external
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Figure 3.16: Density plot of the plasmon wavefunction of the graphene nanodisk in
the presence of a z oriented dipole positioned at the edge of disk r
(200, 0, 30)nm (gray dot) with the dipole frequency w = wr, +20ecm ™!, for
(a)Lm = 01,(b)Lm = 11,(c)Lm = 21,(d)Lm = 31.The lower right corner
in each figure shows the eigenmodes of the graphene nanodisk.

dipole field and find that multiple angular modes may be excited at a single dipole
frequency due to the spectral overlap of the modes with non-zero linewidth. That
may explain the experimental results. However since in the experiment the graphene

nanodisk is covered by an infinite large of graphene, we will consider the effect of
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coupling of disk plasmonic modes to the infinite graphene in Chapter 4.

76

00015

00010

00005

0.0025

0.0020

0.0015

0.0010

0.0005



Chapter 4

Plasmons in Graphene-Graphene

Heterostructure

In the experiments we discussed earlier, the graphene nanodisk was buried under
an infinite monolayer graphene. Such a system gives the simplest example of a
heterostructure where the plasmonic modes of the graphene layer are confined due
to another layer. In the previous section, we developed a model for the plasmons
confined in a disk itself, neglecting the influence of the infinite monolayer graphene.
Here, we investigate how the surface plasmon resonance frequency may change due to
the hybridization between the monolayer and the graphene nanodisk. We also study
how the rotational mismatch between the layers may results in symmetry broken
plasmon patterns. In our calculations, we replace the infinite single layer graphene
with a large graphene disk with Ry, = 2000nm> R; ~200nm. We consider the
Coulomb coupling between the 2D electrons which results in the hybridization of
the plasmons in the different layers. Although this mechanism should be the most
important for plasmon hybridization, the model can not capture the registry be-
tween the lattice of two layers. This is because our plasmon equations of motion are
based on continuum approximation, neglecting lattice details. In order to capture
the lattice misorientation, we introduce a phenomenological model with modulation

of the Fermi level. The rotationally mismatched lattice is shown in Fig.4.1. It is

7



known[71] that the moiré pattern may induce a periodic modulation in the charge
density and therefore modulate the conductivity. For modeling this structure, we
introduce a scalar perturbation with the same symmetry as the moiré pattern of the
superlattice formed in bilayer graphene. Such a potential varies smoothly within the
graphene nanodisk and has a 3-fold symmetry. Other coupling, like electron trans-
fer /tunneling between the layers, is neglected. we use the Lagrangian approach to
calculating the coupled plasmon frequencies. Our model could qualitatively repro-

duce the hybrid plasmons with broken angular symmetry.

JIBIBINININ
JIGIBIBIINIRIN

JIIIRINIg

Figure 4.1: Schematic of the bilayer structure.
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4.0.1 Lagrangian of the System

It is known that the frequency of the plasmons can be obtained by resolving the
second quantizied Lagrangian equation for the interacting electrons (and the electric

field). The classic Lagrangian function for the electron system reads:

/er (mT?ﬂ - %) (4.1)

The quantum operator of the uncoupled Lagrangian of the graphene nanodisk is

given by
R? R
L = Sor R2( why ! ) b
Z (@)%, (eo+e)Bom ) Pl "
Rl <w2 )
= 21 R2 — 1) pit b 4.2
; 1<€0+6b)ﬁLm W%m meme ( )

here pi and pY, are the plasmon creation and annihilation operators in the disk.
L and m are the angular and radial quantum number, respectively. The plasmons
in the two identical layers separated by a distance d = 0.35nm are coupled via
Coulomb interaction that result in splitting of the frequencies of the coupled modes.

The Coulomb interaction between the two layers has the form

/dg /d3 Pb rl Pt r2) :/d3r1p+(r1)/d3r2 Pt(rQ)
1 — 1o ’ 1 — 1o
Ry
:/ / Tldr1d91pb(rl,01)¢t(r1,91,21 :O>
0 0

Lmm/
where p, and ¢; are the bottom layer plasmon charge density and the potential from

the top layer plasmon charge density, respectively, have the form:

QBLm ﬁL_mr 61L9 p
Z\/ (B — L)L (Brm )]2me‘]L( R ) 6(z) (4.4)

t _ QB%m’ 1 pth’ (BLm’ ) iLO ﬁLm (d—=z)
o _LZW\/<ﬁim,—L2>[JL<ﬁLm,>Peo+ebﬁw/R2°’L R)C
(4.5)
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And according to integral equation ([68]):

/R1 s (ﬁLm ) (ﬁLm r) Brm 121 (Brm) Jy, <BLm R2> (46)
0 !

i ks (%2 — (%t)?
here J;, (’B ot R1> = # 5 JL(BII%’;/T)h:Rl. Finally, we can determine Coulomb
2

Interaction matrix:

A A 27TR1 QBLm 26Lm’
Fmm o+ e \| (B2 — LT (Brn) 2\ (82,0 — L) [T (Brow )2

4 JL (ﬁLm) _Md
x Jp <6Lm ) (mm) (M)f R (4.7)
Rs
The generalization of the Lagrangian for the case of the two layers graphene is
R1 w2
L = 21 R? — 1) 0 b
; "o+ ) Brm (w%m ) P/t
R2 w2
21 R; 1) ot of
+ Z ™ (60 +€b>BLm (wLm )meme
- Z me’meALm 'm Z meme/Ame' (48)
Lm/m Lmm/

here we assume the layers have the same conductivity. The first term and second
term in Eq.4.8 stand for the uncoupled Lagrangian of the bottom disk with radius R,
and the top disk with radius Ry respectively. The last two terms express Coulomb
interaction between the two layers. The Lagrangian can be written in the matrix

form which reads as

2 R w?
B 27TR1 { (60+€bl)ﬁLm (W%m — 1) } 5mm’ _Ame/
— 2 R w2
_ALm’m 27TR2 { (60+6b)25Lm/ (wim, o 1> } 6mm/

(4.9)

The angular quantum number L is preserved in this Lagrangian. Solution of
Eq.4.9 exists when the determinant of the system is equal to zero: det|L] = 0. We
can obtain hybridized frequency of surface plasmon due to the Coulomb coupling

between the monolayer and the graphene disk.
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4.0.2 Scalar Perturbation for Describing the Rotationally

Mismatched Heterostructure

Rotationally mismatched lattices of the disk and the monolayer produce a moiré
pattern. At a small angle of rotation such a moiré pattern could have a large super-
lattice constant. The pattern with a hexagonal symmetry and a central peak was
observed in the experiments as shown in Fig.3.1. The size scale of this pattern is
too large to attribute this to the graphene lattice with the lattice constant ~2.54A.
Fig.4.2 shows the moiré pattern with a superlattice constant L = 106.7nm at rel-
ative rotation angle y = 0.98°, which could produces a hexagonal perturbation.
Calculation of the electronic structure of rotationally mismatched graphene bilayer
is a complicated task. Instead, we propose a phenomenological model which can
capture the main physics of the effect for the hybrid plasmon modes.

We construct a triangular perturbation to mimic the shape of a moiré superlattice
generated by the two mismatched layers. This scalar perturbation varies in the real
space as shown in Fig.4.3. Assuming the perturbation due to the moiré pattern

varies smoothly, we write the perturbation function as a Fourier series:

Vir) = ZVGeié'F
G

) » ) 3 . =3
_ ‘/04—‘/1(61Gy+6 sz) +61Gy/26202z+‘/1€sz/2ezG T

n mefiGy/2eiG§z i mefiGy/2efiG’§/§x

= V%W+W (2 cos(Gy) + 4 cos(Gy/2) COS(C??@)

0

= 1 (1 + % (2 cos(Gy) + 4 cos(Gy/2) cos(G@x))) (4.10)

an
3L°

expansion constant and we keep the two lead terms in the series. This function may

where G is the moiré pattern reciprocal lattice vector G = Vi is the Fourier

describe the periodic modulation in the charge density of misoriented bilayer and

therefore modulation in the Fermi energy.
Ep = EY(1+£F(r)) (4.11)
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where F'(r) = 2 cos(Gy) +cos(Gy/2) COS(G‘/Tgx) is the model function to describe
phenomenologically moiré pattern, ¢ is the unitless strength of the perturbation.

Then the kinetic energy term becomes

Ry 2
K = / / (r, 0)( MZ )o(r, 0)rdrdd
Lm
TR [
— 625Lm / / (r,0) EO 1+§F( ))p r, 0)rdrdf

(
Th?w?R? M 7 (r)
625Lm / / (r,0) EO ( To b +§F(r)> p(r,0)rdrdd

Q

ah2w 2R25 Ry
= Ky— / (r,0)F(r)p(r,0)rdrdd
62Ewlc‘)'ﬁﬁLm
7Th2 2R2§
= KO - MBLWLL/ m’ (412)
where Ky = QWR%me f T o(r,0)F (r)p(r,0)rdrdd. We add this
perturbation to the Lagranglan.
R w2 fBL L'm/
L = 2 RZ— T 7 R LS L R S N
LL/zm:m " Heo + &) B {Wl < H 2m I} e e
R w2 é.BL L'n'
2 R2— S 0rp O — =) — Spp O ¢ PSP
’ LLZ " e+ a)B {w§ ( H 27 3 B
— > o ALl — Y A P ALmndrL (4.13)
Lnm Lmn

here, p1 = prm, P2 = Prn; B1 = Brm, B2 = Bin-
The Lagrangian can be written in the matrix form which reads as

L L
c=|"" 7" (4.14)
Loy Lo
here Li1,L99 are the Lagrangian of the bottom disk and the top graphene layer,
respectively. Lis and Ly are the Coulomb interaction between the two layers. In
our case, both angular quantum numbers L; and Ly are up to 6 (0— 6), but the

radial quantum number my is up to 5 (1— 5) for the bottom disk and my is up to
50 (1— 50) for the large top disk. Therefore, matrix £ is 385x385 and « is 1 —
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385. The model perturbation due to the mismatched lattice results in the modified
plasmon dispersion such that the modes with different angular quantum numbers
can mix. We can obtain the modified plasmon dispersion due to mismatched lattice

from the determinant of the Lagrangian: det|L| = 0.

4.0.3 Discussion

The problem was soloved numerically. In Fig.4.4, we plot the plasmon wavefunction
at the frequency of w = 1323cm ™!, which contains the pattern resembling of L = 0
and L = 6 modes. We also plot the angular components of the wavefunctions in
Fig.4.4 (bottom). It shows that L = 0 and L = 6 harmonics have the largest
and approximately equal contribution. From the radial dependence of the angular
components of the wavefunction we can identify which radial modes are involved in
the mixed mode. Fig.4.5 and Fig.4.6 show the wavefunctions at frequency of w =
1389cm~! and w = 1669cm ™1, respectively. Both patterns indicate the plasmons
with strong coupling between L = 0 and L = 6 modes. Most of the hybrid modes
are non-bound plasmons, for example in Fig.4.7, the pattern shows the L = 2 mode.
While some of the modes are strongly confined inside the disk, fig.4.8 shows that the
amplitude of a wavefunction is larger inside than outside the disk at the frequency
of w = 1322em ™, and w = 1621cm~!. While at the frequency of w = 1389cm ™! and
w = 1669cm ™! , we observe leaky modes. We stress that the confinement is due to
the step in the conductivity at the border of the bilayer graphene which has twice
layer charge density than that the monolayer, thus creating a "refraction index”

step for the plasmon propagation.

4.1 Response function to a field of an External
Dipole

The total Hamiltonian of the system is
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Figure 4.2: Moiré pattern when ¢ = 33 for rotation angle y = 0.98°.

H = Z hwap:’y_pa (415)
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Figure 4.3: Schematic of scalar perturbation function describing the moiré pattern effect.

Here a is the eigenfrequency of the surface plasmons in the bilayer. p, is the plasmon
operator. The wavefunction of the surface plasmons in the bilayer has the form (note
that in this section we use ¢ (r) to express the wavefunction of the surface plasmons,

and use p(r) to express the plasmon annihilation operator).

ﬁlel L1601 ﬂL2m2 L2605
{ Z lemlJLl (Tl > e 6(2 Z pLQmQJL2 R — 7 € 5( )

Limy Loms
(4.16)
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here p$,, is the amplitudes of |a) of the mixed plasmons in terms of non-hybridized

basis |Lm). The plasmon annihilation operator in the real space is expressed as,
= patha(r) (4.17)
The Hamiltonian due to the external potential can be expressed as:
Hezt — /d2r¢6xt<r)p+(r)
_ 2 emt Blel —1L101 [/ « * 4+
- Z Z d r¢ T ZI)JLl Rl r € (leml) pa

a Limy

exr B m —il920s/ « *
+ ZZ/CF ¢ (1, 29)J 1, (%227“ e LO(PLQmQ) P

a Lomo
— E a +
- V pa
o

and V,, is the spinor representation of the coupling operator in |a) space,

Zlel f d2r¢ext(r’ ZI)JL ﬂLé:nl r —iL191 (palml)*
BLom _
ZLgmg f d2r¢ezt(r’ ZQ)JL LJ%Q 2r)e iL262 (pLng)*

_ (gl ' P) (4.18)
g P

ﬁ m —1
here gl = Zlel f d2rv|r/1_r| |ZIZl JLl ( Lél ! T) € ZL191 (p%lml)*’
and g, = ZL2m2 ferV - [ (MT) efiL”Q(p%QmQ)*. We assume the per-

Ve =

Ro
turbation is switched on ”adiabatically”. We therefore write

V(w) = Ve it (4.19)

where 7 — 0%, In terms of an exact unperturbed, time-independent ket basis set |3),
the perturbed ground state |g(t)) can be written, according to the time-dependent

perturbation theory

lg( ) + Z ca(t)e™™5t|3) (4.20)
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Here |0) is the ground state wavefunction with the ground state energy equal 0.

According to the Schrodinger equation:

) _ (11 4 ey 1) (4.21)

Then the time-dependent coefficient is found from:

icg(t) = (O[H*|B)e! s tint (4.22)
Integrating the equation above from t = —o0 to 0o gives
0 Hemt ) )
cs(t) = _Me—l(wﬂn)t (4.23)
w — wﬁ +1n

_ _Z <O|pa|6> 7zw+2n) (424)

- w—wg—i-m

We note that the charge density is given by the expectation value of p,, thus we

assume that the charge density is zero in the vacuum state. Then we write

<p(—1|—> _ _Z <5‘p ’0><O‘pa|ﬁ> (425)

5 W —wg +1n

This allows us to find the average of the charge density operator in Eq.4.17:

N = Va(Blpg10)(0lpalB)
plr) = Zwa W —wg+ 1
= D val0 = Z;—i— in (4:26)

where we use that (3|pf|0) = 0,5. The electric field of graphene at the position of
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r has the form

R 2m !
E(r) = —V/ / ’I"O(_rr)”r'dr’d@

2m a V
- / | vt
r —r/| W — Wq + 11

/Blel / L1601 g ) p
= - Plum ) ¢ 'y df; —=
Z/ / Z I‘ _ I‘,| i Ll ( Rl r lemlr r W — Wy + ,”7

27r
2 : BL m g P
. J 2ma 1L202 d de
/ / |I‘ - I'/| 2'=29 b < R2 " pLQmQr " W — W + ”]

8181 +g2g2 )
— W — Wa +in

where the response function tensor has the form:

a=-3 8181 + 858, (4.28)

4.1.1 Discussion

In Fig.4.9 we plot the frequency dependence of the zz component of the response
function to the external dipole placed in the middle or at the edge of the disk. We
can see multiple resonance peaks, and due to the Coulomb interaction between the
two layers the resonance peaks are shifted compared with the resonance frequencies
of the plasmons in the single disk. When the dipole is along the z axis and placed
at the center of the disk, the plasmon modes with L = 0 contribute to the response
function of a single disk. However with moiré perturbation, mixing of states with
a higher angular momentum is allowed. The wavefunciton of the plasmon modes
at the resonance peaks in Fig.4.9 contains large L = 0 component. In Fig.4.10, the
plasmon wavefunctions at the fixed dipole position r = (0,0, 30nm) with different
dipole frequencies are plotted. At the frequency of w = 1633cm™!, the plasmon
wavefunction in Fig.4.10(a) shows the L = 0,3 pattern. And the plasmon wave-
functions in Fig.4.10(b) and (c) show the L = 0 pattern. We also notice that the
plasmon wavefunctions are strongly confined within the nanodisk at those frequen-

cies due to the larger conductivity of the bilayer structure. If the external dipole
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is off the center of the disk, for example, r = (100nm, 100nm, 30nm) in Fig.4.11
and r = (200nm, 0,30nm), the patterns have complex shape, which indicates that
multiple plasmon modes are excited. At the position under the dipole, a stronger
excitation amplitude is observed which is due to the fact that the perturbation low-
ers the symmetry of plasmonic system so much that many multipoles are excited
simultaneously. In contrast to the case of a simple disk with axial symmetry, here

the tip (dipole) can produce a plasmonic localized image.

4.2 Conclusion

In this section, we considered the hybridization of the surface plasmons between the
monolayer and the graphene nanodisk. We demonstrated the shift of the hybrid
plasmon modes compare to the uncoupled plasmon modes in the nanodisk and
the monolayer graphene. Plasmon coupling between modes with different angular
quantum numbers occurs due to the rotationally mismatched lattice between the
disk and monolayer, which may induce a scalar perturbation within the graphene
disk. We also observe that the plasmon modes are strongly confined within the disk
due to the step in the conductivity at the edge of the disk. Different patterns of the

hybrid surface plasmons are observed.
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Figure 4.4: Top: Density plot of the plasmon wavefuction at the frequency of w =
1323cm~!. Bottom: Angular components of the wavefunctions as a function
of the radial distance.
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Figure 4.6: Top: Density plot of the plasmon wavefuction at the frequency of w =
1669cm~!. Bottom: Angular components of the wavefunctions as a function
of the radial distance.

92



400°F
200+
0.000015
E—- 0 0.000010
=
—200t o0Ex1072
4]
-400t . : - -
-400 -200 0 200 400
x(nm)
Angular components of wavefunction
107 /“Y"”ervvv
so-sl Yy
—_— =
o=t 1 L=1
lo_-lg £ L=2
i — L=
10721 — L=4
_ﬁg f- o L=5
1075 =

Q 200 400 600 800
r (nm)

Figure 4.7: Top: Density plot of the plasmon wavefuction at the frequency of w =
1621cm~!. Bottom: Angular components of the wavefunctions as a function
of the radial distance.

93



| — w=1322.92cm™ |

0.000015|
0.00001}
5.x10°¢! |

f — w=1389.22cm™’
w=1620.99¢cm™" -

w=1669.2cm™"

Wavefunction

o N NA WA I VX
0 100200 300400500 600

r (nm)

Figure 4.8: Absolute value of the plasmon wavefunction at § = 0 as a function of the
radius distance. The dashed line indicates the position of the disk at r» =
200nm.

94



0.25F
0.20f
0.15}
0.10f
0.05}

- He[ﬂzz]

0.00]

/\“ — Im[a;]

1000 1200 1400 1600 1800 EDUD

0.08F
0.07¢
0.06}
0.05¢ ;
0.04¢ — Rela]

0.03! | i

0.02}
0.01¢

1

Figure 4.9:

DUD 12[:'[:' 14DD 15[:'[:' 1BDD EDDU
w(cm™)

Frequency dependence of the real part and the imaginary part of the response
function of the system to a z-oriented dipole placed at the center of the
nanodisk (top) and at the edge of the nanodisk (bottom).

95



400F

2001

y(nm)
o

-2001

-400

400F

2001

y(nm)
=)

-200f

@ = 163337cm ™

000006
0000048
=

0.00002

00 -200 0 200 400

w = 1460.42¢m ™!

(c)

0.00015

0.00010

0.00005

-400L

-400 -200 0 200 400

x(nm)

400F

2001

-200f

-400

A
w = 1138

0.25}
0.20}
0.15}
0.10}
0.05}

0.00

-400 -200 0 200 400

37cem™

000008

0.00006

0.00004

0.00002

F— " w =1138.37cm !

w =146042cm™ 1| w = 1633.37cm™?

a .

w = 1745em™

: — R e[azz]

- |m[azz]

1000 1200 1400 1600 1800 2000

Figure 4.10: Density plot of the plasmon wavefunction in the presence of a z-oriented
dipole placed at the center of the disk with the frequency, for (a)w =
1633cm ™!, (b)w = 1138cm ™!, (c)w = 1460cm 1. The red dot at the center
shows the position of the external dipole, and the dashed circle indicate

the position of the disk.

96



400

200
25x% 1078
= 20x1078
E o
- 1.5 1078
1.0 1078
-200
50x1077
0
4000 . ., L
-400 =200 0 200 400
x(nm)
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the dashed circle indicate the position of the disk.
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Appendix A

Electron Self-Energy due to
Optical Phonon in Graphene

The electron-phonon interaction can induce many body effect and hot electron relax-
iation in graphene. The electron self-energy due to the electron-phonon interaction

in graphene at a temperature T is [72],

S(k,iwn) = —kpT Y iwm|(k + q, 5'|gq |k, $)|?D(q, iwn)G(k + q, iwy, + iw,) (A1)
ss'q

Here wy, = 2mrmkgT is the Matsubara frequency with the integer m, (k+q, s'|gq/k, s)

is electron-optical phonon coupling matrix element. |k, s), |k + q, s’) indicate Bloch

eigenstates. D(q,iw,,) and G(k+ q, iw,, + iw,) indicate phonon and electron Green

Function, respectively, that can be expressed as:

. 2w
D(q7 ZWm) = (/Lu) )201_ (,()2 (AQ)
m q
1
Gk Wy + iwy,) = - _ A3
(ch a i +in) = o (A3)

where wq stands for energy of optical phonon with wavevector q and Eyiqs is an
energy of electronic state with band indix s and wavevector k + q.

The sum can be taken over boson frequency, then ¥;,, is calculated by a contour
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integral. We then define a function
f(2) = D(q,2)G(k + q, z + iwn)n(2) (A.4)

n(z) is boson distribution function.

1
When 2z — iw,,, we get
1
lim, ., f(2) = =D(q, iw,)G(k + q, iwy, + iwy,) (A.6)

B

According to the method of Residues, sum over all residues is zero,

Res(z — iwy,) + Res(z = wq) + Res(z — —wq) + Res(z — iwy, + Exiq) =0 (A7)

here
Res(z — wq) = n(q) (A.8)
4 1wy, +wWq — Fiiq
Res(z = —wq) = — n(=wq) (A.9)

1wy, — Wq — Exiq
2wan(—iw, + Fxiq)

R — —iw, + F A.10
es(z iwn + Eiiq) (it — Brerq)? — w2 ( )
substituting into Eq.A.6, we get
1
BD(q, 1w Gk + q, iy, + iw,)
_ n(wq) L n(—wq) B 2c,.uqn(—iwn +2Ek+q2) (A1)
iwn +Wg — Biyq  iwn — Wy — Bipq  (iwn — Biiq)? — w32
and
g 1 1
= — A12
(iwn — Eiiq)? — W3 Wy — W — Bxyq W + Wq — Fiig ( )
n(—wq) = —(1+n(wq)) (A.13)
n(—iwn + Exiq) = —f(Ek+a) (A.14)
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Then electron self energy due to interaction with optical phonon in graphene has

the form:
E(k,w)ph
= Z|<k+q8/|g |k8>|2 n(wq>+1—fk+q —I— n(wq)+fk+q
q,ss’ ) ql™™ w—Ek+q—wq+z'6 W_Ek+q+wq+i5
g2
= 30 Z(l F $5'co8(Okiq + Ok — 204)
q,ss’

{”(Wq)"‘l_ﬁ@rq + n(wq)+fk+q ]
W— FBypq —wq+10  w— Exiq+wg+id

2 2w
[ a5t
0

{ n(wg) + 1= fiiq n(wq) + fitq }
W—Eypq—wq+10  w— Exig+wg+ 10

(A.15)

where w, ~ 0.2eV is the graphene longitudinal/transverse optical phonons near I
point. n(w) (f(w)) is thermal distribution function of optical phonons (electrons) in
graphene. g, = 0.0405eV? [72] is electron-phonon interaction constant. cos(fqik.q+
Okq) = c0S(Okq+ 0k —204), Oqk is the minimal angle between two vectors k,q. Since
Oqik.q = 20kq — 7 for small k, and
d? E
/ #5@ —E,) = #@'N (A.16)

the imaginary part of X (k,w)P" can be expressed as

Im[X(k, w)?"]
2

_ %

= 3 qdq

% 5(&) — wo — Ek—l—q) |: n(WO) +1- fk+q :|

w— Eyyq—wo+ 10
n(wq) + fx

+ 0(w+ wo — Exiq) [w — éki) _HUJF(: ié}
q T Wq

_ 9(2) |w_w0| nlewn) — |w+w0| ol
— (—QWWJC)Q( (wo) f(Ek+q))+—27r(mf)2( (wo) + f(Ek+q))) (A.17)

2
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The real part of the electron self-energy can be obtained using the Kramer-Kronig
relations,

T w —w

Re[S(k,w)™] — 1P / = Ik, ) (A.18)

o0

The real part is related to the frequency shift of the electron due to scattering with

optical phonons. The imaginary part tells about electron life time via

7 = h/2Im[S(k, w)P"]. (A.19)
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