Analysis of Metallic Nanostructures by a
Discontinuous Galerkin Time-Domain Maxwell Solver on
Graphics Processing Units

Zur Erlangung des akademischen Grades eines

DOKTORS DER NATURWISSENSCHAFTEN
von der Fakultédt fiir Physik des
Karlsruher Instituts fiir Technologie (KIT)
genehmigte

DISSERTATION

von

M. Sc. Richard Timothy Helmut Diehl
aus Miinchen

Tag der miindlichen Priifung: 14.12.2012
Referent: Prof. Dr. K. Busch
Korreferent: Prof. Dr. M. Wegener






“(IT Fakultiit fiir Physik
A Institut fiir Theoretische Festkorperphysik

Karlsruhe Institute of Technology

Analysis of Metallic Nanostructures by a
Discontinuous Galerkin Time-Domain Maxwell Solver on
Graphics Processing Units

LU L
W R D0

PhD Thesis
by
M. Sc. Richard Timothy Helmut Diehl
14.12.2012

Instructor: Prof. Dr. Kurt Busch
2nd Instructor: Prof. Dr. Martin Wegener






Contents

1 Introduction

Plasmonic Nanostructures . . . . . . ..
1.2 Numerical Simulation’s Contribution to Research . . . . . . . ... ... ... ......
1.3 Graphics Processing Units Accelerated Research . . . . . . . .. .. ... ... ... ...
1.4 Outline of the Thesis . . . . . ... ...

1.1

Classical Electrodynamics

2.1 Macroscopic Maxwell’s Equations . . . .

2.2

3
3.1
3.2
4
4.1
4.2
4.3

211

Constitutive Relations . . . . . .

2.1.2 Time-Evolution of the Electromagnetic Fields . . . . . .. .. .. ... ... ...
2.1.3 Normalization to Dimensionless Units . . . . . . . . ... ... . ... ... ...
Dispersive Materials in the Time-Domain

2.2.1
2.2.2
2.2.3

Auxiliary Differential Equations .
The Drude Model . . . . . . . ..
The Lorentz Model . . . . . . ..

2.2.4  Calculation of Model Parameters from Experimental Data . . . . . ... ... ..
2.3 Scattering of Electromagnetic Radiation

The Discontinuous Galerkin Time-Domain Method

Spatial Discretization via the Nodal Discontinuous Galerkin Method . . . . . . . .. ..
Maxwell’s Curl Equations in Conservation Form . . . . ... .. ... ... ...
Tesselation of the Computational Domain . . . . . .. ... ... ... .. ....

3.1.1
3.1.2
3.1.3
3.14
3.1.5
3.1.6
3.1.7
3.1.8

3.2.1
3.2.2

Element-Local Approximate Soluti

Ol . . . . . . . oo oo e s s e e e e e e

Restoring a Physical Solution via the Numerical Flux. . . . . . .. ... ... ..

Boundary Conditions . . . . . . .

Expansion of the Electromagnetic Fields . . . . .. .. ... ... ... .. ....

The Semi-Discrete Form . . . . .

Convergence and Error of the Spatial Discretization . . . . ... ... ... ...
Time Integration . . .. ... ... ...

The Low-Storage Runge Kutta Method . . . . .. .. ... ... .. ... ....

Stability . . . . ... ...

Extensions for Practical Use

The Discretized Drude-Lorentz Model .
Sources . . ... ...

421
4.2.2

Total-Field /Scattered-Field Source
Scattered-Field Source . . . . . .

Perfectly Matched Layers . . . .. ...

4.3.1

Uniaxial Perfectly Matched Layers

15
16
16
17
18
19
20
21
22
27
28
28
29

33
33
34
35
35
37
38




Contents

5

4.3.2 Stretched Coordinate Perfectly Matched Layers . . . . . . .. . ... ... ....

DGTD on Graphics Processing Units

5.1 GPU Basics . . . . . .
5.1.1 The Graphics Processing Unit Design Paradigm . . . . . . . ... ... ... ...
5.1.2 NVidia’s Compute Unified Device Architecture . . . . . . .. ... ... .....
5.1.3 Optimal Performance . . . .. .. . .. ..
5.1.4 Kernel Design and Occupancy . . . . . . . . . ... oo
5.1.5  Summary of Performance Related Issues . . . . . . . .. ... ... ... .....

5.2 Implementation of the DGTD Method on GPUs . . . . . . .. ... ... .. .......
5.2.1 Analysis of the DGTD Method . . . . . . . .. ... ... .. ... ... .....
5.2.2 Segmentation of the DGTD Algorithm into Kernels . . . . . . .. ... ... ...
5.2.3 Implementation . . . . . . . .. L
5.2.4 Host-Device Interaction, Heterogeneous Computing, and Probing . . . . . . . ..

5.3 Validation and Performance Benchmark . . . . .. . ... ... ... ... ... ...
5.3.1 Empty Metallic Cavity . . . . . . . . . ..
5.3.2 Optical Spectroscopy of a 100 nm Silver Sphere . . . . . . .. .. ... ... ...
5.3.3 Electron Energy Loss Spectroscopy of a 20nm Aluminum Sphere . . . . . . . ..

5.4 Summary ... oL

Optical Characterization of Metallic Nano-Antennae

6.1 Parametrization of Split-Ring Resonators and Nanorods . . . . ... . ... ... . ...
6.2 Simulation Setup . . . . . . . L
6.3 Extinction, Scattering, and Absorption Cross Section . . . . . . . . . . .. .. ... ...
6.4 Tuning of the Scattering to Absorption Cross Section Ratio . . . . . .. .. ... . ...
6.5 FErrors and Parameter Tendencies . . . . . . . . . . . . ... oL

Electron Energy Loss Spectroscopy of Split-Ring Resonators

7.1 Fundamentals of the Electron Energy Loss Spectroscopy Analysis . . . . . . . . .. ...
7.1.1 Calculation of the Loss Probability in the Time-Domain . . . . . . . .. ... ..
7.1.2 Excitation of a Relativistic Electron in DGTD . . . . . ... .. .. ... ....

7.2 The Individual Split-Ring Resonator . . . . . . .. . ... .. ... .. .. ...
7.2.1 Simulation Setup . . . . . . ..
7.2.2  Validation of Applied Analysis and Simulation Setup . . . . . .. ... ... ...
7.2.3 Characterization by EELS Spectra and Maps . . . . . . ... .. ... ... ...
7.2.4 Harmonic Inversion of the Electric Field . . . . . .. .. ... .. ... ... ...
7.2.5  Comparing EELS Maps to the Modes of the Electric Field . . . . . . . ... ...
7.2.6 Comparing EELS and Extinction Cross-Section Spectra . . . . . . . ... .. ..
727 SUMIMATY . . .« o o e e e e e

7.3 Coupled Split-Ring Resonator Systems . . . . . . . . .. .. ... ... L.
7.3.1 Coupled Split-Ring Resonators in 1x2 Configuration . . . .. .. ... ... ...
7.3.2 Coupled Split-Ring Resonators in 2x1 Configuration . . . . . ... ... ... ..
7.3.3 Coupled Split-Ring Resonators in 1x4 Configuration . . . . . .. ... ... ...

T4 SUmMmMary . . . ... e

41
42
42
43
46
48
49
20
20
52
93
62
62
63
67
70
73

75
76
7
80
82
84

VI




Contents

8 Summary and Outlook 119
8.1 SUmMmMAary . . . . . .o 119
8.2 Outlook . . . . . . e 120
8.3 Conclusion . . . . . . . . . . 121

Publications 125

Bibliography 133

VII







Chapter 1

Introduction

In this thesis, we examine the optical properties of metallic nanostructures with typical feature sizes
of the order of visible light. The interaction of light with such structures can be accurately described
by classical electrodynamics. Thus, for the analysis of metallic nanostructures within this thesis, we
will employ Maxwell’s equations [1] to model the physical behavior of the electromagnetic fields. On
these length-scales, light does not respond to the atomic-scale variation induced by the individual nuclei
and electrons of matter, and, hence, a rigorous treatment in terms of quantum electrodynamics is not
required.

1.1 Plasmonic Nanostructures

Plasmonics refers to a relatively young field of optical science in which the properties of nano-scale
metallic structures and their interaction with light is investigated. Metal structures support localized
oscillations of free electrons, so called plasmons. These plasmons couple to the incident electromag-
netic and can be resonantly enhanced which results in a potentially strong enhancement of the local
field. Such strong local fields are employed in a variety of methods and techniques, e.g., surface
enhanced Raman spectroscopy, surface enhanced infrared absorption, or nonlinear frequency conver-
sion (cf. Refs. [2, 3| and references therein).

Besides local enhancement, the field tends to be strongly localized. In other words, the field strongly
varies over short distances which renders plasmonic structures suitable devices for sensing. For ex-
ample, the detection of single molecule events has been reported [4]. Scanning near-field optical mi-
croscopy (SNOM) is a technique that exploits the strong localization. This leads to a spatial resolution
below the diffraction limit [5-7].

Remarkable effects occur when individual metallic structures are periodically arranged. Among these,
the discovery of an effective magnetic response from non-magnetic conducting media by Pendry et al. [8]
is outstanding. Based on their findings, negative refraction has been demonstrated for several different
arrangements, e. g., split-ring resonators [9] (cf. Fig. 1.1), net-structures [10], and nanostrips [11]. Such
behavior has not been observed in nature and, hence, these materials, fabricated from periodically
arranged metallic building-blocks!, are suitably coined “metamaterials” [10]. In order to obtain these
exceptional properties, the extent of the metaatoms must be (significantly) smaller than the wavelength
of the incident radiation.

1We also refer to the building-blocks by “metaatoms”.
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Figure 1.1: Scanning electron microscope image (left panel, courtesy of M. Husnik and M. Wegener)
and tetrahedral mesh (right panel) of an individual split-ring resonator. The side-
length of the split-ring resonator is approzimately 140 nm.

The properties of a metamaterial are the result of the collective response of the individual metaatoms.
In order to understand the underlying coupling mechanisms, the electromagnetic properties of an
individual metaatom must be characterized. Among a large amount of characterization methods, two
sophisticated methods are considered in the context of this thesis:

Recently, Husnik et al. [12] demonstrated the simultaneous and quantitative measurement of the
scattering and the extinction cross section of individual nanostructures. Their novel setup combines
a spatial modulation technique with a common-path interferometer. Since this newly developed tech-
nique cannot be compared to any other measurement, we supported the development by numerical
investigations (Chap. 6).

The second characterization method, which we consider in this thesis, is electron energy loss spec-
troscopy (EELS). Due to a spatial resolution on the nm-scale and a high energy resolution (sub-eV),
EELS gained considerable attention throughout the last years. In this thesis, both individual and cou-
pled systems of split-ring resonators are treated numerically and are compared to a series of other (nu-
merical) characterization methods (Chap. 7). Parts of this analysis along with experimental data? will
be published soon [13].

1.2 Numerical Simulation’s Contribution to Research

Albeit a remarkable progress in fabrication and measurement techniques, the analysis of nanostructures
is a costly and time-consuming task. In particular, extensive parameter studies are challenging in terms
of time-consumption and reproducibility. A parameter study of split-ring resonators was numerically
performed by use of the discontinuous Galerkin time-domain (DGTD) method in Ref. [14]. Therein, the
dependence of the scattering, the absorption, and the extinction cross section on numerous geometry
parameters (e.g., height, thickness, etc.) was examined. This example demonstrates that numerical
simulation methods are comparatively cheap, flexible, and reliable tools.

Besides these aspects, numerical simulations provide physical quantities which are inaccessible in the
experiment. Very naturally, the time-evolution of the electromagnetic field distribution can be observed
by employing time-domain simulations [15]. Due to the high frequencies in the optical regime, such

2The experimental work is accomplished by F. von Cube and S. Linden.
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an analysis cannot be easily obtained by experimental techniques. For a particular system, a single
time-domain simulation suffices to obtain a spectrally broad response when employing a short pulse for
excitation.

A variety of numerical methods exist which handle Maxwell’s equations in both the time- and the
frequency-domain. Undoubtedly, the most famous one is the finite-different (FD) method and, in
particular, the finite-difference time-domain (FDTD) method. In its basic form, the FD method lays
down an structured grid in space and approximates spatial derivatives by differences across neighboring
grid points [16]. Being conceptually simple and intuitive, the method suffers from a low order of
accuracy when dealing with material interfaces [17]. Bound to a necessarily structured grid, the FD
method leads to unsatisfactory results when dealing with round structures. In particular, the grid may
induce spurious field enhancement when simulating metallic objects.

Another well-established numerical method is the finite-element method (FEM) [18, 19]. In contrast
to FD, unstructured grids are supported, i.e., the geometry of the physical system is modeled by
elements of different sizes and shapes. An unstructured mesh of a split-ring resonator consisting of
tetrahedra is depicted in the right panel of Fig. 1.1. Obviously, the geometry can be accurately modeled
by an unstructured tetrahedral mesh.

In the FEM, the numerical solution of the physical problem is approximated by high-order basis
functions. Both the size of the grid elements and the order of approximation can be employed to
control the accuracy of the solution which is known as hp-adaptivity. The discretization according
to the FEM method results in a (potentially large) implicit semi-discrete set of equations. For time-
domain simulations, the solution of the associated systems of linear equations can yield to an inefficient
numerical scheme.

Thus, our method of choice is the discontinuous Galerkin (DG) method which combines the ma-
jor advantages of both the finite-difference and the finite-element method: The representation of the
geonetry by an unstructured grid, high-order basis functions, and an efficient applicability in the time-
domain. In contrast to the FEM, element-local basis functions are employed. This leads to an implicit
method which can be efficiently inverted. Furthermore, this element-local ansatz is ideally suited for
execution on massively parallel devices.

Originally, the DG method was proposed in 1973 in the context of neutron-transport [20]. A major
step towards its application in the field of classical electrodynamics was done in 2002 when Hesthaven
and Warburton published a nodal scheme and proved convergence of the numerical flux [21]. Since
then, the DGTD method has attracted much attention and has been applied to a variety of analyses,
e. g., for optical spectroscopy [12, 22, 23] and electron energy loss spectroscopy [13, 24, 25]. These anal-
yses techniques are, however, computationally demanding which emphasizes the need for accelerated
approaches, e. g., graphics processing units.

1.3 Graphics Processing Units Accelerated Research

During the last decade, graphics processing units (GPUs) have attracted a lot of attention in the
scientific community. These massively parallel processing units offer steadily increasing computational
raw power which — today — is an order of magnitude larger than that of CPUs [26]. Furthermore,
they are also more efficient in terms of cost and power consumption. Besides this bare power, it is the
evolving ecosystem around GPUs which attracts scientists to employ these devices for their research.
Suitable programming languages and development kits were released which simplify the application of
GPUs for general purposes.
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Today, GPUs are applied in those fields of research which handle complex systems by numerical
simulation tools. In physics, for example, GPUs are employed for Maxwell’s equations [27], seismic
wave propagation [28], and incompressible flow dynamics [29], just to mention a few. In comparison to
well-established CPU codes, GPU implementations have been reported to yield a significant reduction
of the simulation time which may open the door for the treatment of systems governing high complexity
or demanding increased accuracy.

Based on these encouraging prospects, we address an implementation of the DGTD method for
Maxwell’s equations on GPUs. A detailed description of our venture is presented in this thesis. In
essence, we obtained a powerful tool which enables us to perform computationally intense physical
investigations of, e. g., plasmonic nanostructures.

1.4 Outline of the Thesis

A brief review of classical electrodynamics is given in Chap. 2 where the necessary physical equations
governing the description of plasmonic systems are introduced. Subsequently, in Chap. 3, the set of
partial differential equations is discretized in space by the nodal DG method, and the low-storage Runge-
Kutta method is applied to integrate the set of ordinary differential equations in time. Extensions for
the practical use of the DGTD method are presented in Chap. 4. With the theory at hand, the DGTD
method for Maxwell’s equations is analyzed, implemented, and tested in Chap. 5. In the following
chapters, we apply the GPU implementation to plasmonic systems. First, we examine the cross sections
of gold nano-antennae and compare the results to the corresponding experiment in Chaps. 6. An
individual split-ring resonator and coupled systems of several split-ring resonators are analyzed by
electron energy loss spectroscopy in Chap. 7. We conclude the thesis with a brief summary and an
outlook in Chap. 8.




Chapter 2

Classical Electrodynamics

The physical systems discussed in this thesis can be accurately described by classical electrodynamics.
In particular, quantum mechanical effects do not need to be considered. In this chapter, a brief review
of classical electrodynamics is presented focusing on topics which are relevant for this thesis. For an

elaborate discussion of classical electrodynamics, the reader is referred to standard textbooks, e.g.,
Refs. [30, 31].

2.1 Macroscopic Maxwell’s Equations

The theory of classical electrodynamics is based on James Clerk Maxwell’s publication in 1865 [1]
and describes the propagation of electromagnetic waves and their interaction with matter. In vector
notation and the SI unit system, the macroscopic Maxwell’s equations in differential form read [30, 32]

V-D(f,t) = p(F,t) (2.1a)
V-B(ft) =0, (2.1b)
V x H(5,t) = 9D(T,t) +i(T1) , (2.1¢)
V x E(T,t) = —0B(f.t) , (2.1d)

where the electric field E, the magnetic field ﬁ, the electric displacement ]3, and the magnetic in-
duction B are three-dimensional vectors comprising x-, y-, and z-components. The free electric charge
density p and the free electric current density fdenote sources due to free charge in the system, e. g.,
charge that is not bound to the cores of atoms. These quantities depend on position T = (x,y, 2)T and
time ¢.

The macroscopic Maxwell’s equations’ are accurate for wavelengths large compared to atomic scales
as the fields and the sources are considered averaged quantities of a microscopic theory. The sys-
tems discussed in this thesis comprise typical length-scales of the order of 100 nm which justifies the
application of the macroscopic approach.

'For brevity, we refer to Eq. (2.1) by simply “Maxwell’s equations” in the remainder of the thesis.
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2.1.1 Constitutive Relations

Maxwell’s equations comprise twelve unknown field components in eight independent equations. Thus,
Eq. (2.1) cannot be solved until D and H are known in terms of E and B [30]. The missing relations
are expressed by the constitutive relations which model the interaction between the fields and matter
by

(2.2)

where P and M denote the macroscopic polarization and magnetization, respectively. Upon introduction
of the vacuum permittivity €y and the vacuum permeability pg, an essential arbitrariness of dimensions
is introduced [31] — a fact that we exploit in Sec. 2.1.3 to introduce a dimensionless formulation.
Implicitly, €g and pg must fulfill

1

: (2.3)
NG

CcC =

where ¢ denotes the vacuum speed of light. The polarization P and the magnetization M may depend
on E, B, T, and t in a complex way, expressed by [], e. g., they can depend on past history, be nonlinear,
etc. Consequently, media are conveniently classified by the dependencies of P and M.

In the regime of weak fields, the material response of most media other than ferroelectrics or ferro-
magnets can be accurately modeled by the linear relation 30|

o0 o0

= / a3 / a’ 6ag(f",t'> Eg(?—f”,t—t’) :
B s —00
[oe) oo

t) _Z/dSr/ / ar’ Mgﬁ(f”,t’) Bg(f—?’,i—ﬂ) ,
B —00

(2.4)

which supports non-local, dispersive, and anisotropic behavior. For many simple metals and dielectrics,
the material response is local and isotropic in space and most conveniently described in the frequency-
domain by

]3(1‘"’, w) eoer(w (f’, oJ) ,

(2.5)
(_’ )_:U'O,Ufr (700),

U:h

where €, and u, are the relative permittivity and permeability, respectively. For dispersionless media,
the constitutive relations in the time-domain — obtained by the inverse Fourier transform of Eq. (2.5) —
read

) (2.6)
t




2.1 Macroscopic Maxwell’s Equations

Employing Eq. (2.6), Maxwell’s equations for local, isotropic, and dispersionless media simplify to

V- () B(E)) = ”(f;t), (2.72)
Ve (@A) =0, (2.7b)
VxHTt) = ee (D) AEF 1) +i(5t) , (2.7¢)
$ x B(E 1) = —pop () - (T 1) (2.7d)

2.1.2 Time-Evolution of the Electromagnetic Fields

The evolution of the electromagnetic fields in time is governed by the curl equations Eqs. (2.1¢) and
(2.1d). The divergence conditions Egs. (2.1a) and (2.1b) are satisfied for all time, if the divergence
conditions were initially fulfilled and the fields are evolved in time by the curl equations [21]. Hence,
Egs. (2.1a) and (2.1b) can be regarded as initial conditions for the fields and need not be considered
for time-evolution.

To show that, we require the conservation of charge

dp(T,t) +V-j(T,t) =0, (2.8)

which is obtained? by application of the divergence to Eq. (2.1c) and subsequent insertion of Eq. (2.1a).
Applying the divergence to the curl equations and using Eq. (2.8) yields

(2.9)

which implies that if the divergence conditions are satisfied at some (initial) time ¢y, they will not
change upon time-evolution by the curl equations as long as charge remains preserved.

2.1.3 Normalization to Dimensionless Units

In the previous sections, we expressed Maxwell’s equations in the SI unit system. For numerical
simulations, a dimensionless unit system is more convenient and, thus, we scale all lengths A with
respect to a reference length A\g — in SI units — and express time by the (normalized) distance that
light propagates in free space. In this system, the vacuum speed of light becomes 1:

A 1 A
=73 t:f‘CSItSI, c=—=1. (2.10)

A= 22t
Ao Ao t

In essence, the interval [0, \g]s; is mapped to [0,1], and light in vacuum propagates 1 “dimensionless
unit” of length in 1 “dimensionless unit of time”.

2The divergence of a curl of a vector is identical to zero, i.e., V- (ﬁ X A(r)) =0.
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Quantity SI Unit Dimensionless Units
Length Ast = Ao A A= )\io - Agl
Time tSIZC)‘—SOI-t t=SL tor
Frequency wg] = C)\—SOI “w w = C)‘—S?I - WS
Electric Field ESI =Fy- B E = ELO . ESI
Magnetic Field HSI = Ey ﬁ H= T /:T()] : ﬁSI

Table 2.1: Conversion rules between SI system and dimensionless units. Throughout the thesis,
we set By = 1% and Ao = 1 pm.

In a next step, we eliminate ey and po from the curl equations by rescaling of the fields. For linear
media, we can additionally normalize the fields by an arbitrary field strength Fy — in SI units. Thus,
the fields in dimensionless units are obtained by

. B ﬁ H - Aojs
FooSl  go fHo sty Mo AdsT (2.11)
Ey e Eo € Eo

Employing Eqs. (2.10) and (2.11), the curl equations for linear, local, isotropic, dispersionless media
are transformed to

B[ = (F)- ( x H(F, 1) —I(f,t)), (2.12a)
) -V x E(T,1) . (2.12b)

This set of equations comprises only dimensionless quantities. Note that the index r of the relative
permittivity and permeability has been dropped for convenience, and we will merely employ quantities in
the dimensionless unit system in the remainder of the thesis unless stated otherwise. The transformation
rules are summarized in Tab. 2.1. For all simulations of this thesis, we set A\g = 1 ym and FEy = 1%.

2.2 Dispersive Materials in the Time-Domain

Plasmonic structures are most commonly fabricated from metals such as silver, gold, or aluminum.
Within the visible and near-infrared regime, the real and imaginary part of the permittivity of these
metals can vary by orders of magnitude, i. e., these materials exhibit considerable dispersion. Dispersion
enters Maxwell’s equations via the constitutive relations and can be expressed in both the frequency-
and the time-domain. In the frequency-domain, dispersion is conveniently modeled by a frequency-
dependent permittivity and permeability (cf. Eq. (2.5)). In contrast, the time-domain formulation
contains a convolution integral (cf. Eq. (2.4)) which is notoriously difficult to handle in numeric meth-
ods. A feasible technique to include linear, dispersive materials in numerical time-domain methods is
based on auxiliary differential equations [15].




2.2 Dispersive Materials in the Time-Domain

2.2.1 Auxiliary Differential Equations

In order to efficiently include dispersive media in a time-domain numerical method, we seek for a simple
expression of the time-derivative of the constitutive relation

[e. 9]

B, 1) = /dt’e(t’) E(Re-1), (2.13)

—0o0

which enters Maxwell’s equations via Eq. (2.1c). The time-derivative of Eq. (2.13) transformed into
frequency-domain reads

— iwﬁ(f’, w) = —iw (e(w) ~E(f’,w)) , (2.14)
where the convolution becomes a simple product and the time-derivative transforms as
O +— —iw. (2.15)

Despite the transformed time-derivative, Eq. (2.14) corresponds to Eq. (2.5) in dimensionless units.
The permittivity e(w) can be decomposed into a constant background permittivity e and a frequency-
dependent susceptibility y(w) by

e(w) = €00 + x(w) . (2.16)

Upon insertion of Eq. (2.16) into Eq. (2.14), we obtain
—iwD (f’,w) = —lwess - E_‘J(_’, w) —l—jp(f’, w) , (2.17a)
i (2.17h)

=y
Il
L
€
=
£
eafl
=N
E

, W

where JT;, (f’, w) denotes a frequency-dependent auxiliary polarization current density. Thus, the polar-
ization in the frequency-domain reads

el
=
—~
Sl
€
SN—"

(F0) = x(w) - B(Ew) = 20 (2.18)

An inverse Fourier transform of Eqs. (2.17a) and (2.17b) yields the desired time-domain expression
for dispersive, linear media. While Eq. (2.17b) depends on the particular material model in charge and
must be rearranged before transformation in order to avoid a convolution integral in the time-domain,
Eq. (2.17a) is easily transformed:

0D (T,t) = exE(T,1) +3p(T,1) - (2.19)

Upon insertion of Eq. (2.19) into the Eq. (2.1c), the modified curl equation including the auxiliary
polarization current density in dimensionless units reads

BB t) = e - (ﬁ < H(T,t) —j(E,t) —Jn (T, t)) . (2.20)
For suitable susceptibilities x(w), i.e., rational functions with respect to iw, an inverse Fourier trans-

form of Eq. (2.17b) leads to (several) auxiliary differential equations (ADEs) that are to be solved in
parallel with Maxwell’s equations [15].
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2.2.2 The Drude Model

Around 1900, Paul Drude described the material response of metals by means of the kinetic theory
of gases [33, 34]. In the Drude model, the metal is considered to consist of heavy immobile ion cores
and bound and free electrons. Bound electrons are located in the vicinity of the ion cores and stated
immobile as well while the free electrons behave like an ideal kinetic gas, i.e., in absence of external
forces the momentum of the free electrons remains unchanged. In particular, the free electrons interact
neither with the ion cores (free electron approximation) nor with each other (independent electron
approximation) [35].
Consequently, the velocity of a single electron is modeled by
O (t) + yp¥(t) = —B(t) | (2.21)
Me
where e denotes the (positive-valued) elementary charge, m. represents the electron mass, and ~vp
corresponds to a phenomenological damping term, also referred to by collision frequency. Solving
Eq. (2.21) for the velocity in the frequency-domain yields
1 e =

\?(w) = 7jw . EE(OJ) . (222)

The harmonically driven electron is associated with a macroscopic (polarization) current density, i.e.,
jp(w) = —env(w) , (2.23)
where n refers to the free electron density. Upon insertion of Eq. (2.23) into Eq. (2.18), we obtain the

susceptibility
2

“D
W) =———""—< 2.24
XD ( ) w (w + i’YD) ( )
with the plasma frequency
2
wp = 1|5 (2.25)
me

The permittivity according to €(w) = € + xp(w) is visualized in the left panel of Fig. 2.1. For
frequencies larger than the plasma frequency, the metal behaves similarly to a dielectric, i.e., R{e}
slowly approaches the positive-valued €5, accompanied by a practically vanishing S{e}. Below wp,
Drude metals exhibit a strong dispersive response with a negative R{e} and significant, positive 3{e}.

The Drude model accurately describes metals in the near- and far-infrared regime where the photon
energy is insufficient to invoke interband transitions. Gold in the near-infrared, for example, features
a plasma frequency of wpay ~ 14 - 10" Hz. In comparison, light of A = 1500nm corresponds to
a frequency of w ~ 1.3 - 10 Hz, i.e., the light frequency is well below the plasma frequency. In
practice, the free parameters €, wp, and yp are obtained by the fitting Drude model permittivity to
experimental data as described in Sec. 2.2.4.

In order to employ the Drude model in time-domain simulations, the frequency-dependent suscepti-
bility xp(w) must be expressed in the ADE formalism (cf. Sec. 2.2.1). Therefore, Eq. (2.24) is inserted
into Eq. (2.17b), rearranged, and transformed into the time-domain [15], leading to a single ADE:

Oijp(t) = whE(t) — ypip(t) (2.26)
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Figure 2.1: Electric permittivity e(w) for the Drude (left panel) and the Lorentz (right panel)
model. Real and imaginary parts of the permittivity are indicated in blue and red,
respectively.

2.2.3 The Lorentz Model

By considering merely free electrons, the Drude model fails to describe interband transitions in the
high energy range of the visible spectrum. Hendrik Antoon Lorentz extended the Drude model by
taking bound electrons into account which are modeled as harmonic oscillators. In an equivalent
mechanical model, an electron is bound to an ion by an elastic spring which results in a restoring
force [32]. Consequently, polarizable matter is understood as a collection of identical, independent,
isotropic harmonic oscillators.

The equation of motion for an electron of charge —e and mass m, is given by

ORR(1) + M OR(L) + WER() = —B(1) | (2.27)
e
where X represents the displacement from the equilibrium position, wy denotes the eigenfrequency of
the oscillator and «y, corresponds to a phenomenological damping term. Solving for ' in Fourier space
yields

1 —e =
4 = . —F . 2.28
X(w) w? —iypw —w? me () (2.28)
The displacement is associated with a dipole moment by p(w) = —eX(w). As the individual oscillators

—

are considered non-interacting, the macroscopic polarization is obtained by P(w) = np(w), where n
denotes the density of microscopic oscillators. Employing Eq. (2.18), the susceptibility of the Lorentz
oscillator model reads

Aeg, - w?
Xp(w) = ———L— (2.29)
wi —iyLw —w
with the oscillator strength
2 2
Aey =D (with wh = ¢ ) . (2.30)
wi Me

Note that the density of microscopic oscillators and the free electron density of the Drude model differ
and — despite the formal equity of wp and the Drude plasma frequency — A€y, is a free parameter of
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2 C(lassical Electrodynamics

the Lorentz model. In practice, the free parameters wy, vz, and Aey, are obtained by a fit procedure,
described in Sec. 2.2.4.

The permittivity according to €(w) = €x + xr(w) is depicted in the right panel of Fig. 2.1. The
imaginary part exhibits a significant increase around wy which models absorption due to interband
transitions. In the same range, the real part is strongly dispersive.

The ADE formulation of the Lorentz model is obtained by insertion of the susceptibility Eq. (2.29)
into Eq. (2.17b), rearrangement, and subsequent transformation into the time-domain. Two ADEs are
required to model the time-domain polarization current density [15]:

O (t) = Aepw?E(t) + qr(t) (2.31a)
Aydr(t) = —w?jp(t) — vy AeLwiE() — v.GL(t) - (2.31b)

2.2.4 Calculation of Model Parameters from Experimental Data

Both the Drude and the Drude-Lorentz model accurately describe the electric permittivity within a
limited spectral range. Previously published material parameters were often designed to model large
spectral regions leading to a suboptimal representation of the permittivity within narrow ranges of the
spectrum, e.g., in the visible and near-infrared regime. For practical purposes, the model must be
accurate within the range of illumination and observation. Thus, we determine the free parameters of a
material model by fitting the permittivity to experimental values within the spectral range of interest.

Assume a metal of which the permittivity is to be modeled by one Drude and one Lorentz pole, i.e.,

e (i TT) = efe () + ief ()
w?, N Aep, - w? (2.32)

w(w+iyp) wi—iyw—w?

:eoo—

with the free parameters IT 3 {ex,wp,vp, A€r,wr,vr}. For a given set of N experimentally determined
values of the complex electric permittivity

EeXP(wi) = eézxp(wi) + ie,elxp(wi) 1 E [la N] ) (233>

the relative deviation of the real and imaginary part of the experimental values and the model permit-
tivity are defined by
Sé = €1l‘it(wi) - exp(wl) S — th(wi) - exp(wl)

: and =
‘ 6exp (wl) 6exp (wl)

, (2.34)

respectively. The set of free parameters II is determined by

N N 9
mln Z( ) +z;((56§/> . (2.35)

=1

Here, the sum of the squared relative deviation of both the real and the imaginary part is minimized
which implies that the real and the imaginary parts are optimized together. This means that each of
the 2N data points of {eg,(wi), oxp(wi)}, @ € [1, N] contributes to the minimization functional with
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equal weight. In order to ensure reasonable physical values, the free parameters are bound to limits,
e.g., {€oo,A€r} € [1,00[ and {wp,vp,wr, v} € [0, 00[.

The nonlinear minimization algorithm employs the subspace trust-region method and is based on
the interior-reflective Newton method [36, 37|. In general, nonlinear minimization algorithms cannot
guarantee to arrive at a global minimum but return local minima in the parameter space II. The result
of the minimization strongly depends on the initial condition which must be provided to the algorithm.

Previously established model parameters often serve as suitable initial conditions. For gold, silver,
and copper, Ref. [38] provides both initial conditions for the Drude model and experimental values
at optical frequencies and in the near-infrared. Vial et al. [39] extended the Drude model parameters
by an additional Lorentz pole. Experimental values for a large number of elements and compound
materials are compiled in, e.g., Ref. [40].

2.3 Scattering of Electromagnetic Radiation

Photonic and plasmonic structures can be characterized by the amount of energy they absorb, i.e.,
convert into non-radiative energy or heat, and scatter, i.e., reradiate into all directions. The total
amount of energy that is removed from an incident electromagnetic field is referred to by extinction.
Sophisticated experimental setups allow to obtain the absorption, scattering, and extinction cross
section of individual particles and nanostructures [12, 23, 41|. This section briefly summarizes relevant
aspects of scattering of electromagnetic radiation for the purposes of this thesis. For an extensive
introduction, we refer the reader to Refs. [32, 42].
The flux of energy carried by an electromagnetic field is determined by the Poynting vector [32]

S(r,t) = E(f,t) x H(T,t) . (2.36)

For light in the visible and near-infrared regime, the Poynting vector Eq. (2.36) oscillates at frequencies
above 100 Thz. Most detectors are not able to follow these rapid oscillations |32]. The physical quantity
which is accessible in the experiment is the time-averaged Poynting vector

(0]

(Fw) = 50 {B(F,w) x B (1w) ), (2.37)

which determines the energy transported by an electromagnetic wave per unit area and time within
the period T = 2m7w~! [15]. Note that the time-averaged Poynting vector depends on frequency and is
not the Fourier transform of Eq. (2.36).

The net rate W(w) at which electromagnetic energy crosses the closed surface 9V of a volume V is
given by [32]

rwm__/égwyma&m (2.38)
ov
where ﬂ(f’) is the outwardly directed normal vector on the surface OV and the minus sign ensures that
energy flowing into the volume is accounted for by a positive value.

Let us consider a scatterer embedded in a homogeneous, lossless, linear medium. Due to the linearity
of Maxwell’s equations, we can decompose the total field, labeled “tot”, into the incident field “inc” and
the scattered field “scat” by
Eiot (ﬁ UJ) )

w
Hiot (f, w) = ﬁinc (17, W)

I
s3]
=
o

—~

* (2.39)
_l’_
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In such a medium, the rate at which energy is absorbed within V reads

Wabs(w / Stot r w ﬁ( )d27“ (2.40)

where §tot (f’, w) is the time-averaged Poynting vector of the total fields Etot (f’, w) and ﬁtot (f’, w). Sim-
ilarly we calculate the rate of energy that is scattered from within the volume through 0V by

—

Wscat(W) =+ / Sscat (f, QJ) . ﬁ(?) d27“. (241)
ov

Here, the time-averaged Poynting vector of the scattered fields Secat (f’, w) is calculated from Egea (f’, w)
and I:Iscat (f’, w). Note that we inverted the minus sign in order to account for energy that is transported
out of the volume V by a positive value. In absence of scatterers within V', the scattered fields vanish,
i.e., Egcat (f’,w) = Hgeat (F, w) = 0, which implies that both Wyps(w) and Wyea(w) equal zero, too.

Both Wps(w) and Wicat (w) directly depend on the strength of the incident field. In order to eliminate
this dependence, both rates are normalized by the modulus of the incident energy rate which yields the
absorption and the scattering cross section, respectively:

Caps(w) = /Stot T, w il )dzr (2.42)
Cscat(w) = /Sscat r,w) -7 )d2r (2.43)

The extinction cross section is expressed as the sum of the absorption and scattering cross section [32]:
Cext (w) = Cabs(w) + Cscat (w) . (2-44)

In terms of geometrical optics, the extinction cross section corresponds to the size of a shadow cast by
a perfectly opaque object. In the regime of wave optics, however, the “shadow” may differ considerably
from the geometric cross section [32].

In many cases, the incident field is a homogeneous plane wave of which the modulus of the Poynting
vector in a lossless medium with real-valued permittivity ¢ and permeability p reads [32]

(2.45)
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Chapter 3

The Discontinuous Galerkin Time-Domain
Method

With the exception of some usually highly symmetric cases, analytic solutions to Maxwell’s equations
are elusive. In contrast, numerical techniques provide universal access to an approximate solution of
a physical system in both the time- and frequency-domain. Roughly, we can categorize numerical
methods into general-purpose and specialized methods. While the former make few assumptions about
the physical system at hand, the latter utilizes specific properties of the system which renders these
methods very efficient in their field but unsuitable in other cases.

In this chapter, the nodal discontinuous Galerkin time-domain (DGTD) method for Maxwell’s
equations is presented which can be considered a general-purpose method. The nodal discontinu-
ous Galerkin (DG) discretization supports a flexible representation of the physical system’s geometry
by an unstructured mesh which can approximate almost arbitrarily shaped geometries. In principle,
the DG approach inherently supports curvilinear mesh elements, i. e., elements of which the faces may
be curved [21]. However, highest computational efficiency is achieved for planar-faced elements. Un-
structured meshes help to avoid artificial field enhancement due to sharp edges which was observed for
methods employing an orthogonal grid, e.g., the popular finite-difference (FD) methods.

Another noteworthy advantage of the DG method is its arbitrary order basis functions which pro-
vide excellent control over the discretization error compared to, e. g., the finite-difference time-domain
(FDTD) method which is bound to second order accuracy when dealing with material interfaces [17].

The DG method provides discretized matrix operators for the spatial derivatives of a set of PDEs
and leaves the temporal derivatives untouched. This is known as the method of lines approach. Con-
sequently, DG discretized Maxwell’s equations can be solved in both the time- and frequency-domain
by a multitude of different approaches [15].

Most naturally, the propagation of electromagnetic waves and their interaction with matter is inves-
tigated in the time-domain. However, the response of a physical system is more conveniently described
in terms of frequency-resolved spectra. Employing short pulses in the time-domain gives access to the
response of the physical system in a broad frequency range by a single simulation.

From a practical point of view, the simulation time, i. e., the time a simulation requires to be executed,
is important, too. The DGTD method provides a highly parallel numerical scheme, especially under
the assumption of planar-faced elements [21], for which we will present an implementation on Graphics
Processing Units in Chap. 5. Recently, a similarly efficient approach was presented for curvilinear
elements, too [43].
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3 The Discontinuous Galerkin Time-Domain Method

Notation Meaning

&; Cartesian unit vector in ¢-direction (z =z, z)

il Outwardly directed normal vector of unit length

a Physical vector with z-, y- and z-component

a Physical state vector with arbitrary number of components

a Vector of expansion coefficients of a single physical vector component

Physical vector with z-, y- and z-components, where each component
contains a vector of expansion coefficients a,, a, and a,

- State vector with arbitrary number of components, where each compo-
nent contains a vector of expansion coefficients

Table 3.1: Notation of vector types employed throughout the thesis. The notation is in agreement
with Ref. [15].

3.1 Spatial Discretization via the Nodal Discontinuous Galerkin Method

In the spirit of the method of lines approach, this section comprises the discretization of the spa-
tial derivatives according to the nodal discontinuous Galerkin method. The discussion is mainly
guided by Refs. [14, 15, 21, 44] and concentrates on providing a conclusive derivation of the numer-
ical scheme while omitting proofs in the interest of brevity. For details on proofs, the reader is referred
to Refs. |21, 45]. In order to provide a compact description, we employ the notation of Ref. [15], which
is summarized in Tab. 3.1.

3.1.1 Maxwell’s Curl Equations in Conservation Form

The first step is to formulate the physical problem in terms of the common basis for the DG discretiza-
tion, i. e., we formulate Maxwell’s equations in conservation form. In order to focus on the method itself,
we consider linear, isotropic, dispersionless media resulting in simple constitutive relations (cf. Eq. (2.6))
and neglect current density sources, i.e., I(f’, t) = 0. Given suitable initial conditions, the time-evolution
of Maxwell’s equations is governed by the curl equations (cf. Sec. 2.1.2).

Casting Eq. (2.12) in conservation form, Maxwell’s curl equations in dimensionless units read [21]

Q(F) ~8tq(F,t) +§ﬁ(q> =0, (3.1)
where material matrix Q(F) and the state vector q(f’, t) are defined by

o(F) = (e(g’) M%) and q(f,1) = (gg,g) (3.2)

)

respectively, and the flux is given by

F = (F..F F)T Fi(q) = ~& x (7 1) (3.3)
= zy Ly, L2 ) i\a) = éiXE(F,t) . .
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Here, the material matrix comprises the position-dependent material properties, i.e., the (relative)
permittivity e(f’) and permeability u(f’). The state vector is a super-vector of the electric and magnetic
field, i. e., it contains two physical vectors of three components each (cf. Tab. 3.1). The flux vector is a
physical vector of three components of which each is itself a super-vector depending on the components
of q. The Cartesian unit vector into the i*" direction is denoted by &;, i € {z,y, z}.

At first glance, the notation might seem confusing but serves to support a compact notation later
on. Note, that the product of the material matrix and the state vector is to be understood as

o e - (1 559,

and the divergence of the flux vector is given by

~—

S.F_o —éxxlﬁ(r*,t) ‘o, —éyxlﬁ(f’,t) o, —ézx}:I(f’,t) |
é; x E(T,t) &y x E(T,t) é. x E(T, 1)

i.e., both operations yield physical state vectors of six components. The remainder of this section
addresses the discretization of Eq. (3.1) by the DG method following Refs. [15, 21, 45].

3.1.2 Tesselation of the Computational Domain

The DG method inherits properties from both the finite-volume and the finite-element method. As
such, the volume in which we evaluate Maxwell’s equations, referred to by computational domain €2,
is finite in extent. In order to allow for a flexible representation of the physical system’s geometry, the
computational domain € is tessellated into K non-overlapping body-conforming simplices D®, where
A € {l,..., K} refers to the element index.

According to Ref. [21], the simplices, also referred to by (physical) elements, may by curvilinear,
i.e., their faces are not necessarily planar. However, the assumption of planar faces will simplify the
implementation considerably and lead to an efficient numerical scheme.

The shape of the elements is not uniquely defined. Amongst others, tetrahedra, hexahedra, prisms,
or pyramids can be employed for three-dimensional systems. A mesh may even contain combinations
of different element types which complicates matters in practice considerably. By far the most common
choice is to employ merely tetrahedra [45]. As an example, a sphere modeled by tetrahedra is depicted
in Fig. 3.1.

Operations of the physical elements D® can be expressed in terms of those defined on a reference
element D™, which is a fundamental strength of the DG method. Therefore, we introduce a mapping
which uniquely relates the two simplices [21]

v D~ DA, (3.4)

For linear elements, i. e., elements with planar faces, this relation is expressed by an affine transform of
coordinates:

= 4+ J5F, (3.5a)
or
VAN
Jo = EeE (3.5b)
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Figure 3.1: Tesselation of the computational domain and mapping to the reference element. The
left panel shows a sphere modeled by tetrahedra. The geomelry is approzimated by
elements of different sizes and shapes. The right panel depicts a physical element and
its mapping to the reference element.

Here, J% is the element-local Jacobian matrix, and ¥ = (z,y,2)" € D® c R? and § = (u,v,w)T €
D' ¢ R3? are local coordinate vectors of a physical element D® and the reference element D
respectively. The values of f’OA and J2 depend on the explicit vertices of the reference element and the
physical elements.

Later in this chapter, we want to express the operators of physical elements in terms of those defined
on the reference element. Therefore, we require the inverse Jacobian matrix

Ju Ou Ju
gu  ou  ou VAN VAN AN
_1 o5 Oz Oy 0z j:cu jyu jzu
A e} e} 0 A A AN
(j ) = % = 37; 37; 372 = | Jzo jyv Tv ) (36)
A A A
% %—Z %—2} Trw ij Tzw

which contains merely constant values for planar-faced elements.

3.1.3 Element-Local Approximate Solution

Our ultimate goal is to find the exact solution q of the problem formulated in Eq. (3.1). The solution
obtained by a numerical method qy generally differs from the — in general unknown — exact solution
while convergence ensures that the error is bounded.

On a particular element, the numerical solution qf, cannot satisfy Eq. (3.1) exactly which results in
a residuum:

() - atqﬁ (T,t) + V- ﬁ(qf,) =res. (3.7)

In some sense, it must be defined how the numerical solution shall satisfy Eq. (3.1) exactly. The
DG discretization inherits this property from FEM. Let L; (F) represent a scalar basis function of a
finite, linear function space and demand that the residuum is orthogonal to this function space. On
element D?, this condition is expressed by a vanishing scalar product of the residuum and the test
functions:

/ (Q(F) N (F 1) + V- ﬁ(ﬁ))  Li(F) d*r = /res CLi(F) d*r £ 0. (3.8)

VA VA
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3.1 Spatial Discretization via the Nodal Discontinuous Galerkin Method

The local solution q]% must satisfy Eq. (3.8) for all test functions L; (f’) while the global solution
qy must satisfy Eq. (3.8) for all elements. Note that in contrast to FEM, where orthogonality to
the test functions is demanded globally over the entire computational domain 2, Eq. (3.8) demands
orthogonality locally for each element. As a consequence, the elements are completely decoupled from
each other and we have to establish a mechanism to enforce the boundary conditions of Maxwell’s
equations.

3.1.4 Restoring a Physical Solution via the Numerical Flux

Due to the entirely local statement of Eq. (3.8), discontinuities across element-boundaries are explicitly
allowed. In general, the local solutions of two adjacent elements exhibit a jump at their common
interface irrespective of the physical behavior they ought to describe.

Maxwell’s equations demand continuity of the electromagnetic fields within homogeneous regions
and exhibit well-defined conditions at material interfaces [30]. In particular, the tangential components
of E and H must be continuous across material interfaces while the normal components jump. These
conditions must be explicitly enforced to obtain a physically reasonable, global solution.

Integrating Eq. (3.8) by parts yields

/ <Q(f).atq§(f,t).Li(f)ﬁ(qﬁ).m(f)> wr=- [ <ﬁ-ﬁ(qf,)>-Li(F)d2r, (3.9)

Va 8VA

where 11 denotes the outwardly oriented normal (unit-)vector on the element’s boundary OVa. Inten-
tionally, the integration by parts yields a surface term on the right-hand side which can be “employed”
to transfer information between elements through their common face. In this spirit, we modify the
surface term in order to account for physical conditions by introduction of the numerical flux F* which
ought to enforce a physically correct solution. Obviously, the choice of the numerical flux is crucial for
correctness and stability of the numerical scheme, and we will address the issue in more detail later in
this section.
Undoing the integration by parts yields the strong variational form of Maxwell’s equations [45]:

/(Q(f’)-atqﬁ(f,t)+ﬁﬁ(q]%)>-Li(f)d?’r: /ﬁ-<F(qﬁ)—ﬁ*<qf]>>-Li(F)d2r. (3.10)

VA 9 VA

Note that the left-hand side remains an element-local expression while the right-hand side mediates
coupling of adjacent elements through their common face by the numerical flux.

The Numerical Flux for Maxwell’s Equations

As the numerical flux is supposed to enforce physical conditions across element boundaries, it is specific
to the physical problem at hand. Surprisingly, the numerical flux is not unique. In 2002, Hesthaven and
Warburton proved convergence of a numerical upwind flux for the nodal DG method which enforces
the boundary conditions of Maxwell’s equations in a weak form! [21]. From their paper and Ref. [45],

!This implies continuity of the electromagnetic fields within homogeneous regions.
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we obtain
z7-1 <a {AE —1 (n : AE)} + ZFh x Aﬁ)

-1 (a [Aﬁ _ <n : Aﬁ)] — Yt x AE)

The upwind flux Eq. (3.11) comprises the impedance Z and admittance Y of the local “” and
neighboring “4+” element

fi- (ﬁ(cn%) ~F (qﬁ)) =

(3.11)

+ -1
+_ K + _ +
zt=\5, v (Z ) (3.12)
and their sums
Z=ZY+Z, Y=YT4+Y". (3.13)

In Eq. (3.11), i denotes the normal unit-vector at the boundary of the local element in outward direction
and the field differences across common interfaces are defined as

AE=E*—-E-, AH=H'"-H" . (3.14)

Eq. (3.11) contains the so-called upwind parameter «. Hesthaven and Warburton showed [21] that a
stable, convergent scheme can be achieved for o € [0, 1]. For nodal methods, an upwind flux (« # 0)
is preferable over an energy conserving central flux (o = 0) since unphysical spurious oscillations are
damped. Optimal convergence is obtained for a = 1 [21, 45]. Hence, for the simulations performed in
the context of this thesis, we employ a = 1. The derivation of the numerical flux involves the solution
of a Riemann problem, and is discussed in detail in, e. g., Refs. [14, 21, 45].

3.1.5 Boundary Conditions

As a consequence of the truncation of space, we are obliged to define the behavior at the boundary
of the computational domain by means of boundary conditions. These boundary conditions ought to
mimic the behavior of the physical system under consideration. For example, assume a scattering ex-
periment in which an object located in (an infinite) free space is illuminated by some source. Scattered
light leaves the vicinity of the object and the experiment without further interaction. This behavior is
modeled by absorbing radiation impinging onto the boundary of the computational domain by employ-
ing absorbing boundary conditions. In the context of the thesis, we employ reflecting and absorbing
boundary conditions (ABCs) albeit there exist several more, e. g., periodic boundary conditions [17].

Within the DG method, information between elements is exchanged by the numerical flux. Thus,
it is not surprising that boundary conditions are enforced by the numerical flux. In case of Maxwell’s
equations, the field differences mediate in between adjacent elements (cf. Eq. (3.11)). Boundary ele-
ments, i.e., elements at the boundary of the computational domain, are missing a neighbor to evaluate
the field difference and, thus, virtual elements are provided to evaluate the field differences Eq. (3.14).
These virtual elements are assigned the material properties of the local elements, i.e.,

Zt=7" and Yt=Y", (3.15)

and the field differences are defined according to Tab. 3.2.
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Boundary Condition (BC) AE  AH
Perfect Electric Conductor (PEC) —2E~ 0
Perfect Magnetic Conductor (PMC) 0 —2H~

Silver-Miiller (first order absorbing) —2E~ —2H"

Table 3.2: Field differences for selected boundary conditions [44].

Perfect electric conductor (PEC) and perfect magnetic conductor (PMC) boundary conditions are
reflecting boundary conditions which are typically employed to model cavities (cf. Sec. 5.3.1) or to
enforce symmetry (cf. Sec. 7.2.4).

Absorbing boundary conditions, e.g., the Silver-Miiller boundary conditions, mimic open space by
absorbing incident radiation. Unfortunately, the Silver-Miiller boundary conditions provide unaccept-
able performance for oblique incidence, and more sophisticated approaches must be employed to over-
come this disadvantage. In practice, so-called perfectly matched layers (PMLs) are required, which are
addressed in Sec. 4.3.

3.1.6 Expansion of the Electromagnetic Fields

In Sec. 3.1.3, we defined in which sense the approximate solution qﬁ must fulfill the set of PDEs
Eq. (3.1). In this section, we explicitly define the approximate solution in terms of the previously
defined test functions L; (f’)

We assume that the exact solution q2 is well approximated on element D by [15, 21]

Ny N,
ay(Tt) =Y dy () Li(f) = Y_a- () Li(D) (3.16)
i=1 i=1

where N, nodal points 1; are utilized, and in (t) = qﬁ (f’i,t) serves as short-hand notation for the
expansion coefficients (cf. Tab. 3.1). Employing the same function space for both the test functions
and the expansion of the unknowns is commonly known as the Galerkin choice.

Due to the nodal expansion, the space- and time-dependence are separated, i.e., the time-evolution
is fully captured by the expansion coefficients (]Z-A (t) at the nodal points T; while the space-dependence
is governed by the multivariate Lagrange interpolation polynomials L; (f’)
Due to the defining property of the interpolation polynomials

0 foriti
Li(fj):(sij: X fo”fj_ ije{l,... Ny}, (3.17)
ori=j

the expansion coefficients directly represent unknown field values at the nodal points ;. Exploiting
Eq. (3.17), this property is easily shown:

ay (7.t) = ai (5. 6) L:(5) = an (5.1) 0 = & (1) - (3.18)

For convenience, we applied Einstein notation, i.e., summation of repeating indices. This convention
is employed throughout the thesis.
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N, N, NyNj, b i

10 6 24 10
20 10 40 20
35 15 60 34
56 21 84 52
84 28 112 74 10

SOk W N
=~ = O O

Table 3.3: Characteristic quantities of the DG method: the number of nodes per element N, the
number of nodes on a single face Nyp, the product NyNy,, the number of nodes on the
element’s boundary b, and the number of nodes inside the element i are listed for the
practically most relevant polynomial orders p = {2,...,6}, where Ny = 4 is the number
of faces per element for three-dimensional systems.

The Lagrange polynomials of order p are given by [15]

k+l+m<p
Li(F) = Z al(j}’m caFylam (3.19)
k,l,m=0

where the coefficients afi)hm are determined by the position of the nodes 1; and Eq. (3.17). The choice of
the nodal points crucially influences the accuracy of the approximation Eq. (3.16) with which qﬁ (f’, t)
is interpolated in between the nodes. Interestingly, there exists a set of optimal node positions for
one-dimensional systems, given by the Legendre-Gauss-Lobatto quadrature nodes [45]. For higher
dimensions, the empirical Warp&Blend method is employed to create a suitable set of nodal points [46].

In order to set up the numerical scheme, we must calculate the Lagrange polynomials explicitly. For
a set of predetermined nodal points T;, the Lagrange polynomials can be determined from Egs. (3.17)
and (3.19). Unfortunately, the resulting linear systems of equations are ill conditioned and suffer low
precision, especially for high orders [21]. Consequently, the Lagrange polynomials are constructed using
an intermediate basis of Koornwinder-Dubiner polynomials |21, 45, 47].

According to Eq. (3.19), the number of basis functions N, is given in dependence of the polynomial
order p by

N:é-(p+1)-(p+2)-(p+3) (3.20)

for three-dimensional systems. Note that NN, also represents the number of interpolation nodes T; per
element and the number of expansion coefficients for each component of the state vector @~. Thus,
the polynomial order controls both accuracy and convergence rate of the approximation. Obviously,
increasing p yields improved accuracy and convergence at the cost of additional computational effort.
A compilation of characteristic quantities for the DG method resulting from the node distribution
according to the Warp&Blend method is listed in Tab. 3.3.

3.1.7 The Semi-Discrete Form

The last step of the discretization procedure is the insertion of the expansion of the unknowns Eq. (3.16)
into the strong variational form of Maxwell’s equations Eq. (3.10).
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3.1 Spatial Discretization via the Nodal Discontinuous Galerkin Method

Therefore, we must evaluate the integrals

Iﬁ:/Q(f) L0y (F,1) - L(F) dr, (3.21a)
Va

I; = /ﬁﬁ(qﬁ) Li(r) &, (3.21b)
Va

I;f = / n- <I7‘(qﬁ) —F ((ﬁv)) - Li (%) d*r, (3.21c)
OV

which leads to the so-called semi-discrete matrix formulation. In the following, we examine each of the
above integrals.

The Mass Matrix

First, we evaluate Eq. (3.21a) by considering the E,-component of the state vector q% (f’, t). Similar
expressions for other state vector components follow straightforwardly. Upon insertion of Eq. (3.16)
into Eq. (3.21a), we obtain

I8P = / () - B2, (1) - Ly (7) L (F) d*r
Va

= 0B (t) / e(f) - L; (F) Li (F) d°r

Va

(3.22)

due to the separation of the space- and time-dependence of the nodal expansion. Demanding constant
material parameters within each element, the integrand reduces to L; (f’) L; (f’) This assumption will
allow for a very efficient numerical scheme and does not impose severe restrictions [14].

Thus, replacing the position-dependent permittivity e(F) by the element-constant e yields

v

55 = & ., <(MA> Eﬁj(t)> , (3.23)
where the element-local mass matrix M2 is defined as

(m2) = /Li (7)1 (F) d*r . (3.24)
ij

Va
Note that the mass matrix M? is defined on element D?, and we have not yet assumed a particular
relation to the reference element D,

The efficiency of the DG method is partially based on the creation of template operators which are
defined on the reference element D™ [21]. Acknowledging Eq. (3.5), the mass matrix of the reference

element is defined as
(M) = / Li(§) Ly 3) - det (72 (9)) s, (3.25)

)
Vet
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3 The Discontinuous Galerkin Time-Domain Method

where the Lagrange polynomials L; (§) are defined by the nodal points of the reference element. For
planar-faced elements, the Jacobian matrix merely contains constant-valued entries [21]. Consequently,
the determinant of the Jacobian matrix

JA = det (jA) (3.26)
is constant-valued, too. Eq. (3.25) simplifies to
M- =J5M, (3.27)
where M is the mass matrix of the reference element being defined as
M= / Li(8)L;(5) . (3.28)
Viet

Employing, Eq. (3.27), we can construct the mass matrices of each element by a simple scaling
operation which results in an efficient numerical scheme later on.
The Stiffness and the Differentiation Matrices

In a similar fashion, we treat the second integral Eq. (3.21b). Employing the definition of the flux
Eq. (3.3) and the expansion of the unknowns Eq. (3.16), the integral for the E,-component can be
expressed by

o = / (000 (7, 6) = ,HE (7.0) ) - Li(F) d*r

Va
= / Fiyy (0) - L(F) (9:Ly (7)) r — / 2 (1) - Li(F) (0,15 (F) ) dPr (3.29)
Va Ve

= (88) T 0~ (82) T

ij
where the element-local stiffness matrices S/,f7 ke {x,y z} of D% are defined as
A - =\ 13
(s0) = /Li(r) (06L; (7)) dPr. (3.30)
1.
J 7

Again, the separation of space- and time-dependence within the expansion is essential. As a conse-
quence, the spatial derivatives merely act on the Lagrange polynomials. For a compact notation in
later sections, we introduce the vector of stiffness matrices

§h = (Sf,SA SZA)T . (3.31)

Similar to the mass matrix, we strive to find a definition of the stiffness matrix on the reference
element. The derivative of any polynomial of order p is a polynomial of order p — 1. Thus, there exists
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3.1 Spatial Discretization via the Nodal Discontinuous Galerkin Method

a unique representation of the derivative in terms of Lagrange polynomials with the coefficients given
by OpLj at the nodal points [14]. Employing this, the stiffness matrices can be expressed by

= (), /Li(f')Lm(f) d’r (3.32)

- (renf),

1)

where we defined the element-local differentiation matrices DkA as
A ~
(D) = 0uLy(En) - (3.33)
mj
For reasons that will become clear by the end of this section, we reformulate Eq. (3.32) to
-1
Dy = (Mm2) P (3.34)
and introduce the vector of differentiation matrices
. T
P = (Df,pyﬁ,pf) . (3.35)
The differentiation matrices of the reference element D™ are defined in analogy to Eq. (3.33):

Acknowledging Eq. (3.6), we can construct the local-element differentiation matrices from the differen-
tiation matrices of the reference element:

DA = 23: (jA); Dy (3.37)

Instead of storing the element-local differentiation matrices for each element, they can be efficiently
constructed from the template matrices Dy. Therefore, the inverse Jacobian matrix for each element is
required. However, for three-dimensional systems, this amounts to nine values per element only.

The Face-Mass and the Lift Matrices

The last integral Eq. (3.21c) involves the numerical flux Eq. (3.11). Conceptually, there is no difference
compared to the derivations of the mass, the stiffness, and the differentiation matrices. In the interest
of brevity, we omit the lengthy derivation and state the result, as usual, for the E,-component:

:A o :»A +a :»A
B _ Z £ a(AEf n(n- AE; )) + ZTh x AH; (338
3,2 - f Z .
f zdi
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3 The Discontinuous Galerkin Time-Domain Method

Here, AE? and Aﬁ? correspond to physical vectors of three components. Each component comprises
a vector of expansion coefficients which contains the field difference across face f (cf. Tab. 3.1).

For each face of element D, we introduced the element-local face-mass matrix ]-"fA which is defined
as

(ff)ij = / Li(F)L;(F) d2r, Te f~. (3.39)
fA

Note that the integration is performed over a single face f2. Due to Eq. (3.17), a Lagrange polynomial
L; (f’) identically vanishes on face f, if the associated node r; does not lie on this face [14]. Consequently,
many entries of the face-mass matrix are zero.

The element-local face-mass matrices are easily expressed in terms of template operators acknowl-
edging the analogy to the mass matrix. Thus, the face-mass matrix on face f of element D can be
constructed by

VAN VAN
]:f :Jf -Fr, (3.40)
where the face-mass matrix of the reference element D™ is defined as
Fp= / L;(5)L;(8) d°s. (3.41)
fDref

As it turns out, it is advantageous to define the so-called lift matrix of face f on the reference element:
Lp=M1-F;. (3.42)
Thus, the element-local lift matrix is given by

—1 Je
(M2) " Fp =y =ty (3.43)

Semi-Discrete Form of Maxwell’s Equations

Finally, we can express the strong variational form in terms of the previously derived matrix operators.
The semi-discrete form of Maxwell’s equations for local, isotropic, linear, dispersionless media with
element-wise constant parameters reads

pe 1 -1 - =, _ [ hA A B
aE~ = (MA> S8 xHE + 270 FR a <AEf - ﬁ(ﬁ : AE?)) + 2 x AHS| |

(3.44)

A 1 -1 - A _ [ A A A
QHS = — (MA) ~SE X EA +YIF o <AH? - n(n : AH?)) ~Y*h x AES
1

In this particular form, merely element-local matrix operators are employed. Eq. (3.44) holds for
both linear and curvilinear elements since we have not yet assumed a particular mapping between the
element D? and the reference element D",

Note that the mass and the face-mass matrix act on physical vectors of expansion coefficient vec-

tors (cf. Tab. 3.1). In this sense, the face-mass matrix acts on a vector of expansion coefficients &
by

~ T
FA 5= (]—“fA g, Ry, FR az) . (3.45)
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3.1 Spatial Discretization via the Nodal Discontinuous Galerkin Method

The semi-discrete form describes the time-evolution of an element D?. Since all elements are treated
equivalently, it also represents the time-evolution of the global electromagnetic fields.

Semi-Discrete Form of Maxwell’s Equations on the Reference Element

The semi-discrete form Eq. (3.44) employs element-local operators. In order to utilize this form in a
numerical scheme, we would have to store the matrix operators of all elements simultaneously which
would result in an immense memory consumption and an inefficient numerical method.

Assuming a particular mapping ¥ : D' — D we can cast Eq. (3.44) into a computationally more
efficient form. Under the assumption of planar-faced elements, the Jacobi matrix (cf. Sec. 3.1.2) and
its determinant are constants. This results in simple linear relations between element-local matrix
operators and those defined on the reference element (cf. Egs. (3.27),(3.37), and (3.40)).

Upon insertion of the previously derived template operators, we obtain the semi-discrete form of
Maxwell’s equations for planar-faced elements

oL = & <13A X HA 4 £ - E?A) ,
€
(3.46)

> 1 o, A 5
VAN A AN H,A

Here, we have employed Egs. (3.34) and (3.43) to absorb the inverse mass matrix. Note that the
element-local differentiation matrices can be efficiently calculated using Eq. (3.37).

The flux vectors ﬁ?’A and ﬁ?’A are defined as

> Je - > =,
Fpt =z a (AE? (- AEJ%)) +ZtR x AHP|
(3.47)
- g - -
RHA -1 A ~f A A A =A
Fio =y ok a<AHf—n(n AHf)>—Y i x AES] .

Note that element-local constants, such as JfA, J& | and the material parameters are absorbed in the
flux vectors.

Due to the application of template matrix operators, Eq. (3.46) merely requires the differentiation
and lift matrices of the reference element and the mapping constants of each element. Element-local
operators can be constructed on-the-fly at moderate computational effort.

Finally, note that the template matrix operators are relatively small in size, i.e., each differentiation
matrix contains IV, x N, entries and the lift matrix of face f reduces to N, x Ny, entries (cf. Tab. 3.3).
Thus, in order to implement the DG approach efficiently, one must be capable to handle a large number
of small matrix-vector-products.

3.1.8 Convergence and Error of the Spatial Discretization

A rigorous proof of convergence is a necessary condition for every numerical method. For the DG
method, convergence can be proven by use of the Lax-Richtmyer equivalence theorem [48]. However,
this yields suboptimal error estimates [45].
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3 The Discontinuous Galerkin Time-Domain Method

Sharp error bounds for the DG method applied to Maxwell’s equations including the upwind flux
Eq. (3.11) were determined in Ref. [21]. In this case, the error of the numerical solution gy is bounded
by [15]

where ™" denotes the — in general unknown — exact solution, h represents the size of the largest
element of the mesh, and p is the polynomial order.

The convergence is algebraic in h and exponential in p [15] which is known as hp-convergence. Hence,
for a constant order of interpolation p, the error can be reduced by decreasing the size of the elements
in the mesh. Alternatively, the polynomial order p can be increased to enhance the accuracy of the
solution. In general, both h and p can be different for each element which is known as hp-adaptivity. In
principle, p does not need to be constant during a time-domain simulation (adaptive p-refinement) [45].
For the simulations performed in the context of this theses, p is equal for all elements of the mesh and
is not changed during the simulation.

q“ — qNH =0 (th) ) (3.48)

ref

3.2 Time Integration

The discretization according to the DG method results in the semi-discrete form of Maxwell’s equa-
tions (cf. Eq. (3.46)). The missing part towards a time-domain solver is the integration in time.
In order to simplify the notation, we rewrite Eq. (3.46) as [15]

Oyp(t) = H - p(t) +p™" (1) , (3.49)

where H denotes the system operator and p%"“¢(t) corresponds to a source term. The system operator

acts on the state vector of expansion coefficients and represents the right-hand side of Eq. (3.46).
Eq. (3.49) is a set of coupled ordinary differential equations (ODEs) of first order in time, which are in
a more general form described by

op(t) =F(p(t),t) . (3.50)

A set of first order ODEs can be dealt with by a multitude of different methods. An overview of the
general structure of these methods is depicted in Fig. 3.2. The choice of a particular method should
account for the properties of the set of ODEs, especially those of the system operator H.

In case of the DG discretization, the temporal order of accuracy should be sufficiently high to ac-
company the spatial order of discretization p. In addition, we usually face systems with a large amount
of unknowns, typically of the order of 107 and above. Thus, the time-integration method ought to
consume little memory.

Based on these requirements, we opt for an explicit low-storage Runge-Kutta (LSRK) method of the
Williamson formulation [50]. Currently established LSRK methods provide a temporal accuracy of up
to fourth order. Employing such a method, the numerical error is usually dominated by the spatial
discretization. The LSRK method demands to store a total of (only) 2N coefficients simultaneously,
where N refers to the number of unknowns in p.

3.2.1 The Low-Storage Runge Kutta Method

In order to integrate Eq. (3.50) in time, we divide the time-axis into a number of — not necessarily
equidistant — time-steps t,. For the 2N-LSRK method, we prepare two equivalent state vectors of
expansion coefficients q and p, each containing N entries.
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Figure 3.2: Classification of general method types for the time-integration of ODFEs. The figure is
adapted from Ref. [49].

The set of ODEs is evolved from ¢, to t,4+1 by [15]

o = altn) (3.51a)
Pi = A DPi1 + AL F(Qi—1, by + G AL) (3.51b)
qi =qi-1+ Bi - Pi, (3.51¢)

A(tns1) = Qs - (3.51d)

Egs. (3.51b) and (3.51c) define the so-called stages i = {1,...,s}, where s is the number of stages.
For a given number of stages s and temporal order of accuracy p;, the parameters A;, B;, and ¢; define
a particular scheme of the LSRK method. Interestingly, the scheme is not unique for a given set (s, p;).
The time-step At = t,+1 — t, denotes the time-interval integrated by a single evaluation of Eq. (3.51).
Per se, the time-step is a free parameter which is, however, bound to conditions. We will address the
time-step in more detail in the following section. Note that the amount of storage is independent of
the number of stages s and the order of accuracy p.

A five-stage, fourth order scheme of Carpenter and Kennedy [51] is most commonly employed for
DGTD simulations of Maxwell’s equations [21, 22, 52|. In previous work, we developed LSRK schemes
of third and fourth order which can yield increased performance compared to Carpenter and Kennedy’s
scheme [53, 54]. In several cases, these schemes allow for a 40% — 50% increased time-step compared
to the scheme of Ref. [51].

3.2.2 Stability

Since we chose an ezplicit LSRK method, the time-integration by Eq. (3.51) is conditionally stable.
This conditional stability imposes conditions on the time-step At, i. e., we cannot choose At arbitrarily
large. The relation between the unknowns of two consecutive time-steps is given by the amplification
factor

R(z)=1+vz+72"+ - +72%, z€C. (3.52)

Here, the parameters v;, ¢ = {1,...,s} can be directly related to parameters of the LSRK scheme
A;, Bi, and ¢; |49, 53, 54]. Employing the amplification factor, a necessary condition of stability is
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Figure 3.3: Eigenvalue spectrum of an empty cavity (blue dots) and normalized stability contours
of Niegemann’s 14-stage (blue) and Carpenter and Kennedy’s five-stage (red) LSRK
scheme. Both schemes are of fourth order in time.

expressed by [49, 55]
vis|R(at-x)

<1, (3.53)

where \; are the eigenvalues of the system operator #H in the absence of sources (cf. Eq. (3.49)). Note
that Eq. (3.53) does not guarantee stability. However, it served as a good approximation of a sufficient
condition [45, 56].

Violation of the stability condition Eq. (3.53) results in an unphysical exponential growth of the
unknowns. Based on Eq. (3.53), we can formulate an explicit condition for the maximum stable time-
step Atmax:

Vit | R(Atax - )

=1. (3.54)

Consequently, the maximum time-step depends on both the physical system, represented by A;, and
the integration scheme, i.e., the set of parameters A;, B;, and ¢; (cf. Eq. (3.52)). The region of stability
{z: ‘R(z)’ < 1} of schemes employing different numbers of stages s can be quantitatively compared by
the so-called normalized region of absolute stability [53, 54|

{Z :|R(z)| < 1} . (3.55)

S

The normalized stability region of Carpenter and Kennedy’s five-stage, fourth order scheme, as well
as our 14-stage, fourth order scheme, are visualized? in Fig. 3.3. In order to fulfill the stability condition
Eq. (3.53) for a given normalized time-step Aty = %, all eigenvalues must reside within the normalized
stability contour. In case of Fig. 3.3, the normalized time-step per stage At, is chosen such that the
stability condition is exactly fulfilled for the 14-stage scheme. In contrast, employing the same At for

the five-stage scheme violates stability, i.e., the normalized time-step is too large to fulfill Eq. (3.53).

?In fact, the normalized stability contour {z/s : |[R(z)| = 1} is depicted. The region of normalized stability governs the
closed area within the normalized stability contour.
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As a result, for this particular eigenvalue spectrum, the 14-stage scheme allows for a larger maximum
normalized time-step than the five-stage scheme [53, 54|. An empirical guideline to chose the time-step
in practice is provided in Ref. [15].

In order to achieve a large, stable, normalized time-step, two main approaches can be derived from
Eq. (3.55):

e Manipulate the eigenvalue spectrum such that it fits into the stability contour.

e Form the stability contour according to the eigenvalue spectrum.
Since the eigenvalue spectrum directly depends on the physical problem at hand, there is only limited
freedom to manipulate its shape. Furthermore, the exact spectrum is in general not available.

In case of the simulation of Maxwell’s equations, the eigenvalue spectrum can be directly manipulated
by the upwind parameter « [45, 54, 57]. By variation in the range a = [0, 1], significantly increased
maximum stable time-steps of the order of 40% — 50% compared to the conventionally employed o = 1
were observed [54, 57].

The second point, adapting the stability contour according to the eigenvalue spectrum, offers more
flexibility. In order to do this, the eigenvalue spectrum is required but in general unknown. Based on
generic shapes of the eigenvalue spectrum, Niegemann et al. [53, 54] developed LSRK schemes which
are optimized for the DGTD method.

In their approach, the degrees of freedom emerging from an increased number of stages s are employed
to optimize those parameters ; which are not bound to accuracy conditions. In a subsequent step, a
nonlinear minimization yields the LSRK parameters A;, B;, and ¢;. Such optimized schemes show up
to 40% — 50% enhanced performance compared to the most frequently used scheme of Carpenter and
Kennedy for an upwind parameter a = 1 [53, 54].
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Chapter 4

Extensions for Practical Use

In the previous chapter, Maxwell’s equations were discretized according to the nodal discontinuous
Galerkin method. In order to focus on the approach itself, we excluded sources and restricted the
constitutive relations to linear dispersionless media. Only a limited number of simple systems can be
treated due to these constraints which must be remedied for realistic physical setups. In particular,
we extend the previously presented method to include metals which are described by the Drude and
the Drude-Lorentz model in Sec. 4.1. In addition, the total-field/scattered-field and scattered-field
techniques are introduced to include practically arbitrary electromagnetic sources in Sec. 4.2. Finally,
perfectly matched layers (PMLs), a sophisticated approach to limit the computational domain by an
absorbing medium, are addressed in Sec. 4.3.

4.1 The Discretized Drude-Lorentz Model

Essential properties of metals originate from their dispersive response described by a frequency-dependent
electric permittivity e(w). A general approach to arrive at a computationally feasible time-domain for-
mulation for dispersive media by means of auxiliary differential equations was introduced and applied
for both the Drude and the Drude-Lorentz model (cf. Sec. 2.2). In this section, the ADEs of the Drude-
Lorentz model are discretized according to the DG formalism!. We consider a Drude-Lorentz metal

with one Drude and one Lorentz pole of which the electric permittivity is given by
w% Aey, - w%

w (w + iVD) w% —iypw —w?’

€(w) = €00 — (4.1)

For convenience, we collect the set of PDEs emerging from the ADE formalism of permittivity
Eq. (4.1), which were previously derived in Sec. 2.2:

OB(E 1) = e (VxH(EL) ~TnE 1) -JuE1)) . (4.22)
atT)D (_‘7 t) = W%E(Fa t) - ’YDID (Fv t) ) (42b)
Or (T,t) = AerwiE(T,t) +dr (1) | (4.2¢)
OeqL (F, t) = fw%j’L (F, t) — ’yLAeLw%]:j(f’, t) — vL4L (f’, t) . (4.2d)

!The formulation for the Drude model is implicitly contained in the Drude-Lorentz model and obtained by neglecting
the terms emerging from the Lorentz pole.
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We arrive at the discretization of Eq. (4.2) in a straightforward manner following the same basic
steps as presented in Sec. 3.1. The state vector q is extended to hold the additional DOFs of the
ADEs. Hence, each auxiliary field is expanded in terms of Lagrange polynomials in full analogy to
the electromagnetic fields (cf. Eq. (3.16)). The ADEs of the Drude and the Drude-Lorentz model do
not include spatial derivatives. Consequently, merely the mass matrix appears in the discretization of
ADEs, and the flux is not affected at all. For brevity, we omit a general form and immediately include
the simplifications arising from employing linear elements and homogeneous material properties on
individual elements which yields

ofs - L. (ﬁA CHA B P ary. ﬁ%ﬂ) , (4.32)
€00

ais = (wh) B4 —45 15, (4:3b)

a5 = ack (wf) BA +32, (4.3¢)

até% = _ (WLAYE% - WLAAef (wf)Q EA VLA(Zlf . (4.3d)

In practice, the core algorithm of Sec. 3.1 does not need to be modified except for the additional
current density terms in Eq. (4.3a). The additional DOFs must be stored for metallic elements only
which generally results in a memory efficient approach [15]. The ADEs of the Drude and Drude-Lorentz
model induce little computational effort, as expensive matrix-vector-products do not occur.

4.2 Sources

Initial conditions in form of initial values of the DOFs can be considered as the most simplistic source
for a time-domain method. No cost arises from this type of source as, in any case, the DOFs must be
initialized at the start of a simulation. Unfortunately, initial conditions provide only limited flexibility
and are — for our purposes — employed for simple (test) systems only, e.g., for the preparation of a
particular mode in the empty cubic cavity of Sec. 5.3.1.

For realistic physical setups, sources of various spatial and temporal dependencies are required, e. g.,
plane waves, waveguide modes, or electron sources. From the sources of Maxwell’s equations, i.e., p
andf(cf. Eq. (2.1)), merely the current density on the right-hand side of Eq. (2.12a) remains applicable
due to the reduction to the curl equations. Another ansatz is given by the coupling of adjacent elements.

In this section, the total-field/scattered-field and the scattered-field source are introduced which
employ both principle approaches and allow to include almost arbitrary electromagnetic fields. Both
sources rely on the linearity of Maxwell’s equations which allows us to split the total field, i.e., the
physical field, labeled “tot”, into the incident field “inc” and the scattered field “scat” by

Etot (F) = Einc (F) + E:'scat (F) )
I:)Itot (F) = I_{’inc (F> + I:’Iscaut (F) .
Note that Eq. (4.4) holds in both the time- and the frequency-domain. Here, the incident fields are
considered to be known for all space and time while the scattered and, hence, the total fields are

unknowns. As a consequence, the scattered fields can immediately be retrieved in terms of the total
fields, and vice versa.

(4.4)
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4.2 Sources

4.2.1 Total-Field/Scattered-Field Source

The total-field /scattered-field (TF/SF) source is a well known technique in the field of finite element
methods. It is based on the modification of the coupling of (adjacent) elements in a mesh and commonly
applied to inject, e. g., plane waves [17].

Following Ref. [15], the computational domain is divided into the total-field region and the scattered-
field region. In the total-field region, we solve for the total field and equivalently in the scattered-field
region for the scattered field. Due to the linearity of Maxwell’s equations and assuming that the incident
field implicitly fulfills Maxwell’s equations, we can solve

Q(F) - Drqiot (T,t) + V- ﬁ(Qltot) =0,

: A (4.5)
Q(r) - OtQscat (I‘, t) +V- F(qscat) =0,

in the total- and scattered-field region, respectively. As a fundamental principle of the DG formalism,
elements only couple to adjacent neighbors via the numerical flux. In particular, for Maxwell’s equa-
tions, information is exchanged between elements by the field differences (cf. Eq. (3.11)). Within the
total-field and the scattered-field region, the field differences can be evaluated as usual (cf. Eq. (3.14)).

At the interface of both regions, i.e., on the TF/SF contour, elements of both domains share a
common face and the field values of mutual neighbors cannot be used to determine the field difference
directly. In order to evaluate the field difference of an element in the TF region, for example, the total
field of the neighbor is required. However, the neighbor is located in the scattered-field region and
merely provides the scattered field. Employing Eq. (4.4), this issue is readily resolved, and the field
differences can be calculated by

AEtot (_‘, t) = E;rcat (Fa ) - E&)t (Fv t) + Einc (_" t) ;

t
AEgea (T, 1) = Efy (T,1) — Egear (T,1) — Einc (T, 1) -

— Hscat

(4.6)

In essence, Einc (1_"’, t) is either added or subtracted to restore the total field from the scattered field, and
vice versa. A similar expression holds for the magnetic field.

The algorithm of Sec. 3.1 needs only slight adaption to employ the TF/SF source. The calculation
of the field difference for elements at the TF/SF contour must be performed by Eq. (4.6) instead of
Eq. (3.14) which renders the TF/SF technique an ideal extension to the DGTD method [15]. Field
distributions for a number of relevant sources, i.e., analytic expressions for Einc (f’, t) and ﬁinc (f’, t), are
given in many textbooks, e.g., Refs. [7, 15, 30, 32].

4.2.2 Scattered-Field Source

The scattered-field (SF) source technique relies on the decomposition of the total fields Etot (f’, w) and

ﬁtot (F, w) into known incident fields and unknown scattered fields according to Eq. (4.4). In contrast to
the TF/SF source, the computational domain is not decomposed into a total-field and a scattered-field
region [17], but the entire domain is regarded a scattered-field domain. In particular, only the scattered
fields Escat (F, t) and ﬁscat (F, t) are evolved in time, and the incident fields Einc (F, t) and ﬁinc (F, t) do
not propagate within the grid, as is the case for the TF/SF source. As a consequence, the total field
is not available from the grid and must be calculated a posteriori to the simulation, if required. The
formulation of the scattered-field source is developed in the following, focusing on the electric field.
Similar expressions for the magnetic field follow analogously in a straightforward manner.
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Assuming no external sources, the curl equation of the total electric field for linear dispersive materials
modeled by Eq. (2.16) in the frequency-domain reads

—lw (Eoo + X(W)) : Etot (I_", W) = 6 X ﬁtot (F, (JJ) . (47)
Similarly, the curl equation of the incident field in vacuum is given by
— iwEiye (F,w) =V x Hiye (f,w) . (4.8)

Due to the linearity of Maxwell’s equations, Eq. (4.8) can be subtracted from Eq. (4.7) [17]. Substitut-
ing Eq. (4.4), we obtain

— iwe€ooFscat (f’, w) =V x Hgeat (f’,w) + iwx(w) - Etot (1‘"’, w) +iw (€oo — 1) - Einc (f’,w) . (4.9)

An inverse Fourier transform yields the desired time-domain formulation of the scattered-field source.
Employing the ADE formalism, the term involving the susceptibility is absorbed in a polarization
current density:

Orfscar (7,8) = e (V x Hoeat (118) +5p (2:1) ) + (e = 1) 0Fine (7:1) - (4.10)

Here, fp (T, t) is obtained by an inverse Fourier transform of iwy(w) Ero (f’, w). In order to avoid a con-
volution integral in the time-domain, x(w) must be a rational function with respect to iw (cf. Sec. 2.2.1)
and the expression must be suitably rearranged before transformation. Note that j;, (f’, t) represents
the polarization current density of the fotal field. This implies, that additional ADEs besides those
introduced by the dispersive material itself are not required.

Due to the term (e} —1)0;Eine (T,t), Eq. (4.10) must be evaluated for all elements in a mesh modeling
€ 7# 1. In particular, the time-derivative of the incident field must be calculated even for non-dispersive
materials which can — but need not necessarily — render the SF source time-expensive.

Scattered-Field Source for the Discretized Drude-Lorentz Model

Due to the analogy to the ADE formalism (cf. Egs. (4.10) and (2.20)), we can immediately formulate
the SF source for Drude and Drude-Lorentz metals. The time-domain formulation of the polarization
current density is identical to Eqgs. (4.2b)-(4.2d), acknowledging the fact that the driving electric field
is given by the total field Erot (f’, t). Including the incident field term of Eqs. (4.10), we obtain

QES = 1. (ﬁA KO -5 Ly ﬁ“}‘?’ﬁ) + (i - 1) LOED (4.11a)
€0 €0

a5y = (wh)’- (ﬁA ; EA> _B.B, (4.11b)

N (wf)Q <EA + Eﬁ) +q2, (4.11c)

0 = (w) Tp —apach ()’ @A + EA> _ 25, (4.11d)

where we dropped the label of the scattered field for convenience.

For €5 = 1, the last term in Eq. (4.11a) vanishes which holds for most of the published material
models, e. g., Ref. [38]. The previously developed algorithm requires minor modification to include the
SF source. In particular, only the terms involving the incident field have to be added which contain
arithmetically light vector operations.
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4.3 Perfectly Matched Layers

Many setups of interest comprise nanostructures (on substrate) in free space. Light impinging onto
theses structures is scattered into all directions and leaves the vicinity of the experimental setup. When
treated in a numerical method, the setup of the numerical simulation must ensure a similar behavior,
i.e., light radiated into free space may not return or interact with the structure again.

As a volume method, the DG method does not inherently support infinitely extended systems due to
the locality of the element’s basis functions and the truncation of the computational domain. Conse-
quently, free space must be “created” by absorbing electromagnetic radiation of arbitrary wavelength,
polarization, and direction of propagation.

Waves impinging onto the boundary of the computational domain act according to boundary con-
ditions (cf. Sec. 3.1.5). Thus, a straightforward approach is to apply absorbing boundary condi-
tions (ABCs). The class of analytic ABCs (AABCs) provides physical boundary conditions which
support outgoing radiation and suppresses reflection, e. g., Silver-Miiller boundary conditions [19]. Un-
fortunately, AABCs provide insufficient absorption under oblique incidence [17].

A conceptually different approach was introduced by Bérenger [58]. Instead of applying (only)
boundary conditions, an artificial — not necessarily physical — medium is introduced in between the
physical region of interest and the boundary of the computational domain. In other words, the physical
region is enclosed by a shell of which the material is specifically designed. The artificial medium
attenuates propagating waves and prohibits reflection at the interface by matching the impedance of
the physical region at the shared interface (cf. Fig. 4.1). Hence, this ansatz is also referred to by
perfectly matched layers (PMLs). In the following, two different approaches, uniaxial PMLs (UPMLs)
and stretched coordinate PMLs (SC-PMLs), are addressed.

Perfectly Matched Layer PML Physical

region region

Physical region

\\ —
<

oc#0 c=0

Figure 4.1: Principle of perfectly matched layers. An artificial medium (yellow) enclosing the
physical region of interest absorbs propagating radiation and prohibits reflection at the
shared interface due to impedance matching. Attenuation within the PML region is
visualized in the right panel (reproduced from Ref. [15]). Note that no reflected waves
occur at the interface.
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4.3.1 Uniaxial Perfectly Matched Layers

For a PML, two aspects must be achieved: Impedance matching and absorption within the PML layer.
In the context of UPMLs, absorption is taken into account by the dispersive, anisotropic material
tensors [15, 22|

SySz
s 00
€=Xe, p'=xu, A= 0 == 0 (4.12)
a 0 0 =%
with the complex, dispersive parameters
sp(w) = l—ﬂ,ke {z,y,2}. (4.13)
iw

Here, € and p represent the material parameters of the adjacent physical region which are emulated in
the PML to achieve impedance matching. In Eq. (4.13), the real-valued oy, controls the damping along
direction k.

As thoroughly examined in Ref. [15], the ADE technique can be applied to handle the dispersive
property of the material tensors € (w) and p'(w), following the principle steps of Sec. 2.2.1. Assum-
ing dispersionless material properties e and g, this results in one ADE for each electromagnetic field
component, i.e., for the F,-component, the set of PDEs reads

OB (7t) = [V x AT )] + (00 =0y = 02)  Ba(ft) = pa(8)
@ (4.14)
OtPe (F, t) = (O’i — 00y — 050, + ayaz> el (F, t) — OPx (1_“', t) ,

where p, denotes an auxiliary field for the E,-component, and [-], returns the z-component of the
vector in square brackets. Note that outside of the PML region, o = 0 and Eq. (4.14) reduces to the
set of equations for the material parameters € and p, i.e., Eq. (4.14) must be evaluated inside the PML
region only.

The discretization of Eq. (4.14) by the DG method (cf. Sec. 3.1) follows straightforwardly which
yields [15]:

o, A ~ 1 _ SEA
[DA x HA(t)} + (aA —ob — oﬁ) CE2(t) — E—Apf(t) +LpFor
. (4.15)
05 (1) = ((02)? = ofof — obol + ool ) - AEL() — ofpE () -

As before, the discretized formulation assumes constant material parameters O'kA within an element A,
and the additional DOFs of the ADE are to be absorbed in the state vector @. The ADE in Eq. (4.14)
does not contain derivatives with respect to space and, hence, there are no additional matrix-vector-
products contained in Eq. (4.15) which renders the UPML formulation computationally cheap.

As the ADE formalism is applied to the material tensors €'(w) and p/(w) and not to A(w), the
properties of € and p are explicitly taken into account during the derivation of the ADEs. Consequently,
the resulting ADEs directly depend on the material of the physical region which is to be matched.

Note that the equations above are valid for dispersionless media only. An UPML formulation and
subsequent discretization according to the DG method for dispersive media is provided in, e. g., Ref. [15].
A numerical study of the free parameters oy, in the context of the DG method is provided in Ref. [22].
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4.3.2 Stretched Coordinate Perfectly Matched Layers

A disadvantage of UPMLs is their direct dependence on the material to match, i.e., the ADE formalism
must be derived and subsequently be discretized for each e(w) and u(w). In addition, absorption of
evanescent waves does not work optimal [17, 59]. The SC-PML approach, originally proposed in
Ref. [60] and recently applied to the DG method [61], overcomes these problems.

In SC-PMLs, absorption is achieved via a transform of space which maps a real-valued position T to
a complex-valued vector [58]|. Consequently, propagating fields — commonly described by exp(iE- r) —
are attenuated due to the complex component of the transformed position vector. Within the DG
framework, the transformation is introduced by a modification of the spatial derivatives [61]:

2—>1£2—>12£—>12 4.16
Ox " sp(w)dz’ Oy = sy(w)dy’ 0z = sy(w)0z’ (4.16)
Here sg, k € {z,y, 2} is a complex, dispersive stretching factor which is typically defined as [17]
Ok
e ) 4.17
selw) = = =T (17)

It can be shown that the stretching factors do not lead to reflections [17, 59]|. The free parameters ry,
ok, and ay, are to be optimized for performance. Ref. [61] provides a numerical study of the parameters
for a three-dimensional reference system.

The ADE approach can be employed to formulate the modified set of Maxwell’s equations in the
time-domain, as described in detail in Refs. [15, 61]. For the E,-component, the ADE formalism yields

(O H (7, 1) - 0., (7, 1) - GE, (7. t) — GE(T1)) |
oy Oy Ha (7, 1) = (0 + 0y) - GE,(5:1) | (4.18)
—0,0.H, (F, t) — (ay + 02) GE (r t)

O Ex (T, t)
OGL, (T,t)
HGE, (T,1)

where k; = 1 is assumed without loss of generality [15]. Similar expressions hold for all other electro-
magnetic field components.

For each electromagnetic field component, two ADEs are required which both involve spatial deriva-
tives. These derivatives result in computationally expensive matrix-vector-products and, in addition,
induce a modification of the numerical flux. As the SC-PMLs are not employed in the context of this
thesis, we omit the DG discretized form and refer the reader to Refs. [14, 15, 61].

As alluded to above, SC-PMLs implicitly fulfill impedance matching irrespective of the material
properties € and p. In comparison to UPMLs, SC-PMLs require more ADEs — at least for dispersionless
materials — which is accompanied by an increased memory consumption and significantly increased
computational effort. However, due to the enhanced technique, SC-PMLs show an attenuation increased
by an order of magnitude compared to UPMLs and can be applied to dispersive and even nonlinear
materials without adaption.

The physical systems investigated in this thesis are located on substrates and embedded in air. Both
these media are conveniently modeled by dispersionless dielectrics and, hence, UPMLs are employed in
conjunction with Silver-Miiller boundary conditions throughout the thesis.
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Chapter 5

DGTD on Graphics Processing Units

During the last decade, graphics processing units (GPUs) became popular accelerators for scientific
applications. Maxwell’s equations by the DGTD method [27], seismic wave propagation by the spectral-
element method [28], and the investigation of incompressible flow dynamics [29] are only a few examples
from the field of computational physics on GPUs. GPUs offer tremendous computational power for
single precision floating point arithmetics and memory bandwidth at low cost. Both were steadily
improved over the last decade and grew at a higher rate compared to Intel’s CPUs as depicted in Fig. 5.1.
Today, the computational power for single precision arithmetic and the memory bandwidth offered
by GPUs is an order of magnitude larger compared to CPUs, which renders GPUs ideal devices for
computationally intense tasks. The vendors of GPU hardware recently began to address the developer’s
needs for high performance double precision routines, bridging a serious drawback of GPUs for accurate
scientific calculations.

As a matter of fact, the GPU ecosystem is at a stage of rapid growth and vital evolution. This means
that, in contrast to the well established environment of CPU programming, hardware architectures,
programming models, libraries, and application programming interfaces (APIs) such as OpenCL or CUDA
are subject to “sudden” modification. As a consequence, code designed to fit the requirements of a
specific hardware architecture is quickly outdated and might need refactoring to exploit the capabilities
of new hardware. Several approaches to adapt existing code bases to the GPU hardware requirements
have been developed, e. g., OpenACC [62], but a standard has not yet been established. Libraries similar
to those known from CPU programming, e. g., BLAS or LAPACK, have been implemented for the hardware
of specific vendors, binding the developer to a vendor specific API. For example, cuBLAS [63] and
CULA [64] are math libraries optimized for NVidia devices based on the CUDA programming language.

“OpenCL (Open Computing Language) is an open royalty-free standard for general purpose parallel
programming across CPUs, GPUs and other processors, giving software developers portable and efficient
access to the power of these heterogeneous processing platforms.” [65]. As a cross platform standard,
OpenCL can be employed for any given hardware as long as the vendors support the standard by
providing drivers. Often, these drivers lag behind the latest version of the OpenCL standard. In contrast,
GPU vendors release evolved hardware side-by-side with updated drivers and adapted programming
languages on a regular basis, providing full support for their own development package. The evolution
of the OpenCL standard is not bound to follow these modifications, resulting — if at all — in delayed
adaption with respect to vendors on the one hand, but long term backward compatibility on the other.
In order to remain independent of a particular vendor, we choose OpenCL [65].

Developing new code or porting existing code to GPU hardware is time-consuming and often not
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Figure 5.1: Evolution of computational power (left panel) and memory bandwidth (right panel) of
NVidia graphics processing units and Intel CPUs over the last decade. The graphs are
reproduced from [26].

feasible in a straightforward way, as the programming languages employed to write GPU compliant
code do not conform with standard languages such as C/C++ or Fortran. For example, OpenCL uses
a subset of IS0 €99, and NVidia’s CUDA programming language supports CUDA C and CUDA Fortran,
languages similar to C and Fortran with GPU specific extensions, respectively. As a consequence, large
parts of legacy code must often be reimplemented as long as suitable libraries are not available.

The computational effort of the DGTD method is dominated by the evaluation of many rather
small matrix-vector-products (cf. Sec. 3.1.7). Unfortunately, math libraries for application on GPU
devices are usually designed for large matrix-vector-products and perform poorly for small matrices.
Comnsequently, these fundamental math operations must be implemented by hand, as demonstrated in
the first DGTD implementation of Maxwell’s equations employing the CUDA programming language by
Klockner et al. [27].

5.1 GPU Basics

As alluded to in the introduction of this chapter, fundamental math operations must be implemented
by hand. This requires insight into the concepts and work flow of GPUs. Therefore, we must account
for the basic idea of the GPU and its design paradigms described in Sec. 5.1.1. As we implement the
DGTD method for NVidia hardware, the compute unified device architecture (CUDA), NVidia’s platform
for general purpose GPU (GPGPU) programming, is presented in Sec. 5.1.2, which comprises the
fundamental concepts and work flow of Fermi based devices. From the principles of optimal performance
in Sec. 5.1.3 and the concepts of kernel design in Sec. 5.1.4, we deduce performance relevant guidelines
for the implementation of the DGTD method which are summarized in Sec. 5.1.5.

5.1.1 The Graphics Processing Unit Design Paradigm

By design, a graphics processing unit is a device for highly parallel, arithmetically intense computations.
From this “paradigm” the hardware design of GPUs is derived. In comparison to CPUs, much more
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Figure 5.2: Schematic design of CPU (left panel) and GPU (right panel) hardware. In contrast
to the CPU, the GPU devotes much more transistors to ALUs and much less to cache
and cache management (control). The graphs are reproduced from [26].

transistors are spent on arithmetic logic units (ALUs) and much less on caching or flow control as
schematically visualized in Fig. 5.2. Little cache size for a large amount of ALUs seems surprising at
first glance, but it is at the heart of GPU’s design to hide load latency, i. e., the time required to transfer
data to and from memory, by a large number of arithmetic operations rather than big cache, as is the
case in CPU design. The concept of latency hiding by means of hardware multithreading is described
in detail in Sec. 5.1.2.

The GPU is designed for data parallel operation, i.e., an operation is executed on a large set of inde-
pendent data at a time. Consequently, only those algorithms which provide sufficient data parallelism
and high arithmetic intensity can fully utilize the GPU’s power. An analysis of the DGTD method
with respect to, amongst others, data parallelism and arithmetic intensity is conducted in Sec. 5.2.1.

5.1.2 NVidia’s Compute Unified Device Architecture

The compute unified device architecture (CUDA) is NVidia’s platform for general purpose applications on
GPUs. It defines hardware mechanisms and serves as an interface for APIs such as the CUDA program-
ming languages CUDA C and OpenCL. In the following, the key features of CUDA GPUs are summarized
and a detailed description of the mechanisms realizing the GPU design paradigm is presented. CUDA and
the OpenCL architecture are closely related in their entities although, in principle, they are completely
independent of each other. As we use the OpenCL API to implement the DGTD method on CUDA based
hardware, both NVidia and OpenCL terminology is introduced side-by-side and emphasized by special
formatting: CUDA term and OpenCL term.

A Scalable Programming Model by Hierarchical Hardware

While hardware is evolving fast in comparison to large (legacy) code bases, it is generally undesirable
to adapt a given code basis upon change of the executing hardware. CUDA accounts for this need by a
scalable programming model and hierarchically organized hardware as follows.

A data parallel program is executed by mapping mutually independent data to threads (work-items ),
i.e., each datum is treated by a single, addressable thread. A program will typically issue hundreds if
not thousands of threads at the same time; not all are executed at the same time, though. Threads are
organized in groups, referred to as thread blocks (TB) or work groups. thread blocks are themselves
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Figure 5.3: Distribution of work in the scalable programming model. The thread blocks (TB) of the
OpenCL program are distributed among the available streaming multiprocessors (SM) by
the hardware. The horizontal distribution of the TBs indicates parallelization among
the SMs, while the vertical distribution shows their execution in time. Several TBs
can simultaneously reside and be processed on a single SM which, for clarity’s sake,
1s not depicted.

organized in a grid of thread blocks (NDRange ). Consequently, a three level hierarchy comprising threads,
thread blocks, and a grid! is established.

These purely conceptual entities of the CUDA (OpenCL) programming model are mapped to CUDA
hardware entities to implement the scalable programming model. GPU hardware compliant to CUDA
is structured in CUDA cores (processing elements ), i.e., a unit performing floating point and integer
operations, and streaming multiprocessors (SM), also referred to as compute units. In the schematic
GPU of Fig. 5.2, one green square represents a single CUDA core that executes a single thread at a time.
One “row” of CUDA cores, cache, and control units makes up a single streaming multiprocessor, and the
entire GPU comprises 8 SMs. In the Fermi architecture [66], a single SM consists of 32 CUDA cores.
The number of SMs is device specific. However, a maximum of 16 SMs per chip was implemented
for Fermi based GPUs. NVidia’s latest GPU architecture, the Kepler GK110 maintains the principle
structure of multiprocessors and cores. Kepler’s [67] new streaming multiprocessor SMX contains 192
single precision CUDA cores, 64 double precision units and 32 special function units (SFU).

'Tn OpenCL terms: Work-items, work-groups, and NDRange.
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Figure 5.4: Branching and serialization of a warp. An if-condition splits the execution path of
the threads (arrows) in a warp® (yellow box). While the first half of the warp ezecutes
the i f-clause (solid arrows), the second half idles (hollow arrows), and vice versa in
the else-clause. The execution paths merge after the clauses and the threads execute
synchronously again.

Scalability of a program is achieved by distribution of thread blocks among the multiprocessors of a
GPU during runtime. As sketched in Fig. 5.3, the 8 thread blocks of a grid, defined by the programmer,
are scheduled automatically to the multiprocessors available on the GPU. The more SMs, the “wider”
the TBs are parallelized and the faster the program is executed. The hierarchy of thread blocks mapped
to multiprocessors gives vendors a possibility to enhance their devices, e. g., increase the number of SMs
or improve the productivity of an SM, while code remains productive without adaption.

Single-Instruction Multiple-Thread (SIMT) Architecture and Hardware Multithreading

The challenges of implementing high-performance code for GPUs emerge from the mechanisms of the
hardware, i.e., how the device distributes work among its processing units, burdens the programmer
with conditions and limitations. In this section, details about the work flow of a GPU are described
and performance relevant guidelines emanating thereof are deduced.

As alluded to above, a streaming multiprocessor is designed to handle hundreds and thousands
of threads at the same time. In order to manage this large amount of threads, the single-instruction
multiple-thread (SIMT) architecture is employed. SIMT allows the programmer to write thread-parallel
code. This means that a kernel, i.e., a set of instructions similar to a function in C/C++, defines the
operations of all threads of all thread blocks in a grid of thread blocks.

In the SIMT architecture, the SM “creates, manages, schedules, and executes threads in groups of
32 parallel threads called warps.” [26] The number of threads in a warp corresponds to the number of
CUDA cores in one SM of the Fermi architecture.? The threads of a warp are launched in parallel at the
same time. However, they need not follow the same execution path, i.e., the threads of a warp may
branch, e.g., by condition, and execute independently.

A warp executes a single instruction at a time. In essence, threads on a common execution path are

2The warp size is maintained for devices of the Kepler architecture although the number of CUDA cores increased to 192
per SM [67].
3The size of the warp has been reduced to 8 for simplification of the figure.
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executed simultaneously while divergent threads of the warp pause, as sketched in Fig. 5.4. Divergent
threads lead to a serialization of instructions, i.e., parts of the warp execute while other parts of the
warp idle. Obviously, this is a performance relevant issue as a lot of time can be wasted upon branching
of the threads in a warp. Hence, maximum efficiency is achieved when all threads in a warp follow the
same execution path and do not branch.

When a kernel is launched, CUDA hardware partitions each thread block on a SM into warps and
schedules the warps for execution by the warp scheduler. If the number of threads in the thread block
is not an integer multiple of the warp size, not all threads of the last warp are utilized for computation,
although they are reserved by the hardware since instructions are always issued per warp. Consequently,
threads are wasted and performance diminished. However, if the number of threads in a thread block
is much larger than the warp size, the performance loss becomes negligible.

Another consequence of the three-level hierarchy is the potential mismatch of the number of thread
blocks and SMs. As alluded to in Sec. 5.1.2, the thread blocks of a given kernel are distributed among
the SMs of a device. If the number of thread blocks is not an integer multiple of the number of SMs, the
last heat of thread blocks does not fill all available SMs, and computational power is wasted. Again,
this effect becomes negligible when the number of thread blocks is much larger than the number of
SMs.

Hardware Multithreading

“The number of clock cycles it takes for a warp to be ready to execute its next instruction is called
latency” |26]. Most of the time, latency occurs when an instruction’s input operands are not yet
available, e. g., because data is to be transferred. By design, latency on GPUs is supposed to be hidden
by computation rather than big cache or smart control, as alluded to in Sec. 5.1.1. In this section,
hardware multithreading, the key mechanism to achieve latency hiding on GPUs, is introduced and the
consequences for the programmer aiming at high-performance code are addressed.

Full utilization of the hardware is achieved, when all cores are busy all the time, i.e., when the
warp scheduler issues instructions of some warp at every clock cycle. This implies that the latency of
all warps must be hidden completely. In order to implement this concept, the execution context, i.e.,
program counters, registers, etc., of each warp processed by a SM is maintained on-chip during the entire
lifetime of the warp. As alluded to above, thread blocks are distributed among the SMs of a GPU and
partitioned into warps by the warp scheduler, i. e.; at a given time, several warps reside simultaneously
on a SM. As the execution context is kept on-chip, switching from one execution context to another
has no cost, i. e., no time is spent on changing the warp to be processed on a SM. Consequently, latency
can be hidden by switching to a warp ready to execute while the other resident warps get prepared.

Therefore, latency can be efficiently hidden, if enough warps reside on a SM simultaneously and
the arithmetic intensity of the kernel in process is sufficiently large. The first condition, referred to
as occupancy, can be influenced by the programmer as described in detail in Sec. 5.1.4. The latter is
bound to the algorithm to be executed, and the programmer has only limited design opportunity to
interfere.

5.1.3 Optimal Performance

Based on the mechanisms of CUDA hardware presented in the previous sections, the most important
issues related to optimal performance are addressed in this section. For every computing device, optimal
performance is achieved when the bus and the computing units work at their peak throughput. The bus
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transfers data from DRAM to the compute units and vice versa (cf. Fig. 5.2). When the bus bandwidth,
i.e., the number of bytes transferred per unit time, is insufficient to saturate the compute units, the
latter idle and the performance of the kernel is bandwidth limited. In contrast, when the instruction
throughput, i. e., the number of instructions executed per unit time, of the compute units is too small
to saturate the bus, bandwidth is wasted and the kernel is bound by instruction. Thus, optimal
performance is achieved when the bus and the compute units are balanced and simultaneously execute
at their device specific peak values. The ratio of instruction throughput and bus bandwidth is referred
to as instruction to byte (I/B) ratio. Each device has a specific optimum I/B ratio, e. g., the NVidia®
GeForce® GTX580, the device on which all computations of this thesis were performed, executes one
single precision floating point instruction (e. g., add, multiply, or fused multiply-add (FMA)) each clock
cycle [66]. Employing all 512 cores at 1544 MHz results in 790-10? instructions per second. Dividing this
by the maximum bandwidth of 192.4 GByte/s [68] yields the theoretical, hardware specific, optimum
I/B ratio of approximately 4.1 single precision floating point instructions per byte transferred over the
bus.

In order to familiarize ourselves with the I/B ratio, some matrix-vector operations required in the
DGTD method are examined. The matrix-vector-product is the computationally most intense part of
the DGTD method. For example, the I/B ratio of an m X n matrix being multiplied to a vector of n
components whose result is written back to memory (DRAM) is given by*

m-n mn>1 1

I/B = —. 1
/ [mxn]-n (m+2)‘n‘4 4 (5 )

For each of the m-n entries of the matrix, a single FMA instruction performing y < y+ a- b is required
to compute the result which corresponds to 2 floating point operations (Flops) adding the product of
a and b to y. However, m - n components of the matrix and n elements of the vector must be loaded
and n elements of the result stored. For reasonably large m,n, the I/B ratio approaches %, which is far
below the hardware optimum of the GPU.

The I/B ratio of the addition of two vectors comprising n components is even lower, as, per vector
component, one add instruction is issued for 2 floats loaded and 1 stored, i.e.,

n 1
I/Bn—vector add — m = E : (52)
As intuitively applied in the examples above, the I/B ratio is determined by load and store instructions
to DRAM (global memory) and the instructions performed by each thread of the kernel. Consequently,
the programmer must encounter the I/B ratio at kernel level. This is the reason why math libraries for
matrix-vector calculus on GPUs often perform poorly as the I/B ratios of hardware and math operation
strongly differ and cannot be compensated for. For our implementation of the DGTD method we are
free to decide how to segment the algorithm, i.e., what kernels execute which part of the method. The
segmentation of the DGTD method based on an analysis of the I/B ratio is described in Sec. 5.2.
Since the I/B ratio is the fundamental access to high performance, basically all optimization strategies
and techniques approach either memory throughput or instruction throughput. As illustrated by the
examples above, code is limited by bandwidth in most cases. Hence, memory management and traffic
minimization dominate optimization guidelines thoroughly discussed in Refs. [26, 69]. Only little room
for improvement is left if a kernel is bound by instruction. However, in principle, accuracy can be
traded for speed by employing low-accuracy directives.

*We consider single precision arithmetics with 4 bytes per float.
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Symbol Description Value
TT5* Maximum number of threads per thread block 1024
B&E Maximum number of resident thread blocks per multiprocessor 8
Wat®  Maximum number of resident warps per multiprocessor 48
TR Maximum number of resident threads per multiprocessor 1536

Table 5.1: Kernel design relevant hardware limits of Fermi based GPUs of compute capability 2.0.

5.1.4 Kernel Design and Occupancy

In order to arrive at a high-performance code, more than the I/B ratio must be considered when
designing a kernel. Assume a kernel with ideal I/B ratio. At some point data must be loaded and
stored which will unavoidably cause latency to the warp in progress. Full utilization of the device
can only be achieved when the latency is fully hidden by hardware multithreading (cf. Sec. 5.1.2).
Consequently, several warps on a SM are required.

The ratio of the number of resident warps per multiprocessor Wgy to the maximum number of
resident warps per multiprocessor supported by the hardware W&H§* (cf. Tab. 5.1) is referred to as
occupancy, and must be sufficiently large to effectively apply hardware multithreading. Often, an
occupancy of 0.5 is sufficient [69], however, for kernels with low I/B ratio the occupancy should be as
large as possible. Thus, it is at the heart of kernel design to implement both a suitable I/B ratio and
a sufficiently high occupancy.

Full occupancy is achieved when Wgy reaches the device specific maximum W t* which is specified
by the compute capability (CC) for NVidia GPUs. Fermi and Kepler based GPUs are referred to by
CC2.x and CC3.x, respectively.

The number of resident warps on a single multiprocessor Wgqy is determined by

Wesnt = Wi - Bsu , (5.3)
T

Wrg = | — 54

v {WS w 1 7 o4

where Wrp is the number of warps per thread block, Bsy is the number of thread blocks per SM,
Trg is the number of threads per thread block, Wy is the number of threads in a warp, referred to as
warp size, and [x], is a function returning = rounded up to the nearest multiple of y. Note that these
quantities are bound to device specific hardware limits listed in Tab. 5.1, and it is the programmer’s
task to simultaneously balance them to achieve high occupancy.

Within hardware limits, Trg, and consequently Wrg, can be defined by the programmer according to
the kernel’s needs, however, these quantities affect the performance, too, and must therefore be chosen
with great care. For Fermi based GPUs, the maximum number of warps per SM, i.e., full occupancy,
can only be achieved when 192 < Tppg < 512 as, per SM, 8 thread blocks of 192 threads and 3 thread
blocks of 512 threads result in 1536 threads, i.e., 48 warps which is equivalent to the hardware limit
Wénlv?xﬁ

5In fact, Trg = 189 with Bsy = 8 yields Wgyn = 48, too. However, the last warp comprises a single active thread and
31 idle threads due to the SIMT architecture (cf. Sec. 5.1.2). Therefore, when calculating occupancy, Trs is assumed
to be an integer multiple of Ws.
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In contrast to T'rg, the number of resident thread blocks per multiprocessor Bgy cannot be freely
defined by the programmer but depends on the resources consumed by a thread block of a given kernel
as well as hardware- and CC-specific resources [26] and limits (cf. Tab. 5.1). In particular, Bgy is

directly limited by Bg{* and indirectly by T&ii* through Trg. For example, assuming Trg = T7g* for

Fermi based GPUs, only a single TB per SM is possible due to T§#* (since threads must be invoked
at thread block granularity).

In addition, Bgy is also limited by memory resource requirements. Each SM on a GPU comprises a
CC-dependent amount of registers and shared memory, i.e., on-chip fast local memory in contrast to
slow global memory (DRAM). For a given kernel and Trrg, the number of registers and shared memory
required by a thread block is evaluated by the OpenCL compiler. The memory resources are allocated at
thread block granularity, i. e., per thread block, the number of registers Rtg and shared memory Stg

allocated for a given kernel on Fermi based GPUs is given by [26]
Rrg = |[Ry, - WS]GT -Wrs, (5.5)
St = [Sk-]GS ) (5.6)

where Ry, is the number of registers required by a single thread of the kernel, G is the thread allocation
granularity (64 for Fermi), Wrg is given by Eq. (5.4), Si is the amount of shared memory in bytes
required by a thread block of the kernel, and Gg is the shared memory allocation granularity (128 for
Fermi). The number of registers required by a kernel depends on the instructions issued in the kernel,
i.e., the kernel code, and is therefore bound to the algorithm. In contrast, shared memory is fully
controlled by the programmer.

The number of thread blocks per SM due to memory restrictions

RHW SHW
Bénl\?[m—bound — min TB ’ TB , (57)
Rty STB

Bgﬁm‘bound is then given by

where R%EV and S%gv are the CC-specific hardware limits of registers and shared memory per SM,
respectively [26], and |z ], is a function returning = rounded down to the nearest multiple of y. In
essence, the available local memory resources of a SM are distributed among fully equipped thread
blocks resulting in a limited number of thread blocks per SM. When a kernel requires lots of registers,
for example, a high amount of the available registers is consumed by a single thread block resulting in
few thread blocks per SM and low occupancy.

5.1.5 Summary of Performance Related Issues

This section summarizes the most important performance related issues including those introduced in
the previous sections. A detailed list of guidelines for kernel design, memory and instruction throughput
optimization is available in Ref. [69].

Instruction to byte ratio The I/B ratio (cf. Sec. 5.1.3) is the fundamental guideline to optimal
performance. Suitable and ineligible sections of an algorithm with respect to the GPU design
paradigm can be identified a priori to the implementation which helps to partition the algorithm
into kernels.

Occupancy High occupancy (cf. Sec. 5.1.4) is mandatory for efficient hardware multithreading (cf.
Sec. 5.1.2). Occupancy is determined by the resource requirements of the kernel, the thread
block, and hardware specific limits and resources.
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Levels of parallelism CUDA hardware and the OpenCL programming model exploit a three level hier-
archy (thread, thread block, grid mapped to core, multiprocessor, GPU) to parallelize a task into
subtasks and to efficiently distribute the work among the available multiprocessors (cf. Sec. 5.1.2).
Consequently, the algorithm’s potential for parallelization must be thoroughly examined to ap-
propriately utilize the hierarchy levels.

Warp serialization Avoid branching of the threads’ execution paths which causes serialization of the
instructions (cf. Sec. 5.1.2).

Minimize host to device memory traffic Host memory, i.e., the CPU’s DRAM, and device mem-
ory, i.e., the GPU’s DRAM, are connected via a low bandwidth PCle bus causing very large
latency. Traffic minimization between host and device is of high priority.

Minimize global memory traffic Although the bandwidth between global memory, i.e., the pro-
gram model’s term for the GPU’s DRAM, and the cores is several hundreds of GByte/s, it is a
performance limiter in many cases. The minimization of global memory traffic and the optimiza-
tion of the transfer efficiency is of high priority.

5.2 Implementation of the DGTD Method on GPUs

5.2.1 Analysis of the DGTD Method

The first step towards an efficient implementation of the DGTD method on GPUs is an analysis
with respect to performance relevant issues determined in the previous sections. We identify levels of
parallelism, i.e., sections of the DGTD method that can be executed simultaneously and, hence, be
distributed among the compute units of the GPU followed by an investigation of the I/B ratio of the
method’s algorithm.

Levels of Parallelism

The time-integration via the LSRK method is the “outermost” algorithm of the DGTD method. It
solely involves scale and add operations on the state vector of expansion coefficients (cf. Eq. (3.51))
and can therefore be parallelized on component level. This means that each component of q can be
treated by an individual thread.

The kernel of the time-integration f‘(q, t), i.e., the right-hand-side of Eq. (3.46) comprises computa-
tionally intense matrix-vector-products and simple vector operations. The set of equations is spanned
by three levels of parallelism. The first level originates from the tessellation of the computational
domain into elements and the subsequent formulation of the physical problem on a single element.
This element based level of parallelism is very broad, i.e., in general, the number of elements is large
compared to GPU related quantities such as the size of the thread block or the number of SMs on a
device. The vector nature of Maxwell’s curl equations yields a second level of parallelism, i.e., each
component of the two vector equations in Eq. (3.46) can be evaluated simultaneously. The third level
rises from the expansion of the fields into Lagrange polynomials, i. e., the level of expansion coefficients.

Besides these structural levels, the particular form Eq. (3.46) provides parallelism of arithmetic parts.
The matrix-vector-products involving the element-local differentiation and the flux lifting, i.e., the
application of the lift matrix to the flux vectors, could be evaluated in parallel [27]. However, there is
no advantage in a simultaneous execution of several kernels as the levels of parallelism provided by the
method suffice to saturate the compute units of a GPU completely.
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Instruction to Byte Ratio

As the fundamental approach to high performance, we analyze the I/B ratio (cf. Sec. 5.1.3) of the
individual parts of the DGTD method and identify suitable and ineligible sections for implementation
on the GPU. The time-integration via the LSRK method comprises little arithmetic instructions per
DOF (cf. Eq. (3.51)), resulting in a very low I/B ratio.

Per se, the matrix-vector-products of Eq. (3.44) suffer a low I/B ratio, as dense matrices must
be loaded for each individual element. For linear elements and the simplified form of Eq. (3.46),
the differentiation matrices of an element DiA ,i € {z,y,z} are related to the reference element’s
differentiation matrices Dj, j € {u,v, w} by a simple linear transformation (cf. Eq. (3.37)). A similar
approach for curvilinear elements has recently been proposed [43]. It is possible to tune the I/B ratio
when D; is kept in memory or cache and is reused for the calculation of the differentiation matrices of
several elements. _ _

Assume a differentiation kernel whose thread block evaluates D2 x H® and —D? x E2 for  elements
employing Eq. (3.37). The differentiation matrices D;, each of Ng entries, are loaded once. The inverse
Jacobi matrix (J%)~! contains 9 entries for each element, and 6N, expansion coefficients of the fields
are loaded and stored. For each element, each DiA, i € {x,y,z} is constructed by 2 FMA instructions
and 1 multiplication and for the 6 field components, a matrix-vector-product consumes Ng FMA
instructions, which yields an I/B ratio of

- (6NZ +3N2)

I/Bdiff = [ (5.8)

n.(GNp.2+9)+3N3] 4

Due to the fact that instead of a full N, X N, matrix only the inverse Jacobi matrix must be loaded
for each element, I/B ;4 steadily increases with increasing & (cf. Tab. 3.3 for typical values of Np).
Hence, a tunable I/B ratio kernel can be implemented for the element-local differentiation. Note that
1/Bg; increases with the polynomial order p. Employing this technique in Sec. 5.2.3, 1/B ratios beyond
the hardware optimum are achieved, and the full computational power of the GPU becomes accessible.

A similar situation arises for the lift operation. In general, the lift of a single element suffers a low
I/B ratio (cf. Eq. (3.44)). Due to the application of linear elements, resulting in an arithmetically cheap
relation between the face-mass matrix of an element FfA and the reference element Fy (cf. Eq. (3.40)),
the I/B ratio of the lift operation can be tuned as well.

Assume a lift kernel whose thread block performs x matrix-vector-products of the lift matrix £ with

the flux vector Fffﬁ of one field component, here E,. The resulting 1/B ratio is given by
r (NiNpp - Ny )

k- (Ny Ny + V) + Ny Npy Np} 4

I/Bprig, = [ ; (5.9)

where for each element Ny Ny, entries of the flux vector are loaded and IV, lifted values are stored. The
N¢Nyp, - Ny entries of the lift matrix are loaded once. Each (lift-)matrix entry is processed by one FMA
instruction. As a consequence, I/B| ., steadily increases with increasing k, resulting in a tunable and
again p-dependent I/B ratio.

The calculation of the flux vectors (cf. Eq. (3.47)), also referred to as gather stage, is not an element-
local operation [27] and involves only simple vector operations that are specific for each element.
Consequently, the I/B ratio is fixed and low.
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The ADEs for the Drude and Drude-Lorentz model as well as the uniaxial PMLs result in arith-
metically little effort, as the ADEs themselves involve simple vector operations (cf. Eqgs. (4.3b), (4.3¢),
(4.3d), (4.15)) and are coupled to the curl equations by additional current terms only (cf. Eq. (2.20)).
Within the ADEs, data cannot be reused and, hence, they govern a low I/B ratio.

5.2.2 Segmentation of the DGTD Algorithm into Kernels

The next step towards an implementation is the segmentation of the entire DGTD algorithm into ker-
nels. This design process is a balancing act between performance on the one hand and maintainability,
extensibility, and modularity on the other. One approach is to hide parts of low I/B ratio in a common
kernel with parts of tunable I/B ratio. This results in improved performance at the cost of decreased
modularity which, in turn, hinders maintainability and extensibility of the code. Based on the analysis
of the previous section, our DGTD implementation for GPUs comprises the following kernels. Our

segmentation of the core kernels, i.e., local-element differentiation, lift, and flux is in analogy with
Ref. [27].

LSRK Kernels

Depending on the application of interest, the DG method can be used with other time-integration
methods, e.g., implicit or exponential integrators, or even in the frequency-domain [15]. Therefore,
modularity of the code is favored over potential speedup for the low I/B ratio LSRK algorithm. The
LSRK time-integration method requires 2 kernels, one for each step of the LSRK algorithm, i.e.,
Eq. (3.51b) and Eq. (3.51c¢), respectively.

Flux

The calculation of the flux vectors (cf. Eq. (3.47)) is a struggling task on the GPU. Loading the DOFs
on adjacent faces for two different elements in a 3D system unavoidably results in scattered access
patterns which deteriorates the per se low I/B ratio.

A fused lift and flux kernel seems an appropriate approach at first glance but cannot be implemented
in an efficient way for several reasons [27]. Algorithms comprising vector operations or small matrix-
vector-products often apply the one-thread-per-output principle, i.e., a single thread is employed per
output value to be computed. Per field component and element, the number of output values of the lift
operation IV, and the length of the flux vector of all faces Ny Ny, are in general not equal (cf. Tab. 3.3).
Consequently, the one-thread-per-output principle cannot be applied without wasting threads during
either the lift or the gather operation. Assume that the thread block is designed to fit the lift operation,
then, an artificial index space for the flux calculation must be calculated by computationally very
expensive modulo and integer division instructions. At last, kernels diverse in their instructions consume
more registers than simple kernels and, hence, potentially suffer from low occupancy.

We implemented both approaches, i.e., one fused lift-flux kernel and two individual kernels, and
found that two individual kernels execute more efficiently than one fused kernel.

Lift and Local-Element Differentiation Kernel

The calculation of the lift operation, i.e., the application of the lift matrix on the flux vectors, and
the local-element differentiation, i.e., the evaluation of the curl operator, are the computationally most
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intense sections of the DGTD method. Both govern a tunable I/B ratio (cf. Sec. 5.2.1) and their
performant implementation is the basis for an efficient DGTD method.

Albeit both can be fused in a common kernel following the one-thread-per-output principle, each
operation is implemented in an individual kernel to provide modularity and maintainability.

ADEs of the Uniaxial PMLs, the Drude, and the Drude-Lorentz Model

ADE:s of uniaxial PMLs, the Drude and the Drude-Lorentz model result in additional PDEs to be solved
simultaneously with the curl equations. The ADEs are coupled to Maxwell’s curl equations by current
density terms (cf. Eq. (2.20)) which could be easily absorbed in the tunable lift and local-element
differentiation kernels. However, this would result in a large amount of kernels as each combination of
ADEs with one of the tunable kernels would have to be implemented and executed individually.

In practically relevant numerical setups, a low percentage of elements are metallic, and the time con-
sumed by kernels evaluating the Drude and Drude-Lorentz operations in a present CPU implementation
is short compared to the lift and differentiation kernels. Consequently, the Drude and Drude-Lorentz
algorithms (cf. Eq. (4.3)) are implemented by individual kernels and executed for metallic elements
only.

In contrast, the number of PML elements is often large enough to be performance relevant. For this
reason, the differentiation kernel is diversified for PMLs, i. e., there exist two kernels implementing the
element-local differentiation with and without the PML’s ADEs.

TF/SF and SF Sources

Due to the large number of spatial profiles and temporal dependences, sources must be implemented in
a maintainable and modular fashion. The TF/SF source enters the algorithm via the manipulation of
the field differences (cf. Sec. 4.2.1). In order to avoid explicit storage of the field differences in global
memory, the TF/SF source is integrated into the calculation of the flux vectors. This means, that the
flux kernel is diversified for the TF/SF source, i.e., there exist two kernels, one performing only the
gather stage and one that evaluates the flux vectors with the field differences modified by the source.

The SF source enters the algorithm via the manipulation of the metallic elements’ auxiliary fields (cf.
Sec. 4.2.2). For reasons of modularity, two individual kernels implement SF Drude and SF Drude-
Lorentz sources.

5.2.3 Implementation

This section comprises detailed information about the implementation of the core kernels of the DGTD
algorithm. In particular, the design of the element-local differentiation and the lift operation are
presented in conjunction with the memory layout. In contrast to Ref. [27], we do not employ textures
as they do not support double-precision arithmetics according to the OpenCL specification [65]. Our
kernels are templated to be utilized in both single and double precision without further modification. We
intend to design the kernels and the memory layout such that the computationally intense differentiation
and lift kernels achieve highest throughputs. Note that the implementation is explicitly designed for 3D
problems of variable polynomial order p, i.e., there are 6 field components for electromagnetic fields, a
vector in space has 3 components, and an element has Ny = 4 faces.
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Notation Reference

Symbol Description

[a] Size of index space of variable a

|la, b) Set of integers from the half-open interval [a, b]

{a} Predetermined expression for a during initialization
L A Local thread indices within a thread block
T,,T,,T, Number of threads within a thread block

9y Gy» 9= Global thread indices within a grid

Gz, Gy, G, Number of threads within a grid

b, by, b thread block indices within a grid

B;,B,, B, Number of thread blocks within a grid

K Total number of elements (in a mesh)

K Number of elements processed by a single thread block
k Global element index

A:=a Preprocessor macro for a constant value a

Q, P DOF variable containing data of q and p

F Flux vector

L Lift matrix of the reference element

Table 5.2: Notation within algorithms of the implementation.

Symbol Storage region

a Variable in register

a Variable in shared memory
a® Variable in global memory

a Variable in constant memory

Table 5.3: Typography of the GPU memory regions.

Thread Indexing

Each thread and each thread block within a grid are attributed several indices for identification. The
OpenCL programming language [65] provides two sets of indices for each thread, spanning an index-space
in up to three dimensions:

e Local thread indices t, € |0,T}), t, € |0,Ty), t, € |0,T,) within each thread block.

e Global thread indices g, € |0,G,), gy € |0,Gy), g- € |0,G) within the grid.
Here T; and G;, i € {x,y, 2z} refer to the number of threads in dimension ¢ within a thread block and
within the grid, respectively (cf. Tab. 5.2). A thread block is identified by the thread block indices
by € 10,B;),b, € |0,By),b, € |0,B,) within the grid, where B;, i € {x,y, z} refers to the number of
thread blocks within dimension ¢ of the grid. Global and local thread indices are related by

gi=bi - Ty +t;,i€{x,y, z}. (5.10)
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Memory layout: element en bloc
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Figure 5.5: Memory layout dilemma. A memory layout of contiguously aligned pairs of adjacent
faces (left panel) leads to a distribution of the center element’s DOF's (solid lined
bozes) in memory. In contrast, the DOFs of the center element are stored en bloc in
the layout of the right panel.

On CUDA devices, a thread is attributed a unique thread ID t within a thread block which is related
to the local thread indices by

t=t, for 1D thread blocks,
t=t, +t,1; for 2D thread blocks, (5.11)
t=t, +t,T, +t. 1T, T, for 3D thread blocks.

The thread ID is employed to partition the threads of the thread block into warps [26], i.e., batches of
Wg contiguous threads identified by ¢ make up a warp. Memory transfer efficiency is strongly related
to the pattern by which the threads of a warp — ordered by the thread ID — access global memory
data. As a consequence, the “thread layout”, i.e., the partitioning of threads into the dimensions of the
thread block is crucial for the performance of the kernel.

DOF Memory Layout

The layout of the variables in memory and the implementation of the kernels mutually depend on each
other. This renders the definition of the memory layout a very difficult task. A change in memory
layout induces time-consuming refactorings of a potentially large number of kernels. In principle, the
memory layout can be defined freely by the programmer. However, it must match the kernels’ load
patterns in order to yield efficient memory accesses.

The DOFs of the DGTD method cannot be arranged such that all previously defined kernels can
access the data in a contiguous way. The gather stage, for example, requires data of adjacent faces
to be stored contiguously, while the differentiation and lift require a compact representation of the
DOFs of each element as visualized in the left and right panels of Fig. 5.5, respectively. The memory
layout that contiguously arranges the DOFs of adjacent faces results in a scattered access pattern
for the element-local matrix-vector-products in the differentiation and lift kernel, and vice versa. For
polynomial orders p < 3, all DOFs of an element are located on the element’s faces (cf. Tab. 3.3) and
an optimized memory layout can be constructed. However, for the sake of generality of our approach,
we define a memory layout of “best practice” that does not depend on p.

We decided to optimize the layout with respect to the differentiation and lift kernels’ access patterns.
The arrangement of all DOFs is described in detail in Fig. 5.6. The DOFs of the electromagnetic and
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Q Qfield pad | Qpmr | pad | Qp | pad |@Qpr| pad
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Figure 5.6: Structure of DOF containers Q, P for the GPU implementation of the DGTD method.

auxiliary fields are stored in a single structure, referred to by @ in analogy to the state vector q. As
@ contains all DOFs that need to be integrated in time, only a single kernel for each step of Eq. (3.51)
is launched to process all DOFs. The LSRK method requires a second identically structured DOF
container, referred to by P in analogy to p (cf. Eq. (3.51)).

@ and P are structured by a four level hierarchy: Field type, element, field component, and node.

Field type level segments DOFs into the electromagnetic field Qgeq and the problem-specific aux-
iliary fields Qpmr, @p, and Qpr, resulting from the ADE formulation of the PMLs, the Drude,
and the Drude-Lorentz model, respectively.

Element level segments the DOFs of a particular field type at element granularity, e.g., Q’}O k €
|0, Kx) contains the DOFs of the field type X of element k. Note that the number of elements
of the field type Kx is problem-dependent and depends on the field type X. The segmentation
of the electromagnetic field DOFs Qge1q on element level is depicted in Fig. 5.6.

Field component level segments the DOFs within an element according to the components of a
given ﬁeld typev L. €., Qf"?leld > {Elgv El;) El,;v Hl:z: ngjv H];}, Q]IgML = {f)%‘x ) 13%1/7 ﬁ%z ) f)lily ) f)lﬁlya f)l;{Z }7
k kT Gk k kOk 3k Gk Gk Gk
Qp 2 {JD,anD,vaD,z}a and Qpp, 2 {.]L@?.]L;y?JL,za.]P,x7JP7y7.]P,z}'

Node level structures the order within a field component of a particular element and field type, e. g.,
Q}"éx [i], i € |0, N,) accesses the E,-component of element k at the i*" node. Alternatively, the
individual DOFs are accessed by Qk.4[v - N, + i, i € |0, Np), v € |0,6).

The structure of @) also contains padding of two different kinds, marked by red boxes in Fig. 5.6.
At element level, each DOF block of a particular field type Q’)“(, k € |0, Kx) is elongated by several
elements of the same field type Q%, k € |Kx, Kx + 10) in order to allow for a simplified treatment of
kernels that execute more than one element per thread block, i.e., kK > 1.

If the last thread block of a kernel with x > 1 is processed and the total number of elements K
processed by the kernel is not an integer multiple of x, out-of-bound memory accesses may occur in
non-padded data-structures. The problem of how to handle kernels with k£ > 1 safely can in principle
be solved by two approaches:

e Check boundedness of memory accesses during runtime within the kernel.

e Provide sufficient padding elements to allow safe out-of-bound accesses.
We decided for the latter solution as the problem is solved during initialization of the simulation and not
during runtime as additional conditional instructions would be necessary causing avoidable overhead.
The waste of memory is negligible as currently 10 element entities are padded after each field type.
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Figure 5.7: Memory layout of the flux vector F'. At element level, the DOF block is padded to the
next 128 Byle boundary.

P R(6Np) [%]  R(NyNyp) [%]
2 93.75 90.00

3 9375 93.75

4 9375 93.75

5 9545 98.44

6 98.44 100

Table 5.4: Ratio of used to allocated memory due to field component level padding determined by
Eq. (5.12). The values are based on single precision and 3D settings, i.e., Ny = 4.

This is much less than the total number of elements, i. e., in realistic systems, padded memory accounts
for less then 1% of total allocated memory.

Another different kind of padding is applied at field component level. Memory transfers yield highest
efficiencies when data is transferred in large blocks and is aligned to 128 Byte boundaries in memory
space. Thus, each DOF block of a particular element (for all field types) is elongated to the next
128 Byte boundary by padding of additional floats. The number of floats in a DOF block at field
component level is calculated by [x]32, where x is the number of used floats of the block, e. g., z = 6N,
in case of the electromagnetic fields, and 32 corresponds to the number of floats within 128 Bytes.
Consequently, the ratio of used to the allocated memory due to the padding at field component level is
given by

x
[2]32

R(z) = (5.12)
An overview of ratios for commonly used polynomial orders is listed in Tab. 5.4. Note that field
component level and element level padding are different. While the former adds floats up to the next
128 Byte boundary, the latter pads full entities of the element level.

The flux vectors ﬁ?’A and ﬁ?’A, f €10, Ny) are explicitly stored in a variable referred to by F' in
the GPU’s global memory. It is structured similarly to the DOF container @), as depicted in Fig. 5.7.
The flux values of the Ny faces of a particular field component are contiguously aligned, i.e., ng [f -
Ngp+1i], f €10,Ng), i € 0, Nyp) accesses the flux of the E,-component of element k on face f at node
7. Resulting memory usage ratios are listed in Tab. 5.4. Our approach of padding yields comparable
efficiency to the one proposed in Ref. [27]. Finally, it should be noted that we apply padding to 128 Byte
boundaries to data, too, e. g., the inverse Jacobi matrix (J%)~!.
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5 DGTD on Graphics Processing Units

Differentiation Kernel

The differentiation kernel evaluates the curl operations of Eq. (3.46) and scales the intermediate results
by ?—At and HA—At, respectively, i.e., the kernel performs

A A AL A A A A A A
PEI%PEI+€A<Dy~QﬁZ—DZ-QHy . PE e PL

., A. Y

A A AL A A A AL A A
PEZ<—PEZ+€A<DI-Q~ Dy -QF |, Py < Py —

A

o
Pe e ph 5 (P20 R Q) ) P e Ph -

At

o
where DiA, i € {x,y, 2z} is calculated by Eq. (3.37).

The algorithm of the differentiation kernel is presented in Alg. 1. The thread block is given by
k X Np, i.e., a two-dimensional index-space is spanned to evaluate the kernel. The thread index in
the first dimension t, reflects the number of elements processed by a single thread block, referred
to as elementblock. The second dimension represents the number of DOFs per element and field
component which is motivated by the one-thread-per-output principle for the calculation of the matrix-
vector-products in Eq. (5.13), i.e., the index-space spanned by t, is equal to the number of rows
in DZ-A ,i € {x,y,z}. Consequently, we launch a grid of (%]K thread blocks which are indexed by
by (cf. Tab. 5.2). During initialization, x is determined by evaluation of the minimum execution time
of the kernel in the range of k € {1,...,10}. As K is in general not an integer multiple of x, @ and P
are padded in order to prevent out-of-bound accesses by the last thread block.

A single thread processes all field components at a given node in order to achieve maximum reuse
of the element-local differentiation matrix elements calculated during the execution of the kernel. In
contrast to the implementation in Ref. [27], we store the field DOFs in shared memory. More precisely,
the expansion coefficients of the electromagnetic fields of all elements in the elementblock are kept in
shared memory, hence, [u%] = N, x £ x 6 is allocated by each thread block. Macros are used to represent
constant integer values and to facilitate readability of the pseudo-code.

For the calculation of the I/B ratio (cf. Eq. (5.8)) we assumed that the input vector to a matrix-
vector-product is loaded only once. We implement this assumption by loading the expansion coefficients
of the electromagnetic field of x elements into shared memory. Hence, when requested, the DOFs are
loaded from fast memory.

Tunability of the I/B ratio is achieved by an appropriate ordering of D;, j € {u,v, w} in memory and
specifically designed global memory accesses. Let us consider the first warp of the thread block and
assume T, = k = 3. At line 12 of Alg. 1, k threads with contiguous thread IDs ¢ access the same address
in global memory due to Eq. (5.11), and [%h = 11 contiguously aligned floats are requested by the
warp. CUDA devices of CC2.0 always issue 128 Byte transfers, i. e., 32 floats are loaded although only 11
are requested by the first warp. These 32 floats are first loaded into the so-called LI cache and remain
there until another global memory request is issued whose data is not yet available in L1 cache. Note
that, by design, no global data other than the differentiation matrix elements of the reference element
are requested within the for loop, i.e., the cache is not evicted by other global memory accesses. As
a consequence, the following warps access data already available in L1 cache. This is exactly the point
at which differentiation matrix elements are reused for multiple elements, and the I/B ratio becomes
tunable.
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5.2 Implementation of the DGTD Method on GPUs

Algorithm 1: Local-element differentiation with tunable I/B ratio and field in shared memory.

® N & otk N

10

11

12

13

14
15
16
17
18
19

20

21
22

Thread block: k X N, , i.e., t; €10,k), t, € |0, Np)

Grid D [ET, de, by €10, 57,)

Data : Differentiation matrix of the reference element [D¢] = N, x 3 x N, (Fig. 5.8)
Shared mem : [u®] = N, x k x 6 for field expansion coefficients of x elements

Macros Ey:=0,E,:=1,E,:=2 Hy:=3, Hy:=4, H, :=5

Macros tui=0,v:i=1,w:=2,x:=0,y:=1,z:=2

// Prepare element index
k<+— by -k+t,

// Load fields into shared memory and synchronize threads
if t, < 3 then
for [ +— 0 to x do
uS[t ) [[0 + to] «— QS22 (0 +t,) - Ny + 1,
by -+l
Sty |3 + ta] — Qo™ (3 + ta) - Np + 1,
end

end
=== Barrier and Memory Fence ===

// Initialize registers for matrix-vector-product

uy «— 0 for v € {Ey,Ey,E,, Hy, Hy, H, }

// Load inverse Jacobi matrix entries

Jij %JG fori € {x,y,z},5 € {u,v,w}

// Loop over (major) columns of D¢

for ¢ € |0, Np) do

// Load reference element entries, ~ threads access a single address
Di — DE[[jlit,] for j € {u,v,w}

// Assemble element-local differentiation matrices D;

D; +— Ji,u - D"+ JZ',V - DV + Ji,w D% fori e {X,y,z}

// Perform matrix-vector-product for column c

ug, <— ug, + Dy - u®[d][tz][H,] — D, - u®[c][t,] [Hy]

ug, +— ug, + D, - u®[c][t:|[Hy] — Dy - u®[(][t

] J[H,]
ug, <— up, + Dy - v®[d[ta][Hy] — Dy - v®[c][t.][Hy]
u, «— un, + Dy - u?[c][tz][B,] — Dy - v®[c][t][Ey]
up, — umn, + D, - & [dllt,)[E.] - Dy - wS[e][t][E,]
up, — um, + Dy - 0¥[d][ta][By] — Dy - u®[c][to][Ex]

end

// Store result of matrix-vector-product onto second DOF vector

PaloNy + ] — PoalvNy + ] + At {e )% -, for v € {Bx, By, By}
Paa[vN, + 1] «— PaaglvNp +t,] + A° - {p=1 )% - u,, for v € {Hy, Hy,H,}
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D,

I
128
Figure 5.8: Storage of the reference element differentiation matrices D;, j € {u,v,w}. Columns
of equal index are contiguously aligned as visualized by the color code. The entire

memory block of D¢ is aligned to a 128 Byte boundary. A major column of D¢ refers
to aligned columns of Dj, j € {u,v,w} of equal column index.

Per element, the differentiation kernel performs <(3 54+2-2-6)- N, + 12) - Np, Flops, i.e., for each

differentiation matrix element, 3 - 5 Flops are required to construct the element-local differentiation
matrices, and the matrix-vector-products consume 2-2-6 Flops. The operations on lines 21 and 22 cost
2-6- N,Flops. In contrast, the diversified differentiation kernel which also performs the ADEs of the
PMLs performs (39N D+ 66) - N, Flops. The Flop-count is used to determine the practically achieved
computational power for the test cases in Sec. 5.3.

Lift Kernel

The lift kernel evaluates the matrix-vector-product of the lift matrix £ of face f and the flux vectors

ﬁ?’A and ﬁ?’A for a single element (cf. Eq. (3.46)). The sum over the faces f is absorbed into an

extended matrix-vector-product by casting the lift matrix and flux vectors in the form depicted in
_ A e

Fig. 5.9 and Fig. 5.7, respectively. The element-dependent factors Z‘lJiA and Y_IJLA are absorbed in

the field differences of the flux vectors and evaluated during the flux kernel. In essence, the lift kernel

calculates
At

PY — PP+ SLLFE forue {EchyE} ,
(5.14)

At
PA e pPAy M—AEFUA for we {Hy, Hy, 1. | .

The basic layout of the lift kernel’s algorithm (cf. Alg. 2) is similar to the differentiation kernel,
i.e., the tunable I/B ratio is implemented by maintaining lift matrix segments in cache while the
flux vectors are stored in shared memory. The thread block size is given by x x Np, i.e., t; and t,
index the elements and nodes processed within the thread block, respectively. As a consequence, the
grid spans [%L@ thread blocks, and b, identifies the corresponding elementblock. The lift matrix is
stored in global memory such that contiguous indices i access contiguously aligned memory locations
by L8[c][i], ¢ € |[NfNyp), i € |0, Np), where ¢ refers to the columns of £. The input vector to the
matrix-vector-products, the flux vectors of all elements of the elementblock, are loaded into shared
memory.
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AT
e
£ - M S Ny
[
\:l,—__
} i —
N¢Ngp Nyp

Figure 5.9: Construction of the reference element’s lift matriz £ which results from the product
of the inverse mass matric M~" and a constructed matriz consisting of the face-mass
matrices Fr, f €0, Ng).

Algorithm 2: Lift kernel with tunable I/B ratio and flux vector in shared memory.

Thread block: kK X N, , i.e., t; €10, k), t, € |0, Np)

Grid D [ET de, by €10, 57,)

Data : Lift matrix of the reference element [L¢] = NyNyg, x N,
Shared mem : [F®] = k X 6 x NyNy, for flux vectors of x elements
Macros tEy:=0,E,:=1,E,:=2 Hy:=3, Hy:=4, H,:=5

// Prepare element index
1 k+— by K+t

// Load flux vectors into shared memory
// Cast of dimensionality: [F®] =k X 6NNy,
for [ +— 0 to x do
for m «— t, +t,x to 6NNy, increment by xN, do
‘ FSm [m] « FG,bz-nH[m}
end
end
=== Barrier and Memory Fence ===
// Initialize registers for matrix-vector-product
8 u, «— 0 for v € {Ex,Ey,E,, Hy,Hy, H, }

// Loop over nodes on faces
9 for c € IO,Nfop> do

i S =~T = - N VI )

// Load lift matrix entry; ~ contiguous threads access same entry
10 | L+ L8[c][ty]

// Perform matrix-vector-product for column c
11 Uy — Uy + L - FS[t,][v][c] for v € {Ex, Ey, E,, Hy, Hy, H, }
12 end
// Add result of matrix-vector-product onto second DOF vector
13 Pge’fd[va +ty] — Pgé{cd[UNp +ty] + ALC - {708, for v € {Ex, By, E,}
14 Phig[uN, + 1) «— PRigloN, +t,] + A€ {u=1}%F -y, for v € {Hy, Hy, Hy}
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Similar to the differentiation kernel, T, = & threads access the same element of £ on line 10 of
Alg. 2. During the evaluation of the matrix-vector-product, no data from global memory is fetched.
The lift matrix remains in cache, leading to an effective reuse. Shared memory allows for a very efficient
access on line 11, too, where T}, = N, threads access the same address. Multiple threads can access one
or more addresses in shared memory simultaneously without causing latency in a mechanism referred
to as (multi)-broadcast, available for CC>2.0 [26]. Finally, the result of the matrix-vector-product is
scaled and added to P.

Per element, the lift kernel consumes ((Nfop +1)-2- 6) -Np Flops, i. e., for each row of the matrix-

vector-product 2Ny Ny, Flops are required, and lines 13 and 14 demand 2 - 6 - IV, Flops.

5.2.4 Host-Device Interaction, Heterogeneous Computing, and Probing

As one of the most important issues to be regarded for a high-performance implementation, the min-
imization of host-device traffic must be addressed (cf. Sec. 5.1.5). The DGTD method on GPUs is
embedded in a well-established CPU-framework which is employed to setup all entities required during
time-integration, e. g., the reference element’s differentiation matrices Dj, j € {u,v,w}, the lift matrix
L, boundary conditions, mapping of volume-to-surface indices, and so forth. After initialization of all
variables on the host, the entities required during time-integration are transferred to the device and
time-integration commences.

The evaluation of the kernels is controlled by the host program, i.e., the kernels required for the
physical problem at hand are launched in sequential order on the host. A single kernel is executed
on the device at a time. The time-integration of the DOFs on the device proceeds without further
interaction of host and GPU.

After each LSRK step, i.e., after integration of At time, the electromagnetic fields are copied from
the device to the host for probing purposes. Neither the host program nor the GPU process further
instructions during the time of the transfer, which is typically of the order of the execution time of a
single stage for the 14-stage scheme (cf. Sec. 3.2.1). Consequently, a large number of stages helps to
reduce the cost of the transfer while leading to a large At.

Additional book keeping could help to minimize the host—device traffic as currently all electromag-
netic field components of all elements are transferred regardless of the configuration of the probes.
Transferring only data that is actually processed by a probe may reduce the amount of data traffic.
Furthermore, data might not be required at every time-step and could be fetched only when needed.
However, for time-integration methods with a high number of stages, less than 10% of the execution
time of a single stage can be saved.

The evaluation of the probes is performed entirely by an existing CPU-framework. The framework
was extended to evaluate the probes asynchronously, i.e., the host program launches the kernels of the
next time-step and the GPU recommences time-integration while the probes are being processed. This
allows to hide probe evaluation completely behind the time-integration. Probe evaluation and host
program synchronize at the transfer of the DOFs after each time-step, i.e., the GPU idles as long as
the probe evaluation is not finished, and vice versa.

5.3 Validation and Performance Benchmark

In this section, the implementation of the DGTD method on GPUs is checked for both validity and per-
formance by simulation of several test systems. Problems whose analytic solutions are known explicitly
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are used to investigate convergence and correctness of the simulated results.

Our primary motivation for the realization of a DGTD Maxwell Solver on GPUs was the potential
speedup compared to conventional CPU computer systems. Here, we quantify the speed up by com-
paring the GPU to a highly optimized CPU implementation, which has been developed over several
years. The CPU implementation is powered by hand-written matrix-vector-products that outperform
Intel’s MKL BLAS routines [14]. We limit our analysis to the practically most relevant polynomial orders
p ={2,3,4,5}. Higher orders are rarely employed as the accuracy of the method can also be improved
by h-refinement, i.e., a refinement of the mesh, or curvilinear elements [43].

In the following test cases, we employ a NVidia® GeForce® GTX580. Our CPU test system is
equipped with an Intel® Core™ i7 CPU 970 @ 3.20 GHz.

5.3.1 Empty Metallic Cavity

The first test system is an empty cubic cavity with metallic boundaries. It is employed to verify correct
functionality of the DGTD-GPU implementation’s core components: The LSRK time-integrator and
the DG Maxwell operator (right-hand side of Eq. (3.46)) including the differentiation, lift, and flux
kernel.

The physical system is a cube of edge length L = 2 (in dimensionless units) “filled” with vacuum,
i.e., e = 1. We apply perfect electric conductor (PEC) boundary conditions, i.e., the tangential
component of the electric field must vanish at the boundary. The boundary conditions are enforced via
the manipulation of field differences according to Tab. 3.2. The analytic solution [70] provides initial
field values and serves as reference solution for the calculation of the numerical error.

The fields are initialized by a (222) eigenmode. In order to suppress the error emerging from time-
integration, we chose the time-step At = 0.1 - Atpax (cf. Sec. 3.2.2). Thus, any deviation from the
analytic solution arises from the spatial discretization. The system is simulated with polynomial orders
p=2,...,5for T = 15Ty, where Ty = % refers to the oscillation period of the initial (222) eigenmode.

Full control of the mesh element size is guaranteed by explicit construction of the mesh. The mesh
consists of identical sub-cubes of edge-length h = %, where k is the number of elements per cavity
edge. Each sub-cube comprises 5 tetrahedra, resulting in a total number of 5 - k? elements to model
the cavity.

We calculate the maximum absolute error with respect to the analytic solution over time and all grid
points for the H,-component® by

I' = max <‘H§um (t,t) — HF (%)) D : (5.15)

t,F

Fig. 5.10 depicts the maximum error I' as a function of h for several polynomial orders p. The solid
lines are regression curves and indicate the fitted convergence rate, listed in the inset. We observe that
the error decays in accordance with Eq. (3.48) until it saturates around 107°. When saturated, the
error is limited by the floating point precision of the device. Based on this analysis, we assume that
our implementation of the core features mentioned above works correctly.

As a next step, we analyze the performance of the GPU and CPU implementation. As for all perfor-
mance analyses of this thesis, we compare GPU and CPU calculations performed in single precision. We
are interested in the time both implementations require to process, more precisely integrate, in time.
Hence, we relate their times spent on the time-integration, referred to as computational time, which

SEvery other component would yield the same conclusions.
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Figure 5.10: Mazimum error I' of the H,-component as a function of h for the polynomial orders
p=12,3,4,5}. The convergence rate obtained from a linear fit is listed in the inset
and visualized by solid lines. For small h, the error saturates at the single precision
floating point accuracy.

includes the evaluation of the DG operator, but excludes time consumed to prepare the simulation and
evaluate probes.

Fig. 5.11 depicts the speedup of the GPU over the CPU implementation, i.e., the ratio of their
computational times in dependence of the number of tetrahedra for orders p = {2,3,4,5}. We observe
a speedup of approximately 25-55, i. e., the GPU implementation requires 25-55 times less time than the
CPU implementation on a single core. The speedup depends on the polynomial order p and saturates for
large K. Increasing arithmetic intensity per DOF due to increasing polynomial order p is not necessarily
connected to a growing speedup. In fact, for this particular system, the highest speedup occurs for
p = 2. The saturation of the speedup is directly related to the saturation of the GPU’s cores. Meshes
consisting of only hundreds of elements do not provide sufficient work to utilize all cores (not shown).
However, realistic physical systems usually require enough elements to saturate the device completely.
In general, the speedup should not be overestimated as many device and implementation specific factors
influence it. Nevertheless, the presented speedup shows the order of acceleration provided by the GPU
implementation.

The kernel execution ratio of the employed kernels, i.e., the execution time of a particular kernel
normalized to the execution time of all kernels, is summarized” for p = {2,...,5} in the left panel of
Fig. 5.12. The kernels of the LSRK method consume roughly 10% of the total kernel execution time.
For increasing order p, the common share of the computationally intense differentiation and lift kernels
rises from 50% to 70% due to the increasing number of operations per DOF which, in turn, reduces
the ratio of the flux kernel from 40% to 20%. The kernel execution ratio of the flux kernel is, however,
remarkably large in comparison to the number of arithmetic operations evaluated by it.

"We observe that the kernel execution ratio of each kernel is practically independent of K if the GPU is saturated.
Hence, we average the kernel execution ratios of simulations with varying K in the range investigated in Fig. 5.11.
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Figure 5.11: Speedup of the GPU over the CPU implementation for the cubic metallic cavity in
dependence of the number of tetrahedra K for spatial orders p = {2,3,4,5}.
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Figure 5.12: Kernel exzecution ratio (left panel) and calculation time per element and stage T (right
panel) for spatial orders p = {2,3,4,5}. The dashed lines mark the asymptotes for
large K and serve as guides to the eye for further tests.
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Figure 5.13: Computational power in GFlops/s of time-consuming kernels for polynomial orders
p=12,3,4,5}.

The calculation time per element and stage 7 is a measure for the absolute time required to evaluate
one stage of the LSRK method for one element including the time-integration and the DG operator
kernels. The right panel of Fig. 5.12 depicts the calculation time per element and stage 7 as a function
of the number of elements K in dependence of p. We observe an asymptotic behavior even for small
element numbers, i. e., the GPU implementation scales linearly with respect to the number of elements
in a mesh. Clearly, the dependence on the polynomial order is associated with the increasing number
of instructions per stage. These quantities can be used directly to estimate the calculation time of
simulations in advance.

At last, we analyze the number of single precision floating point operations per second (Flops/s)
for each kernel in order to compare the practically achieved computational power to the available
theoretical one. We calculate the computational power by counting the required Flops in each kernel,
multiply by the total number of threads in the grid, and divide by the kernel execution time. Note that
only floating point operations are counted.

Fig. 5.13 summarizes the computational power in GFlops/s for polynomial orders p = {2,3,4,5}.
The differentiation and lift kernel’s computational power grows with p due to the increased 1/B ratio
within the kernels. For p = 5, a maximum of almost 800 GFlops/s is achieved, which corresponds
to roughly 50% of the theoretical optimum value of approximately 1500 GFlops/s for the NVidia®
GeForce® GTX580. Note that the theoretical optimum value assumes FMA operations only. The
remaining kernels are bandwidth limited and, hence, suffer low computational power of the order of
50 GFlops/s. Based on the kernel execution ratio of Fig. 5.12, another factor of 2 in speedup can — in
theory — still be gained as all kernels execute at best at half of the theoretical computational power.

Our implementation shows slightly improved behavior over the one presented in Ref. [27]. Therein,
roughly up to one third of the theoretical computational power was utilized for both the differentiation
and the lift kernel on a NVidia® GeForce® GTX280. The bandwidth limited kernels of the time-
integration and the gather stage show (similar to our implementation) practically p-independent values
of approximately 30 and 100-150 GFlops/s, respectively.
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5.3.2 Optical Spectroscopy of a 100 nm Silver Sphere

As another example, we examine the scattering cross section of a silver sphere of 100 nm diameter in
vacuum, i.e., a typical setup of a realistic physical system including external field sources and probes.
With this test, the total-field /scattered-field source, the ADEs for the Drude model, and the evaluation
of the flux through the TF/SF contour are verified. These setup entities are required for the detailed
investigation of extinction, scattering, and absorption cross-section spectra of several different nano-
antennae in Chap. 6.

The electromagnetic fields of a sphere whose dispersive material is described by a frequency-dependent
electric permittivity € (w) can be expressed analytically in terms of spherical harmonics which is com-
monly known as the Mie theory. Thereof, the cross sections can be directly evaluated from the scattering
coefficients a,, and by, i.e., the expansion coefficients of the scattered electromagnetic field in terms of
the vector spherical harmonics [32].

Since the setup of the system is not at the focus of interest, the reader is referred to the detailed
presentation of the setup in Sec. 6.2 on page 77. The permittivity of silver is described by a Drude
model (cf. Sec. 2.2.2) and corresponding material parameters e5, = 1, wp = 13.9 - 10" Hz, vp =
3.23 - 103 Hz are obtained by fitting the experimental values of Johnson and Christy [38] by the
procedure described in Sec. 2.2.4. The system is terminated by Silver-Miiller boundary conditions and,
in contrast to the setup of Sec. 6.2, PMLs of 125nm width. We excite the system by a plane wave
Gaussian pulse by means of a total-field/scattered-field source (cf. Sec. 4.2.1) and simulate it with
polynomial orders p = {2,3,4,5} for T = 133 fs.

Fig. 5.14 depicts the scattering cross section® calculated from DGTD simulation and Mie theory. We
observe excellent agreement of numeric and analytic cross sections. Even for the relatively low order
p = 3, no significant difference to the analytic cross section is discernible in both the overview and the
zoomed view of the sharp resonances. Hence, we conclude that our implementation of the Drude ADE,
PMLs, and TF/SF source works correctly.

Similar to the case of the empty cubic cavity, we analyze the performance by comparison of the
calculation times of both GPU and CPU implementation for a series of h-refined meshes and polynomial
orders p = {2,3,4,5}. In contrast to the setup described above, the simulated time is chosen such that
exactly 20 time-steps are processed which results in 280 evaluations of the DG operator using the 14-
stage LSRK scheme of Sec. 3.2.1. Fig. 5.15 depicts the speedup in dependence of K and p. Similar to
the empty cavity, the speedup is of the order of 25-55 and practically constant in K.

In order to determine the influence of the Drude and TF/SF kernels, we compare the calculation
time per element and stage 7 to the empty metallic cavity case. In the right panel of Fig. 5.16, we
observe that T(K ) shows asymptotic behavior, i.e., the GPU implementation scales linearly with K.
The absolute values of 7 are practically unchanged in comparison to the empty metallic cavity case,
indicated by the dashed lines.

These observations are consistently reproduced by the kernel execution ratio, depicted in the left
panel of Fig. 5.16. The share of the Drude and TF/SF source kernels amounts to less than 3% and
1% of the total kernel execution time, respectively, while similar ratios compared to the empty metallic
cavity case are observed for the core kernels (cf. Fig. 5.12). Note that the evaluation of the PMLs
is embedded in a diversified local-element differentiation kernel (cf. Sec. 5.2.2) and, thus, cannot be
quantified independently.

8In practice, we determine extinction, scattering and absorption cross section simultaneously. For this system, the
extinction is dominated by scattering and absorption is very low. In order to keep the figure well-arranged, we merely
depict the scattering cross section. However, the conclusions derived in the following are equivalently obtained from
the analysis of extinction and absorption.
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Figure 5.14: Scattering cross section of a stlver sphere of radius 50nm calculated via analytic
Mie theory and DGTD for polynomial orders p = {3,5}. The left panel shows an
overview, while the right panel depicts a zoomed view of sharp resonances.
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Figure 5.15: Speedup of the GPU over the CPU implementation for a silver sphere in dependence
of K for polynomial orders p = {2,3,4,5}.
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Figure 5.16: Kernel execution ratio (left panel) and calculation time per element and stage T (right
panel) for polynomial orders p = {2,3,4,5}. Dashed guides refer to the asymptotic
values of the empty metallic cavity test.
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Figure 5.18: Simulation setup of the EELS analysis of an aluminum sphere (gray) whose mate-
rial properties are described by € (w). The electron trajectory Te(t) is indicated by a
straight line (red) passing the sphere at a minimum distance of 5nm. The compu-
tational domain is limited by a sphere of radius 110nm and filled with vacuum, i.e.,
e=1.

The computational power of time-consuming kernels is depicted in Fig. 5.17. In general, a behavior
similar to the empty cavity case is observed, i. e., the differentiation and lift kernels show high GFlops/s
values that increase with p, and the bandwidth limited kernels perform at approximately 50 GFlops/s.
Again, maximum values beyond 700 GFlops/s are achieved. For high orders, additional cost of PMLs
in the diversified local-element differentiation kernel decreases the computational power only slightly,
whereas moderate performance loss is observed for low orders, e.g., p = 2.

For GPU simulations, probing is “outsourced” to the host and the time spent on probe evaluation
contributes to neither the simulation nor the calculation time. Therefore, for practically realistic systems
including probes, the speedup is expected to be increased over the empty metallic cavity case.

5.3.3 Electron Energy Loss Spectroscopy of a 20 nm Aluminum Sphere

As alast test system, we examine the electron energy loss spectrum of an aluminum sphere of diameter
20 nm embedded in vacuum in order to verify the implementation of a fast electron source (cf. Sec. 7.1.2)
and the EELS analysis (cf. Sec. 7.1.1) used throughout Chap. 7 for a detailed analysis of split-ring
resonators.

An electron of kinetic energy E = 200keV, corresponding to v = 0.6953¢, where ¢ is the vacuum
speed of light, passes the aluminum sphere by a minimum distance of 5 nm as sketched in Fig. 5.18. The
electron’s initial position is chosen far away from the sphere, such that the electromagnetic fields induced
by the electron are negligible at the start of the simulation. The permittivity of aluminum is described
by a Drude model (cf. Sec. 2.2.2) and corresponding material parameters e, = 1, wp = 156V, and
hryp = 0.07wp are taken from Ref. [71]. We simulate the system for 7" = 16.6 fs.

The electron energy loss spectra calculated by an analytical expression in Ref. [72] and the DGTD
method are depicted in Fig. 5.19. The analytic spectrum was calculated employing multipoles up to
15" order. Despite minor deviations in the absolute value, the resonance position is met precisely. The
overall agreement is very good even for the relatively low order p = 3. From these results, we assume
that our implementation of the fast electron source and the subsequent analysis work correctly.
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Figure 5.19: Overview (left panel) and close up view (right panel) of electron energy loss spectra
obtained via analytic theory (black solid) from Ref. [72] and DGTD simulation of
order p =3 (red dashed).
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Figure 5.20: Speedup of the GPU over the CPU implementation for the EELS analysis of a 20nm
aluminum sphere.

71




)

DG'TD on Graphics Processing Units

B LSRK Step1 [T Flux
I LSRK Step2 [l Drude ADE
-Qiff B SF Source —O—p=2 —O—p=4
100 0.6
N e S E—
90 1
2 80 _ g 0.5}
2 70 85
© 2 c% 0.4}
§ 60 =%
5 50 57T 03¢}
S 40 §8 G ==9——00—0
(0] > C
?C) 30 § % 0.2_ __ o
o 20 ©
X Ol L~ _ _____ 2~
10
0 0 : : :
30 50 70 90
Order p Number of elements K (x1000)

Figure 5.21: Kernel execution ratio (left panel) and calculation time per element and stage T (right
panel) for spatial orders p = {2,3,4,5}. Dashed guides refer to the asymptotic values
of the empty metallic cavity test.

800

I L SRK Step1
700" | SRK Step2 I
600 | [ Diff .
C_Lift

500 F| T Flux

400 || I SF Source

300
200
100

GFlops/s

Order p

Figure 5.22: Computational power in GFlops/s of time-consuming kernels for polynomial orders
p=12,3,4,5}.

72




5.4 Summary

For the performance analysis, the system is simulated for a series of h-refined meshes and polynomial
orders p = {2,...,5} for 20 time-steps, i.e., 280 evaluations of the DG operator are performed.

In Fig. 5.20, the speedup is depicted in dependence of K. In agreement with the previous test cases,
the speedup is approximately 30-50 and constant in K. The analysis of the kernel execution ratio,
depicted in the left panel of the Fig. 5.21, shows similar behavior, too. The SF source kernel consumes
more time than the Drude kernel. For this system, their total share amounts to less than 4%.

The computational power of time-consuming kernels is summarized in Fig. 5.22. In contrast to other
bandwidth limited kernels, the SF source kernel shows moderate increase with order p in the range
of 60-120 GFlops/s. The behavior of the remaining kernels is similar to the previous test cases with
maximum computational power of 700-800 GFlops/s achieved by the differentiation kernel.

As in most cases, the mesh of this test system is dominated by non-metallic elements and, hence, 7
must behave similarly to previously presented test cases, which is clearly observed in the right panel of
Fig. 5.21.

5.4 Summary

Based on the fundamental hardware design paradigm of graphics processing units and NVidia’s platform
for general purpose GPU applications CUDA, performance relevant issues and the responsibilities of the
programmer to achieve a high-performance DGTD implementation were presented. The instruction to
byte ratio was introduced as the basic guideline to optimal performance. It was demonstrated that
math libraries implementing standard matrix-vector operations cannot yield a sufficiently high I/B
ratio and are, hence, not suitable for a high-performance implementation of the DGTD method.

The algorithm of the DGTD method was analyzed with respect to the I/B ratio, and suitable and
ineligible sections for implementation on the GPU were identified. For linear elements used throughout
the thesis, the computationally intense matrix-vector-products of the element-local differentiation and
the lift of the flux vectors were identified to yield a tunable I/B ratio upon reuse of the reference
element operators. Respective kernels of tunable I/B ratio were implemented and can take advantage
of the GPU’s computational power. Based on a thorough discussion of the partitioning of the DGTD
algorithm into kernels, taking performance, maintainability, and modularity of the code into account,
kernels for the LSRK time integration, the flux calculation, the ADEs of PMLs, the Drude, and the
Drude-Lorentz model, as well as total-field /scattered-field and scattered-field sources of various space-
and time-dependencies were implemented.

Several test cases were employed to verify correct functionality of the implementation. Three of
these test cases, for which analytic reference solutions of the electromagnetic fields are available, were
presented. Many more tests were performed by direct comparison of the well-established CPU and
newly developed GPU implementation in order to guarantee correctness and stability. These tests also
demonstrate that the reasoning which lead to partitioning of the code into kernels was justified.

The implementation of the core components of the method, i.e., the local-element differentiation
and the lift operation were thoroughly described by algorithms with emphagis on the concept of the
tunable I/B ratio. Furthermore, the memory layout of the implementation was described since the
minimization of memory traffic is one of the most important aspects to high performance.

Employing the test cases mentioned above, the performance with respect to the well-established CPU
implementation was analyzed. For polynomial orders p = {2,...,5} and practically independent of the
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number of elements K, the GPU code provides a speedup of 30-55 over the CPU implementation®.

The calculation time per element and stage 7 was shown to be a p-dependent constant with respect
to K for the GPU implementation, i. e., the calculation time scales linearly with K. The differentiation
and lift kernels yield computational powers of up to almost 800 and 600 GFlops/s, which corresponds
to roughly 50% of the theoretical value. This tremendous reduction of simulation time allows us to
approach computationally intense problems such as the EELS analysis of coupled split-ring resonator
systems, presented in Chap. 7.

9We compare the calculation times of simulations performed in single precision on a NVidia® GeForce® GTX580 (GPU
system) and an Intel® Core™ i7 CPU 970 @ 3.20 GHz (CPU system). The CPU system employs a single core.
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Chapter 6

Optical Characterization of Metallic
Nano-Antennae

Metallic nano-antennae convert electromagnetic radiation into localized energy and heat. In the case of
conversion into localized energy, incident light is converted into localized surface plasmons and plasmon
polaritons. These plasmons can be resonantly enhanced resulting in a local field enhancement, i.e., an
amplification of the local field with respect to the incident field. This locally confined, large field is uti-
lized in a variety of methods and techniques, e. g., surface enhanced Raman scattering (SERS), surface
enhanced infrared absorption (SEIRA), near-field imaging, nonlinear optical frequency conversion and
many more, see e.g. |2, 3] and references therein. Below the plasma frequency, the field of a plasmon
is strongly confined to the surface and depends on its environment, hence, metallic nanoparticles and
-antennae can serve as sensing devices, too.

Depending on the application of interest, a nano-antenna is designed to yield a defined ratio of
scattering to absorption. In photothermal cancer therapy [73], for example, ideally all incident light
is converted to heat, i.e., a large absorption cross section is desired. In order to tune the properties
of the nano-antenna, characterization methods must be established that quantitatively measure the
extinction, the scattering, and the absorption cross section of indiwidual nanostructures. Recently,
Husnik et al. [12] presented an experimental setup which determines these cross sections simultaneously
and quantitatively for the first time. Our contribution to their analysis of a series of nano-antennae by
numerical simulations employing the DGTD method is presented in this chapter.!

In order to verify the experimental setup and the associated analysis, the extinction, the scattering,
and the absorption cross section of a series of nano-antennae are calculated by the DGTD method
on GPUs. As in the experiment, we investigate the transition of a straight gold dipole nano-antenna,
referred to as nanorod, into a split-ring resonator by bending wires of roughly equal length into a
“U”-like shape. As a consequence, the nanorod and the split-ring resonators show similar resonance
wavelengths.

For an ideal electric dipole, the scattering cross section scales quadratically with the dipole mo-
ment [32]. As the response of the antennae considered here is dominated by the dipole term of a
multipole expansion and the dipole moment directly depends on the separation of charges, we expect
the dipole antenna to show a larger scattering cross section than the split-ring resonator. Since the
nano-antennae are fabricated from “wires” of nearly the same length, their ohmic resistance and, hence,
their absorption cross section is supposed to be approximately equal. As a result, in transition from

'The general structure of this chapter is guided by Ref. [12].
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w

Figure 6.1: Parametrization of the split-ring resonator (left panel) and the nanorod (right panel).
The split-ring resonator is defined by its width w, height h, thickness t (not shown),
gap width wy, gap height hy, edge radius r and mirror symmetry. Both arms are of
equal width we. The nanorod is defined by its width w, height h, thickness t (not
shown) and edge radius r.

a nanorod to a split-ring resonator, the ratio of scattering and absorption cross section is expected to
decrease. We investigate these aspects in the remainder of this chapter, which is structured as follows:

The nano-antennae, nanorods and split-ring resonators, are parametrized according to a geometric
model presented in Sec. 6.1. In Sec. 6.2, the setup of the simulation including tetrahedral meshes,
material models, excitation, and probing is described. Experimentally and numerically obtained ex-
tinction, scattering and absorption cross sections of the nano-antennae are compared and discussed
in Sec. 6.3. The dependence of the scattering to absorption ratio of a straight dipole antenna on the
ohmic resistance is analyzed in Sec. 6.4. Finally, errors and the influence of several material, geometry,
and simulation parameters are addressed in Sec. 6.5.

6.1 Parametrization of Split-Ring Resonators and Nanorods

The numerical treatment of physical systems by means of the DGTD method demands a geometric
model of the system in the form of a mesh. As alluded to in Sec. 3.1.2, we employ tetrahedra as building
blocks for the mesh. The meshes themselves are created by NETGEN [74], an open source meshing tool.
We define the geometry using constructive solid geometry, i. e., cuboids, cylinders, spheres etc. are used
in conjunction with boolean operations to describe the geometry of the system. As a consequence, the
split-ring resonator and the nanorod must be parametrized in terms of these objects.

The definition of the geometric model and the associated parameters are depicted in Fig. 6.1. The
split-ring resonator is defined by its width w, height h, thickness ¢, gap width wy, gap height hy, and
edge radius r together with the property of mirror symmetry, i.e., the SRR is located such that the
structure is symmetric with respect to x = 0. Consequently, the arms are equal in width. The thickness
t is the system’s extent in z-direction and is not to be confused with the height h, i.e., the extent in y-
direction. Cylinders, parametrized by the edge radius r and indicated by the dashed guides in Fig. 6.1,
are used to model edges which account for the fact that fabricated nanostructures do not exhibit sharp
edges — at least in the lateral dimensions.
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[ ] scatterer

[ Membrane

[ ] Membrane + PML
[ ]Air

Figure 6.2: Sketch of the simulation setup. The scatterer (gold), either split-ring resonator or
nanorod, is located on a silicon nitride membrane (green). Both, scatterer and mem-
brane are embedded in air (cyan). The computational domain is terminated by PMLs
in all directions (white). The blue region represents colocated membrane and PML
property, and the red box indicates the contour of the total-field/scattered-field source.

The nanorod is modeled by a rectangular cuboid of width w, height h, and thickness ¢ with round
edges, as before, defined by the edge radius r.

6.2 Simulation Setup

An overview of the system setup is depicted in Fig. 6.2. The scatterer, either a split-ring resonator
or a nanorod, is located on a silicon nitride membrane of 30 nm thickness whose material is modeled
by a dielectric of constant permittivity emem = 4. In analogy to the experimental setup, the scatterer
and the membrane are embedded in air described by € = 1. It is important to include the “airbox”
as the electromagnetic fields of the source propagate therein. However, due to the limited amount of
computer memory and finite operation speed, an infinitely extended system cannot be simulated. In
order to mimic open space, the computational domain is terminated by PMLs in all directions which, in
conjunction with Silver-Miiller boundary conditions on the outmost surface, absorb outgoing radiation.
Note that the blue region in Fig. 6.2 models both membrane and PML properties.

The scatterers themselves are defined in terms of the model presented in Sec. 6.1. The model pa-
rameters of the four systems of interest, classified as three split-ring resonators and one nanorod, were
deduced from SEM images of the respective experimental structures and are summarized in Tab. 6.1.

77




6 Optical Characterization of Metallic Nano-Antennae

wlnm] hinm] tinm] wgnm] hgnm] rnm]

Split-ring resonator 139 146 35 52 88 19
Intermediate SRR #1 182 124 35 92 68 18
Intermediate SRR #2 227 104 35 145 48 17
Nanorod 292 55 35 - - 21
Nanorod 35nm Au 283 44 35 - - 21
Nanorod 25nm Au, 10nm Cr 283 49 35 - - 21

Table 6.1: Geometry parameters of the scatterers investigated in this chapter based on the model
defined in Sec. 6.1. The parameters of split-ring resonators and nanorods considered
in Sec. 6.3 and Sec. 6.4 are summarized in the upper and lower section, respectively.
Thereof constructed tetrahedral meshes are depicted in Fig. 6.3 and Fig. 6.4.

Gold Chromium
€00 1.00 13.6
wp 13.8x10%Hz 7.81 x 10" Hz
vp 1.08 x 10" Hz 6.75 x 1014 Hz

Aep, 0 17.77
wr, 1.93 x 10 Hz
YL 1.91 x 10" Hz

Table 6.2: Material parameters for gold and chromium in the near-infrared. The values for gold
were originally published by Johnson and Christy [38]. The Drude-Lorentz parameters
for chromium were obtained by a fit in the range 800 — 2000 nm with experimental
data from Ref. [75]. The associated permittivities are depicted in Fig. 6.5. Note that
fysDif’}m = 1.75-vp = 1.88 x 10 Hz is used for simulations in practice.

Tetrahedral meshes modeling the scatterers on the silicon nitride membrane, each consisting of approx-
imately 37k elements, are depicted in Fig. 6.3.

In the experiment, the scatterers were fabricated from gold, hence, the material model of the sim-
ulation must account for the dispersive properties of the metal. In the (near-)infrared regime, where
the fundamental resonance of the structures is expected, the electromagnetic response of gold is well
described by a Drude model (cf. Sec. 2.2.2). The free parameters of the Drude model are deduced from
Johnson and Christy’s famous paper [38] and are listed in Tab. 6.2.

As is known from previous studies [9], the fabrication process leads to internal grain boundaries and
rough surfaces of the gold structures. This leads to additional scattering of electrons and electronic
surface states which, in turn, lead to significantly higher damping when compared to the measurements
of Johnson and Christy. For this reason, we increase the damping used in the simulations by a factor
1.75, i.e. ’Y%H}xu = 1.75 - yp Ay is employed for the calculations of this chapter. The manipulation of
YD influences both the real and imaginary part of the permittivity as depicted in Fig. 6.5.

The system is illuminated by a Gaussian pulse with plane wave spatial profile polarized in x-direction,
i.e., parallel to the base of the split-ring resonator and to the long axis of the nanorod. Technically,
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Figure 6.3: Section of tetrahedral meshes modeling scatterers (gold) in transition from the split-
ring resonator (top left) to the nanorod (bottom right) with two intermediate split-ring

resonators on a silicon nitride membrane (green). The parameters according to the
model in Fig. 6.1 are listed in Tab. 6.1.
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Figure 6.4: Section of tetrahedral meshes modeling nanorods of gold (left panel) and layered

chromium (red) and gold (right panel) on a silicon nitride membrane (green). The
parameters according to the model in Fig. 6.1 are listed in Tab. 6.1.
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Figure 6.5: Real (blue) and imaginary (red) part of the permittivity of gold (left panel) and
chromium. (right panel). Circles represent experimental data of Johnson and Christy
for gold [38] and chromium [75]. The permittivities are modeled by a Drude and a
Drude-Lorentz model (solid lines), respectively. Associated material parameters are
listed in Tab. 6.2. In the left panel, the dashed lines result from adjusting the damping

stm

to vphy = 1.75 - YD, au-

the source is implemented by a total-field /scattered-field source (cf. Sec. 4.2.1). Therefore, the TF/SF
contour, indicated by a red box in Fig. 6.2, divides the computational domain into the total-field region,
including the scatterer and parts of the membrane on the inside, and the scattered-field region on the
outside.

Employing our GPU implementation of the DGTD method, the simulations are performed in fourth
order spatial discretization, i.e., p = 4, which yields sufficiently converged results for all systems
considered in this chapter [14]. The simulation is run for 166 fs which ensures at least 250 optical cycles
for waves of A\ = 2000 nm, the longest wavelength (slowest oscillation) under consideration.

The scattering and absorption cross sections are calculated from the flux through a closed surface
around the scatterer (cf. Sec. 2.3). Therefore, the total field on the inside and the scattered field on
the outside of the TF/SF contour are processed according to Eq. (2.42) and Eq. (2.43), respectively.
Finally, the extinction cross section is computed by Eq. (2.44). Note that this setup has been checked
for correctness in Sec. 5.3.2.

6.3 Extinction, Scattering, and Absorption Cross Section

In this section, we compare extinction, scattering, and absorption cross sections obtained by theory
and experiment for the four systems defined in Sec. 6.2. Husnik et al. [12| developed an experimental
setup which, for the first time, determines both the extinction and the scattering cross section of
individual nanostructures simultaneously and quantitatively. Consequently, the absorption cross section
is calculated from extinction and absorption by Eq. (2.44). The experimental setup is based on a spatial
modulation technique combined with a common-path interferometer. Their analysis employs the optical
theorem and the ideal-electric-dipole approximation which limits the approach to structure sizes small
compared to the wavelength of the incident light. For details about the experimental setup and the
analysis, the reader is referred to Ref. [12].
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Figure 6.6: Extinction (blue), scattering (green) and absorption (red) cross-section spectra of scat-
terers in transition from a nanorod to a split-ring resonator (top to bottom) in absolute
units. The left column shows experimental values (circles) and Lorentzian fits (solid
lines) as guides to the eye (data by courtesy of M.Husnik and M. Wegener). The sim-
ulated spectra are located in the right column. The scale bar of the insets is 100 nm,
and the doublearrow indicates the polarization of the incident electric field.
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The extinction, scattering and absorption cross-section spectra of both the experiment and the sim-
ulation of the four systems are summarized Fig. 6.6. In the experiment, only extinction and scattering
cross section data is accessible as marked by circles. The absorption cross section is calculated employ-
ing Eq. (2.44).

As intended, all four systems exhibit approximately the same resonance wavelength for both ex-
periment and simulation. However, a slight, consistent red-shift is observed in the numerical results
compared to the experiment.

The absolute values of the extinction cross section agree for all structures while the scattering and
absorption cross sections slightly differ, especially for the dipole-like nanorod. In transition from the
nanorod to the split-ring resonator, the absorption cross section decreases slightly in the experiment
and is practically constant in the simulation due to the similar ohmic resistances of all structures. For
both cases, the scattering cross section drops substantially in accordance with the anticipated smaller
dipole moment of the SRR compared to the nanorod. In a consistent manner throughout all structures,
the measured absorption is slightly larger than the calculated one while the simulated scattering cross
section is larger than the measured one.

All tendencies discussed in the introduction of this chapter could be confirmed by overall good
agreement between experiment and simulation. Nevertheless, deviations of experiment and simulation
as well as the influence of material and geometry parameters are addressed in Sec. 6.5.

6.4 Tuning of the Scattering to Absorption Cross Section Ratio

Despite the shape of the nano-antenna, the ratio of scattering and absorption cross section also depends
on the ohmic loss of the structure. Focusing on the nanorod, it is this dependence that we want to
investigate in this section by manipulation of the nano-antenna’s ohmic resistance. Experimentally,
the ohmic resistance of the nanorod is manipulated by introduction of chromium, which is known to
possess a much higher damping than gold. Consequently, the scattering to absorption cross section
ratio is expected to decrease.

In both the experiment and the simulation the nanorod is structured as a layered system of 10 nm
thickness of chromium underneath 25 nm of gold. A nanorod of 35nm of gold is used for comparison.
The remaining parameters were deduced from SEM images of the experimental structures according
to the model in Sec. 6.1. Tab. 6.1 summarizes the geometry parameters, and, visualizing the material
distribution, Fig. 6.4 depicts tetrahedral meshes of both nanorods.

The Drude model of gold, used in the previous section, is reemployed. Chromium is described by
a Drude-Lorentz model, fitted in the region 800nm - 2000nm to experimental data from Ref. [75]
employing the method of Sec. 2.2.4. The dispersion relation of both metals is depicted in Fig. 6.5, and
the related material model parameters are listed in Tab. 6.2.

The cross section spectra of extinction, scattering and absorption for both experiment and simulation
are depicted in Fig. 6.7. The resonance positions of experiment and simulation match well. The
chromium layer causes a strong red-shift of the resonance wavelength due to the almost positive real
part of the permittivity %{eCr} (cf. Fig. 6.5). As expected, the ratio of scattering to absorption
decreases substantially due to the increase of the ohmic resistance. Interestingly, it is the scattering
cross section that drops significantly while the absorption remains practically constant in absolute
value. As in the previous section, the simulation shows slightly larger scattering and smaller absorption
compared to the experiment. The anticipated trends, however, are confirmed.

82




6.4 Tuning of the Scattering to Absorption Cross Section Ratio

o
~

o
w

o
[N

©
[

/\

Cross section [um?]
o

04 +—> +—> — Extinction
r——— Pr—— —— Scattering
0.3 — Absorption

o
[N

j

OM
11 12 13 14 15 16 11 12 13 14 15 16
Wavelength [um]

Figure 6.7: Extinction (blue), scattering (green), and absorption (red) cross-section spectra of
nanorods of 35nm gold (top row) and layered 25nm gold on 10nm chromium (bot-
tom row) in absolute units. The left column shows experimental values (circles)
and Lorentzian fits (solid lines) as guides to the eye (by courtesy of M.Husnik and
M. Wegener). Simulated spectra are located in the right column. The scale bar is
100 nm, and the doublearrow indicates the polarization of the incident electric field.
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6.5 Errors and Parameter Tendencies

At last, sources of errors and the influence of the parameters involved in the previously presented
simulations are addressed. We distinguish between systematic errors caused by the employed methods,
e. g., the spatial discretization by the DG method, and problem-gpecific errors induced by, e. g., geometry
and material parameters.

The 14-stage 4*P-order LSRK time-integration method ensures that the error is dominated by the
spatial discretization which, for polynomial order p = 4 (cf. Sec. 6.2), yields sufficiently converged
results, as reported in Ref. [14]. In addition, we check for correct functionality of the TF/SF source for
each of the presented results. Therefore, the metallic elements of a system are assigned ¢ = 1 which
resembles the source’s reference behavior. Ideally, the observed extinction, scattering, and absorption
cross sections are identical to zero, as, in essence, the source’s reference system is simulated. Due to
the limited precision of numeric simulation, non-zero cross sections several orders of magnitude below
the reported absolute values of the previous sections are observed which, in turn, indicates correct
functionality of the source.

Deviations between simulation and experiment are consequently caused by the description of the
system itself. The abstract representation of the system’s geometry by a tetrahedral mesh introduces
deviations. For example, the roughness of an experimental sample is not modeled as the surfaces of the
scatterers are described by simple objects such as cylinders, spheres, and planes. The lateral extent
of the scatterer is well determined by SEM images of nm-precision. In contrast, the thickness of a
structure is estimated rather than measured as fabrication rates are used to determine the sample’s
thickness.

An extensive parameter study on gold split-ring resonators, including the influence of the thickness,
is presented in Ref. [14]. Therein, in the range of 20 — 50 nm, increasing thickness causes a blue-shift
of the resonance wavelength, a decrease of absorption, and an increase of scattering while extinction
remains practically constant. This behavior was consistently reproduced for both, the SRR and the
nanorod. However, increased thickness would compensate only for the red-shift between theory and
experiment and worsen scattering, absorption, and extinction values.

Another source of uncertainty arises from the material parameters of gold. Due to the surface
roughness of the experimental sample, which is accounted for by an artificially increased damping
parameter V%ﬂu, a realistic material model is difficult to state. By Eq. (2.24), increasing vp results
in a practicalfy constant R{e(w)} and strongly increasing I{e(w)} employing the material parameters
of Tab. 6.2. For both, the nanorod and the SRR, this results in a decrease of scattering and an
increase of absorption while leaving the resonance wavelength practically unchanged. Based on these
tendencies, a combination of increased thickness and ~yp approaches the experimental values in all
aspects, i.e., resonance wavelength, scattering, absorption, and extinction cross sections. However,
it should be emphasized that we did not “tune” the geometry and material parameters to artificially
match experiment and theory.

At last, the uncertainties of the chromium model are addressed. The experimental values of e¢; in
the near-infrared of Johnson and Christy [75] and Palik [40] differ considerably. The influence of the
thickness of the chromium layer while retaining the total thickness of the nanorod was investigated
using the values of Johnson and Christy. Increasing the ratio of chromium results in a red-shift of the
resonance wavelength due to the “quasi dielectric” behavior of chromium, i.e., R{ecy (A)} > R{eau(N)}.
Furthermore, both the scattering and the absorption cross section decrease slightly.
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Chapter 7

Electron Energy Loss Spectroscopy of
Split-Ring Resonators

Electron energy loss spectroscopy is a characterization method for nanostructures which gained con-
siderable attention during the last decade |2, 76]. The method is based on the analysis of the en-
ergy distribution of initially monoenergetic electrons after their interaction with a specimen. A vari-
ety of physical systems such as bulk, films, nanoparticles and nanostructures have been investigated,
see Refs. [71, 76-79] and references therein. The energy loss suffered by an electron ranges from sub-eV
to keV giving access to a large number of physical phenomena, e.g., inter and intra band transitions,
plasmon excitations, inner shell ionizations and Cerenkov radiation [80].

In this thesis we are interested in the properties of plasmonic structures with typical energy loss
below 10eV probed by “fast” electrons with kinetic energy larger than 100keV, often referred to as
valence EELS. In practice, these analyses are conducted using scanning transmission electron micro-
scopes (STEM), where the sample is scanned by the electron beam and the electrons’ energy distribution
after interaction with the specimen is analyzed. A large number of electrons contributes to the zero
loss peak (ZLP), i.e., the initial energy of the electrons is distributed around a mean value. Scattered
electrons whose interaction energy is smaller than the width of the ZLP cannot be detected as is the
case for, e.g., phonon interaction. The ZLP consequently defines the minimum detectable interaction
energy for EELS and is continuously minimized to increase the sensitivity of the method reaching
0.3¢eV in the best STEM-EELS setups [81]. In contrast to the experiment, the excitation employed in
the numerical simulation is perfectly monoenergetic and, hence, the energetic resolution of the EELS
analysis is not limited by the ZLP.

Inelastically scattered electrons contain information about the structure of the specimen “encoded”
in their energy loss suffered from the interaction with the specimen, i.e., each electron loses an amount
of kinetic energy specific to the interaction process. In the experiment, the energy loss is analyzed using
a variety of energy filters. For technical details about the setup of the experiment the reader is referred
to Refs. [76, 80]. In order to study fundamental interaction processes using EELS, multiple scattering
processes must be avoided. Consequently, the specimen is limited in thickness by the mean free path
which is about 50 — 150 nm for 100keV electrons [80]. Furthermore, extremely thin membranes are
employed to minimize the influence of the supporting structure.

An outstanding characteristic of STEM-EELS, rendering it a suitable method for the investigation
of nanostructures, is the sub-nm spatial [78] and sub-eV energetic resolution with reported sensitivity
below 0.2eV [25, 71, 76, 79]. In addition, due to the point-like excitation, optically bright and dark
modes can be efficiently excited [82, 83].
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Several nanostructures of different shapes consisting of various materials have been investigated, e. g.,
nanotriangles of silver [78] and gold [84], silver nanorods [85] as well as split-ring resonators of silver [86]
and gold [25] with resonances in the near-infrared to visible regime. Surprisingly, only few structured
systems composed of more than one metaatom have been considered, e.g., dimers of silver spheres,
both, experimentally [82] and theoretically [24], and formations of gold [79]. In the context of this
thesis, individual and coupled systems of gold split-ring resonators were investigated numerically and
compared to experimental results [13].

The fundamentals of the EELS analysis are presented in Sec. 7.1 including the calculation of the loss
probability — the central quantity in an EELS experiment representing the loss distribution suffered by
an electron — from a time-domain simulation and the simulation of a relativistic electron in the context
of the DGTD method. The single split-ring resonator located on a 30 nm silicon nitride membrane is
analyzed in great detail using EELS in Sec. 7.2. After a comparison of the EELS analysis to a variety
of other spectroscopic methods, the remainder of the thesis is dedicated to the analysis of systems of
split-ring resonators composed of two and four metaatoms in Sec. 7.3.

7.1 Fundamentals of the Electron Energy Loss Spectroscopy Analysis

In this section, the theoretical fundamentals required for the EELS analysis using the DGTD method
are presented. As alluded to in the introduction of this chapter, EELS is based on the analysis of the
energy distribution of initially monoenergetic electrons after their interaction with a specimen. On a
theoretical level, only a single electron is considered for the analysis. The theoretical analog to the
energy distribution is the loss probability P which describes the probability for an electron to lose
a specific amount of energy AFE with respect to its initial (kinetic) energy. The loss probability is
subsequently associated with an interaction process, e.g., the excitation of a (surface) plasmon mode.
The calculation of the loss probability by a time-domain numerical simulation is described in Sec. 7.1.1.

In contrast to the experiment, a single relativistic electron is required as a source of radiation to
perform the analysis presented in Sec. 7.1.1. In order to include the relativistic electron in a DGTD
simulation, its space- and time-dependent electric field must be known. Hence, details about the
excitation in the context of the DGTD method are addressed in Sec. 7.1.2.

7.1.1 Calculation of the Loss Probability in the Time-Domain

We follow the classical dielectric formalism [71]| to describe the energy loss suffered by a single fast
electron moving at constant velocity vV along the straight line trajectory to(t) = Ty + Vt. This implies
that the fields induced by the electron do not influence the momentum of the electron which is a
reasonable assumption for fast electrons and is known as the no-recoil approximation (NRA) [71]. The
energy loss is related to the force exerted by the induced electric field acting back on the electron by

AEze/dtv-Eind(f’e(t),t), (7.1)

—00

where End (f’, t) is the electric field of the induced plasmonic oscillation and e is the elementary charge.
Alternatively, the energy loss AFE is expressed by

AFE = [ dwhwP(w), (7.2)
/
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where the loss probability P(w) accounts for the probability of losing the energy fuww during interaction.
Replacing End (1_“', t) by its Fourier transform in Eq. (7.1) and exploiting E"¢ (f', w) = —Eind (f’,w)*, the
loss probability expressed in terms of the induced field reads

Pw) = % / dt§R[e’mv-ﬁind(f’e(t),w)}, (7.3)

where R[.] denotes the real part. In order to examine the loss probability, a Fourier transform of
Eind (F, t) must be calculated for every point along the trajectory To(t),t € [—oo,oo}. Eq. (7.3) is
the central equation of the EELS analysis as it provides a straightforward relation between the loss
probability and the induced electric field which is directly accessible everywhere in the computational
domain when exclusively employing SF sources (cf. Sec. 4.2.2). When employing total-field /scattered-
field sources as is the case in Ref. [24], the induced field is directly accessible in the scattered-field
region only.

7.1.2 Excitation of a Relativistic Electron in DGTD

The electromagnetic field of a fast electron can be regarded as an evanescent source of radiation “travel-
ing” through space. The associated dispersion relation lies outside the light cone to which propagating
optical fields, e. g., plane waves in homogeneous dielectric media, are limited. As a consequence, surface
plasmons can be directly excited by fast electrons [71].

The relativistic electron is modeled by a scattered-field source, introduced in Sec. 4.2.2, which exploits
several advantages over the originally proposed total-field /scattered-field technique used in Ref. [24].
First, the mesh does not need to be adapted in order to raster-scan a nanostructure. Second, using
a total-field /scattered-field source introduces a conceptual error when scanning the nanostructure.
The field of the electron does not induce electromagnetic fields in the scattered-field region which
is the fundamental property of the total-field /scattered-field source. This becomes an issue when the
scattered-field region intersects with the metal structure where a field is supposed to be excited on the
entire structure and not exclusively in the total-field region.

The formalism of the scattered-field source requires the space- and time-dependent electric and
magnetic field E(f’, t) and ﬁ(f’, t), respectively. An electron modeled by a point charge moving at
constant velocity v along the trajectory Te(t) = 1o + Vt is described by the charge density p(F, t) =
ed (T — Te(t)) and the resulting current density I(f’, t) = Vp(T,t) [24]. The electric and magnetic fields
are determined from the Liénard-Wiechert potentials [30] and read

—

’y&(f’, t) - v
c

B(T,t) = : - w0 () =
<‘5(F, ] + (o) (d(Ee) - 9) )

where &(f’, t) =Te(t) —Tand v = (1 - (U/C)2>

/2
denotes the Lorentz factor.

7.2 The Individual Split-Ring Resonator

In this section, we perform an electron energy loss spectroscopy analysis of a single gold split-ring
resonator and compare the results to a variety of other characterization methods. As alluded to in the
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introduction of this chapter, single split-ring resonators fabricated from silver [86] and gold [25] have
been analyzed in great detail including parameter studies on size-dependence. The fundamental char-
acteristics of the system and the analysis of the individual split-ring resonator are, however, the basis
of the investigation of coupled split-ring resonator systems in Sec. 7.3 where two and four individual
split-ring resonators form the physical system. Therefore, we employ this section to familiarize the
reader with the various setups and analysis methods applied in the remainder of the thesis, organized
as follows:

In Sec. 7.2.1, the setup of the EELS analysis including details about the geometry of the system,
applied materials, and the numerical setup is presented and followed by a verification of the applied
settings in Sec. 7.2.2. The results of the characterization — EELS spectra, deduced resonances and
EELS maps — are presented in Sec. 7.2.3. The results of the EELS analysis and other characterization
methods are compared in the subsequent sections. At first, harmonic inversion is employed to analyze
the time-domain electric field in Sec. 7.2.4. Next, the mode profile of the electronic eigenmodes is
calculated and compared to the EELS maps in Sec. 7.2.5. Finally, the extinction cross section is
calculated to verify the declaration of optical bright and dark modes and cross check the resonance
energies by EELS and the harmonic inversion in Sec. 7.2.6.

7.2.1 Simulation Setup

We investigate a single split-ring resonator defined by w = 195nm, wy = 107nm, h = 186nm, hy =
137nm, r = 18nm (cf. Fig. 6.1) and thickness 40nm located on a membrane of 30 nm thickness. A
schematic overview of the system setup (not drawn to scale) is depicted in Fig. 7.1. The silicon nitride
membrane is modeled by an isotropic, non-dispersive material of ¢ = 4. Split-ring resonator and
membrane are “embedded” in air, i.e., ¢ = 1. The computational domain is terminated by perfectly
matched layers of 400 nm width and Silver-Miiller boundary conditions mimicking an open space system
by absorbing outgoing radiation. As in the previous chapter, the tetrahedral mesh is created using
NETGEN and consists of 35k elements. The section of the tetrahedral mesh modeling the split-ring
resonator is depicted in Fig. 7.2.

The source of radiation is a relativistic electron modeled by a scattered-field source as described
in Sec. 7.1.2. Due to the NRA, the electron’s trajectory is known a priori and we are free to define
its propagation direction and velocity. For the remainder of the thesis, we choose ¥ = vy - é,, vg =
0.6953c, where c is the vacuum speed of light, i. e., the electron propagates parallel to the z-Axis. This
corresponds to a kinetic energy of 200 keV.

As in the experiment, we raster-scan the sample by modification of the electron’s initial coordinates
xo and yo. Note, however, that a single simulation provides the loss probability associated with a single
pair (zg,y0). Therefore, in general a large number of independent simulations must be performed to
obtain a full scan. Due to the symmetry of the physical system with respect to the yz-plane, only the
domain in positive z-direction must be scanned which reduces the number of calculations by a factor
of 2. The loss probability in the halfspace x < 0 is determined by

P(—;U,y;w) = P(x,y;w) . (7.5)

The total amount of simulations depends on the area of interest and the desired resolution. In
case of the single split-ring resonator, a region of 220nmx440nm resolved in a 10nm grid requires
approximately 1000 simulations. Employing the symmetry property Eq. (7.5), the loss probability in
an area of 440 nm x440 nm is obtained. The system is simulated in third order spatial discretization for
133 fs.
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Figure 7.1:

Figure 7.2:

|:| Scatterers
- Membrane
|:, Membrane + PML

Sketch of the EELS simulation setup. The scatterers (gold), either the single split-ring
resonator or configurations of split-ring resonators (Sec. 7.83), are located on a silicon
nitride membrane (green). Both, scatterers and membrane are embedded in air (cyan).
The computational domain is terminated by PMLs in all directions (white). The blue
region models colocated membrane and PML properties. The plane of symmetry at
x =0 (gray) is explicitly modeled for the calculation of the harmonic inversion and
the mode profile only.
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Section of tetrahedral meshes modeling the single split-ring resonator (gold) on a sil-
icon nitride membrane (green) excluding and including the symmetry plane (gray) in
the left and right panel, respectively. The first is employed for the EELS analyses
while the latter is used for the calculation of the mode profile and harmonic inversion.
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Gold
€0 6.21
wp  13.4 x 10" Hz
vp  1.04 x 1014 Hz
Aer, 1.00
wr,  4.02 x 1015 Hz
vo  5.81 x 101 Hz

Table 7.1: Optimized Drude-Lorentz parameters for gold in the range 500 — 2000 nm. The associ-
ated permittivity is depicted in Fig. 7.5.

Due to the large number of simulations, we employ the GPU implementation of the DGTD method
described in Chap. 5. Consequently, the calculation is performed in single precision and we must verify
that the employed floating-point precision yields sufficiently accurate results. Therefore, we recalculate
several simulations using a regular CPU implementation with double precision. A comparison of both
floating-point precision calculations demonstrates that the analysis presented in the following sections
of this thesis suffers neither qualitative nor quantitative differences.

In order to calculate the loss probability according to Eq. (7.3), it is sufficient to record the z-
component of the induced field Eiznd (f’e(t) ,t) as the electron propagates parallel to the z-axis. In a
postprocessing step, we obtain £"d (f’e(t) ,w) by a fast Fourier transform of the time-domain field.

An important detail is the material model which is used to describe the dispersive properties of gold.
Here, a Drude-Lorentz model is employed whose free parameters were optimized to the experimental
data of Johnson and Christy [38]. The parameters optimized in the range of 500 — 2000 nm by means
of the procedure described in Sec. 2.2.4 are summarized in Tab. 7.1. The resulting dispersion relation
along with the experimental data is depicted in Fig. 7.3.

7.2.2 Validation of Applied Analysis and Simulation Setup

The principle setup of the EELS simulation was already validated in Sec. 5.3.3, when we compared
analytically and numerically determined electron energy-loss spectra. However, we must ensure that
the slightly modified setup including the split-ring resonator works correctly.

Thus, before continuing with the electron energy loss spectroscopy analysis, we take a closer look at
the recorded time-domain data in order to validate the simulation setup and the excitation of plasmons
by the electron source. Fig. 7.4 depicts the modulus of the electric field in the time-domain. In this
setup, the electron penetrates the right arm of the SRR as indicated by the inset of Fig. 7.4. The SRR
and the membrane span zgrg € [0, 0.04] and Zmem € [—0.030, 0], respectively.

Strong field oscillations are observed once the electron is in proximity of the SRR. These correspond
to plasmonic oscillations of the SRR excited by the passing electron. Surface plasmons are identified
on both sides of the SRR. The field oscillations decay on several different characteristic time-scales
associated with the life-time of the plasmonic oscillations.

In order to calculate the loss probability Eq. (7.3), we perform a Fourier transform of the time-
dependent electric field to obtain the spectrum along the trajectory Eind (Fe(t) ,w). This corresponds
to an integration along a horizontal line in Fig. 7.4 whereby we are bound to the limited simulated
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Figure 7.3: Permittivity of gold in the range of 500 — 2000 nm. The plots show the real (left
panel) and imaginary (right panel) part of the permittivity € for gold based on the
optimized parameters (solid lines) in Tab. 7.1. Crosses indicate experimental data
taken from Ref. [38]. Note the logarithmic scale due to the large change in permittivity.

time. In order to guarantee a sufficiently accurate approximation of the Fourier integral, the dominant
contributions of Ei" (. (¢),t) must be provided by the simulation. This condition is fulfilled as the
field decays by several orders of magnitude during the simulated time (cf. Fig. 7.4).

Due to the limited computational domain, the integration along the trajectory in Eq. (7.3) must
be truncated as well. As the modulus of the field and, hence, of the spectrum is several orders of
magnitude smaller near the limits of the recorded trajectory compared to the dominant contributions
near the SRR, the integration is accurately approximated.

7.2.3 Characterization by EELS Spectra and Maps

In this section, we characterize the single split-ring resonator by the loss probability and visualize the
results by means of EELS spectra and EELS maps. An energy loss of only few eV is attributed to
plasmonic resonances [80]. Therefore, we analyze the loss probability in the range of 0.4 — 2.5¢V.

Fig. 7.5 shows EELS spectra, i. e., the loss probability as a function of the energy loss AFE, for three
electron trajectories as indicated by the inset. Several resonance energies can be identified by the
Lorentzian peaks of the individual spectra in the range 0.4 — 1.9eV. Above that range, several more
resonances can be anticipated but are no longer distinguishable due to their spectral overlap. The
first four resonance energies deduced from the EELS spectra, indicated by the gray dashed guides in
Fig. 7.5, are listed in Tab. 7.3 on page 97.

In the spectral region considered here, the features of the EELS spectrum are associated with the
electromagnetic eigenmodes of the SRR [78] which are dominated by the collective oscillations of the
free electrons, also referred to as plasmons. Both surface plasmons, i.e., oscillations bound to the
surface of the structure, and bulk plasmons, i.e., collective oscillations in the entire volume of the
structure, contribute to the spectrum. Plasmons have a limited life-time associated to the width of a
resonance. In the case of the single SRR, plasmons of different life-times can be identified in Fig. 7.5.

The spatial dependence of the loss probability is trivially apparent upon comparison of the three
EELS spectra. The fundamental resonance at AE = 0.69¢eV, for example, is contained only in the
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Figure 7.4: Pseudo-color plot of ‘E;"d(z,t)‘ in dependence of the (normalized) simulated time
and the coordinate z for (x,y) as indicated by the red dot in the inset. The black
line indicates the position of the electron moving ot Vv = 0.6953c - é,. The inset also
visualizes the trajectory of the electron in the xy-plane. The bottom plane of the SRR
and the top plane of the membrane are both located at z = 0.

40 T T T T T T T T

T
———
.

35

30

T
—
L]
L]

25

15

10

Loss probability [arb. units]
N
o

16 1.8 2 22 24
Energy loss AE [eV]

04 06 08 1 1.2 14

Figure 7.5: EELS spectra of the single split-ring resonator for distinct electron trajectories centered
above the base (blue), above the right arm (green) and right of the SRR (red). The
inset visualizes the trajectory of the electron in the xy-plane.
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Figure 7.6: EELS map (top row) and field distribution of the E,-component (bottom row) for the
first four resonance energies of the EELS spectrum calculated for the single split-ring
resonator. The white contour represents the boundary of the SRR. The resonance
energies correspond to the dashed guides in Fig. 7.5. The colorbar is individually
normalized for each tmage, i. e., colors in different images indicate different absolute
values.

spectra taken on top (green) and right (red) of the SRR’s right arm. This is clearly attributed to
the modal profile of the plasmonic structure. In fact, the experimentally and numerically accessible
spatial dependence is exactly what renders EELS an excellent tool for the characterization of plasmonic
systems.

The spatial dependence of the loss probability for a constant energy loss, i.e., P(x,y;w), where
x,y represent the electron’s initial coordinates, is visualized in EELS maps. The EELS maps for the
first four resonance energies, indicated by gray dashed guides in Fig. 7.5 and listed in Tab. 7.3, are
summarized in the top row of Fig. 7.6. Note that the scale of the colorbar is normalized for each image
independently, i. e., identical colors indicate different absolute values in different maps throughout the
remainder of the thesis.

The fundamental resonance at AE = 0.69 eV shows maximum loss probability at the arms and nearly
zero at the center of the base, i.e., it is most likely for the electron to lose AE = 0.69¢eV at the tip of
the SRR’s arms. Clearly, a systematic evolution of the probability profile is observed as one “hot spot”
and one node is added per next higher resonance. The map of the second resonance at AF = 1.19¢V
comprises maximum loss probability at the tip of the arms and the base of the SRR. Maximum and
moderate loss probability of the third resonance at AE = 1.48 ¢V is observed at the lower and upper
corners of the SRR, respectively. At AE = 1.82¢eV three hot spots of loss probability are found in
the center of the arms and the base. With increasing resonance order, the spectral distance between
resonances decreases and the extrema of the loss probability are located closer to each other which is
in agreement with Refs. [25, 86].

The interpretation of EELS maps is a somewhat delicate issue and a matter of ongoing debate |77, 87].
In 2007, Nelayah et al. [78] suggested that the EELS signal maps the eigenmodes’ field distribution
which is in accordance with the findings of Abajo et al. [77, 88], who demonstrate that EELS directly
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renders the photonic local density of states (LDOS). Based on these results, the EELS signal was used to
identify plasmonic modes and associated charge (density) distributions in split-ring resonators |25, 86].
However, recently Hohenester et al. [87] showed that there is no direct link between EELS and LDOS,
stating that often both quantities qualitatively agree. In the following, we want to gain insight into
the interpretation and verify the acquired data by employing a series of alternative characterization
methods.

7.2.4 Harmonic Inversion of the Electric Field

In order to verify the resonance energies previously determined from the EELS spectra, we employ
HARMINV [89, 90] to analyze the time-dependent electric field recorded at specific points. HARMINV
is a free software which employs harmonic inversion to analyze a time-domain signal by assuming
the signal to consist of a finite number of decaying sinusoids and determines the frequencies, decay
constants, amplitudes, and phases thereof. In addition, the symmetry with respect to the yz-plane of
the decaying sinusoids can be determined. Therefore, odd or even symmetry of the excited modes is
explicitly enforced by employing PEC or PMC boundary conditions on the plane x = 0, respectively.
This requires slight modifications of the geometrical and numerical setup.

Simulation Setup

The general setup of the system is not altered compared to Sec. 7.2.1, i.e., the dimensions of the SRR,
the membrane, the PMLs as well as the gold material model are identical to the setup of the EELS
analysis described in Sec. 7.2.1. In order to take advantage of the geometrical symmetry with respect to
the yz-plane, an artificial plane, referred to as the symmetry plane, is introduced at x = 0 as visualized
in Fig. 7.1. Note that the SRR is centered with respect to the z-axis. Either PEC or PMC boundary
conditions are assigned to the symmetry plane to enforce odd or even modes. As a result, only one half
of the system must be simulated as the other half must obey the applied symmetry, i.e., we set

E(:U,y,Z) = —E(—x,y, z) for PEC,
E(w,y,z) = E(—x,y, z) for PMC.

Consequently, one simulation must be performed for each boundary condition. The tetrahedral mesh
consists of 23k elements. The section of the mesh modeling the split-ring resonator and the plane of
symmetry is depicted in Fig. 7.2. With exception of the symmetry plane at x = 0, the computational
domain is limited by PMLs and Silver-Miiller boundary conditions as before.

In contrast to the EELS simulations, the sample is not scanned, but a single electron trajectory is
used to simultaneously excite as many modes as possible. Therefore, the trajectory of the source is
determined from the EELS maps where a location is sought that shows high loss probability for all
resonances. We choose a trajectory parallel to the z-axis passing the SRR at the tip of its right arm as
indicated by the green dot in the inset of Fig. 7.5.

The time-dependent electric field is recorded at three points located 20 nm above the SRR as indicated
in the inset of Fig. 7.5. In this region, a strong contribution to the EELS signal can be expected [87].
The simulation is performed in sixth order spatial discretization.

(7.6)

Analysis of the Electric Field by Harmonic Inversion

For all three points, each component of the electric field is analyzed resulting in nine independent sets
of resonance energy hw, quality factor () and associated boundary BC. Robustness of the analysis is
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# 1 2 3 4
hweV] 069 119 1.48 1.82
Q 11 4 9 13

BC PEC PMC PEC PMC

Table 7.2: Resonance energy, quality factor and associated boundary condition for the first four
resonances of the single split-ring resonator obtained by employing HARMINV.

guaranteed by accepting only those sets which reproduce under variation of the input parameters given
to HARMINV. In addition, a resonance must be found at least three times in all sets within a tolerance
of 0.01eV in order to be accounted.

The resonance energies, quality factors and associated boundary conditions obtained by this approach
are listed in Tab. 7.2. A direct comparison of the resonance energies to the results of other charac-
terization methods is provided in Tab. 7.3 on page 97. The agreement with the resonance energies
determined from the EELS spectra is very good. We will make use of the determined mode symmetry
in the following section where we compare the modes of the electric field to the EELS maps.

7.2.5 Comparing EELS Maps to the Modes of the Electric Field

We want to gain insight into the interpretation of EELS maps by comparing them to the mode profile
of the field. Due to the linearity of the system, we express the time-dependent field as a sum over the
modes of the system by

E(f,t) = Y E(fw) e, (7.7)

where E(f’, wi) is the mode profile of the field for the eigenfrequency w;. We calculate the mode profile
E, (f’, wi) for the resonance frequencies obtained by the EELS analysis (cf. Tab. 7.3) via an on-the-
fly Fourier transform [15] of the electric field in a plane 20nm above the SRR reusing the setup of
Sec. 7.2.4. In fact, we deduce both, the time-dependent electric field and the mode profile, from the
same simulation.

The EELS analysis of Sec. 7.2.3 does not provide phase information of the mode [77, 86] which is
required to construct the profile in the negative halfspace z < 0 using Eq. (7.6). Consequently, the
phase relation must be obtained by another approach. Employing the symmetry of the system, the
harmonic inversion in Sec. 7.2.4 delivers the boundary condition (cf. Tab. 7.2) and, hence, the symmetry
associated with each mode.

The magnitude of the z-component of the electric field |E, (x,y;wi) | calculated at the resonance
frequencies w; previously obtained from the EELS simulations is depicted in the bottom row of Fig. 7.6.
We observe a similar pattern in the field distribution of the modes compared to the EELS maps in the
top row. Due to the symmetry of the system, we obtain alternating odd and even modes.

The first order mode, an odd mode, has one node and two extrema at the tips. The second mode,
an even mode, contains two nodes at the center of the arms and three extrema located at the tip of
the arms and in the base. For each next higher order one node and one extremum is added to the
mode profile. Therefore, the third order mode at hiw = 1.48 eV has extrema at all corners of the SRR
with alternating orientation along the SRR. The fourth order mode at hw = 1.82eV comprises five
extrema and four nodes. In accordance with Refs. [25, 86|, the eigenmodes are standing waves along
the split-ring resonator.

95




7 Electron Energy Loss Spectroscopy of Split-Ring Resonators

0-5 T T T T T T T T ° 40
_ 35
NE 0.4r ° . E
= 30 ‘e
5 =
S 0.3 X 12 5
2 F A 120 £
8 Iy °
S 0.2} / \ g
_5 / 115 g_
..5 0
= 10 &
K01t 2
5
0 L 0
04 06 08 1 12 14 16 18 2 22 24

hweV]

Figure 7.7: Extinction cross-section spectra and FELS spectra for the single split-ring resonator.
The extinction cross sections were obtained using horizontally (solid black) and verti-
cally polarized (dashed black) plane waves, respectively. The EELS spectra are identical
to those in Fig. 7.5 and serve for comparison.

The EELS maps represent the (squared) magnitude of the electromagnetic eigenmodes projected
along the trajectory, here the z-axis, as suggested in Refs. [78, 86]. However, minor deviations are
observed at the tips of the SRR’s arms for the third and fourth resonance in accordance with Ref. [86].

7.2.6 Comparing EELS and Extinction Cross-Section Spectra

The electronic system of a plasmonic structure can support optically bright and dark modes. Modes
that can be excited using optical fields, e.g., plane waves, are stated optically bright. In contrast,
optical dark modes cannot be (efficiently) excited using optical fields. The relativistic electron excites
both optical bright and dark modes. Consequently, both of them contribute to the EELS spectrum. As
a result, resonances can spectrally overlap, and the identification of their resonance energies might be
hindered. Employing planes waves for excitation instead, only bright modes are excited (and observed)
which allows to distinguish between optical bright and dark modes.

Whether a mode is optically bright or dark depends on the symmetry of the mode and the excitation
field, and can be determined when the mode profile is available. In case of a single SRR, we expect all
odd and even modes to be optically bright and excitable by horizontally and vertically polarized plane
waves, respectively. Therefore, we calculate the extinction cross section for the single SRR using the
setup of Chap. 6.

The resulting extinction cross-section spectra obtained for horizontal and vertical polarization are
compared to the EELS spectra of Sec. 7.2.3 in Fig. 7.7. Note that, in contrast to Chap. 6, the extinction
cross section is plotted as a function of energy. The resonance energies determined from the extinction
cross section are listed in Tab. 7.3.
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Single SRR # 1 2 3 4
EELS AE[eV] 069 1.19 148 182
HARMINV ~ hw [eV]  0.69 1.19 148 1.82
extinction hw [eéV] 0.69 1.20 1.48 1.82

Table 7.3: Resonance energies of the single split-ring resonator. The wvalues for EELS were ob-
tained from the EELS spectra depicted in Fig. 7.5. The values for HARMINV were
calculated as described in Sec. 7.2.4. The resonance energies of the extinction cross
section were determined from Fig. 7.7.

The first and third order resonance are excited by a horizontally polarized plane wave. The second
order resonamnce is obtained employing vertical polarization. The fourth order resonance is hard to
identify due to a very small extinction cross section. All resonance energies of the extinction cross
section match their counterparts in the EELS spectrum. Since all dominant resonances in the EELS
spectrum were contained in the extinction cross-section spectrum as well, no dark modes are observed
for the single SRR. In the following section on coupled split-ring resonator systems, we will use the
extinction cross section to discriminate between optical bright and dark modes.

7.2.7 Summary

We analyzed a single gold split-ring resonator on a silicon nitride membrane using EELS and compared
the results to other characterization methods. The resonance energies obtained by EELS, harmonic
inversion of the electric field, and the extinction cross section calculation are summarized in Tab. 7.3.
Very good agreement in the resonance energy is achieved, rendering EELS reliable and efficient.

In comparison to the field distribution of the plasmonic eigenmodes, we confirmed the findings
of Refs. |25, 86| and relate the EELS signal to the (squared) magnitude of the mode profile and the
charge (density) distribution. The eigenmodes are found to be standing waves along the structure.

Finally, we compared the EELS spectra of several trajectories to the extinction cross-section spectra
employing horizontally and vertically polarized plane waves. All resonances were determined to be
optically bright as was expected for an individual structure.

7.3 Coupled Split-Ring Resonator Systems

Based on the interference of plasmons, metallic nanostructures composed of several metaatoms may
yield significant field enhancement giving rise to nonlinear interaction processes. The extinction cross
section can be enhanced, too, which is applied in, e. g., surface enhanced Raman spectroscopy. Arrays of
split-ring resonators are employed in the field of metamaterials, i. e., materials with artificial properties
not occurring in nature which may exhibit, e. g., negative refraction.

The analysis of systems composed of several identical metaatoms was performed for dimers of gold [24]
and silver spheres [82] as well as nanorods [83] and demonstrated the formation of dark plasmons.
The formation of optical dark modes is well understood in the picture of the plasmon hybridization
model [91, 92] as demonstrated for a dimer of spheres by Nordlander et al. [93].

The plasmon hybridization model is considered an electromagnetic analog of molecular orbital theory
which describes the plasmon response of complex nanostructures of arbitrary shape [91]. The plasmons
of the individual structures composing a system interact and form new eigenstates whose associated
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Figure 7.8: Sketch and sections of tetrahedral meshes of the 1 X 2 configuration of split-ring res-
onators. The split-ring resonators are separated by d = 35nm and centered around
x = 0 (left panel). All other parameters are equivalent to the single SRR case
(cf. Sec. 7.2.1 and Fig. 6.1). The central and right panel visualize sections of the tetra-
hedral meshes modeling coupled SRRs (gold) on a silicon nitride membrane (green)
excluding and including the symmetry plane (gray), respectively.

eigenmodes are combinations of the eigenmodes of the metaatom obeying characteristic phase relations.
Due to the coupling of the plasmons, each resonance of the metaatom is split into energetically lower and
higher resonances whereby the number of split resonances is directly linked to the number of interacting
plasmons. In case of a dimer of metallic spheres, two contributing plasmons lead to a splitting into
one energetically lower and higher resonance for each fundamental resonance of the sphere. The split
resonances are referred to as symmetric or “bonding” for in-phase related plasmons and antisyminetric
or “antibonding” for antiphase related plasmons, respectively [91]. In-phase related plasmons can be
optically excited, i.e., they form optical bright modes while antiphase related plasmons form optical
dark modes.

7.3.1 Coupled Split-Ring Resonators in 1x2 Configuration
Simulation Setup

The first coupled system we analyze is composed of two split-ring resonators arranged side by side
as illustrated in Fig. 7.8. The simulation setup of the I x2 configuration of split-ring resonators is
conceptually identical to the one presented for the single split-ring resonator in Sec. 7.2.1. The geometry
of the individual SRRs, the membrane and the perfectly matched layers as well as the material model
and boundary conditions are equal to the single SRR case.

The two SRRs are vertically aligned and horizontally separated by 35nm as sketched in Fig. 7.8 (left
panel). The tetrahedral mesh consists of approximately 47k elements (cf. Fig. 7.8, central panel). The
“scanned” area is increased to 330nm X 440nm which corresponds to more than 1500 simulations to
obtain a 10 nm resolution. Note that similar to the case of the single SRR, only the positive halfspace
x > 0 is scanned and the symmetry of the geometry is employed to construct the EELS signal for z < 0
which yields a total determined area of 660 nm x 440 nm.

Characterization by EELS Spectra and Maps

EELS spectra for selected electron trajectories are depicted in Fig. 7.9. As alluded to in Sec. 7.2.3
several trajectories must be considered in order to obtain all resonances. For each of the first three
fundamental resonances of the single SRR, we observe a splitting into an energetically lower and higher
resonance for the coupled system. These correspond to the new eigenmodes of the coupled system
which are created from the fundamental mode with in-phase and antiphase relation. The associated
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Figure 7.9: EELS spectra of the 1 x 2 configuration of SRRs for distinct electron trajectories cen-
tered below the base (blue) and right of the right SRR (green) and in between the SRRs
(red). The inset visualizes the trajectory of the electron in the xy-plane.

resonance energies, indicated by the gray dashed guides in Fig. 7.9, are summarized and compared to
the values of the single SRR case in Tab. 7.5 on page 105. The energy shift from the fundamental to the
lower and higher resonances is asymmetric. Note that the fourth and fifth resonances at AE = 1.23eV
and AFE = 1.40eV, respectively, are difficult to obtain from the EELS spectra as their individual loss
probability is spectrally overlapped by other resonances.

EELS maps at the six resonance energies are depicted in the left column of Fig. 7.10. Maximum loss
probability for the first resonance of the 1 x 2 configuration at AE = 0.62¢eV is observed at the outer
arms while the inner arms provide quasi zero loss probability. The second resonance at AE = 0.74eV
forms a counter part with maximum and little loss probability at the inner and outer arms, respectively.
The maps of the third and fourth resonance show a significant similarity to the second resonance of
the single SRR (cf. Fig. 7.6) with pronounced features at the tips and bases of the SRRs. For the fifth
resonance the highest loss probability is found at the lower outer corners while the remaining corners
show moderate values. High loss probability is observed at all lower corners of the SRRs for the sixth
resonance.

In analogy to the single SRR case, harmonic inversion, a comparison to the field distribution of the
modes, and an extinction cross section calculation are performed to confirm and compare the results
of the EELS analysis.

Harmonic Inversion of the Electric Field

In analogy to Sec. 7.2.4, the time-dependent electric field is analyzed to cross check the resonance
energies determined by the EELS analysis using a setup conceptually equivalent to the single SRR case.
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Figure 7.10: EELS map (left column) and field distribution of the E,-component (right column)
of the 1 x 2 configuration of SRRs at resonances indicated in Fig. 7.9.
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# 1 2 3 4
hwleV] 062 074 111 1.53
Q 8 19 12 14

BC PEC PMC PEC PMC

Table 7.4: Resonance energy, quality factor and associated boundary condition for resonances of
the 1 X2 configuration of split-ring resonators obtained by employing HARMINV.

Nevertheless, the mesh must be adapted to account for the two SRRs and consists of 27k tetrahedral
elements (cf. Fig. 7.8, right panel). As before, the electron propagates parallel to the z-axis and passes
the SRRs above the tip of the right' SRR’s right arm.

We record the field at points 20 nm above the SRRs indicated in the inset of Fig. 7.9. The results
of the analysis are listed in Tab. 7.4 and a compilation of the resonance energies obtained by other
characterization methods is given in Tab. 7.5 on page 105.

In contrast to the EELS analysis, only four of the first six resonances can be obtained (cf. Tab. 7.5).
In particular, the resonances at AF = 1.23eV and AE = 1.40eV are not found in a robust way. These
resonances are spectrally broad and their contribution to the EELS spectrum is small (cf. Fig. 7.9).
Hence, their contribution to the time-domain signal is small, too, which hinders the determination of
the resonances.

The four resonances obtained by HARMINV accurately reproduce the values of the EELS analysis. In
analogy to the single SRR case, the associated mode symmetries are employed to construct the mode
profiles in the following section.

Comparing EELS Maps to the Modes of the Electric Field

We calculate the mode profile for the 7 x 2 configuration of split-ring resonators in analogy to Sec. 7.2.5,
i.e., the setup of the harmonic inversion of the 1 x 2 configuration is reused. The resulting mode profiles
calculated for the six resonance energies obtained from the EELS analysis (cf. Tab. 7.5) are depicted in
the right column of Fig. 7.10. Here, the associated boundary conditions determined by the harmonic
inversion in the previous section were employed to construct the mode profiles in the halfspace z < 0
using Eq. (7.6). The symmetry of those modes lacking an associated symmetry is consistently attributed
from their “sibling”, i. e., the other resonance forming the pair of a split fundamental resonance.

The coupled mode of the first resonance at Aw = 0.62eV is composed of its “parent” mode profile,
i.e., the first resonance of the single SRR at hw = 0.69eV (cf. Fig. 7.6). The field on both SRRs
is in phase. This is not surprising as the modes of the composed system are constructed from the
corresponding, here first, mode of the metaatom with in-phase and antiphase relation, as alluded to
in Sec. 7.3. Consequently, the second coupled mode at iw = 0.74 ¢V is constructed by the single SRR
first order mode in antiphase.

Only in-phase related modes can be excited by optical fields and are, hence, considered optical bright
modes. In contrast, optical dark modes cannot be excited by optical fields. Therefore, the modes at
hw = 0.62eV and hw = 0.74 eV are optically bright and dark, respectively.

The third and fourth coupled modes are constructed from the second mode of the single SRR with
antiphase and in-phase relations, rendering them optically dark and bright, respectively. The behavior

'For clarity’s sake, the resonator is referred to by its position in the configuration although it is in fact the only one in
the setup due to the explicit application of the system symmetry (cf. Sec. 7.2.4).
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of the fifth and sixth coupled mode is analogous to the first and second one, i.e., they are constructed
from the third order mode of the single SRR with in-phase and antiphase relation resulting in optical
bright and dark modes, respectively.

In summary, the modes of the 1 x 2 configuration are standing waves along the path of each split-ring
resonator coupled by in-phase or antiphase relations. These observations are a consistent extension of
the results in Ref. [86].

Comparing EELS maps and mode profiles yields some interesting features. The EELS map of the first
resonance at AE = 0.62 eV reveals quasi zero loss probability at the inner arms while the corresponding
mode profile clearly shows in-phase related first order mode profiles of the single SRR. These “blind
spots” have already been reported in Ref. [87]. The second to sixth resonances remain to represent the
(squared) electric field along the trajectory with minor deviations at the tips of the sixth resonance
as described in Ref. [86]. Obviously, EELS maps do not represent unique characteristics of individual
modes as the maps of the third and fourth can barely be distinguished.

Comparing EELS and Extinction Cross-Section Spectra

At last, we perform an optical characterization method, i.e., a method that excites the system by an
optical field and probes the system using the far-field. With these constraints only optically bright
modes are excited and measured. Hence, the spectrum merely contains optically bright resonances
which allows to cross-check previously obtained resonance energies and considerations of optical dark-
ness and brightness of the modes. The characterization quantity of choice is the extinction cross section
already employed and described in Chap. 6.

Fig. 7.11 shows the extinction cross-section spectra for both horizontal and vertical polarization
together with the EELS spectrum. The resonance energies determined from the extinction cross section
are listed in Tab. 7.5 on page 105. The first maximum of the extinction cross section coincides well
with the resonance energy of the first EELS resonance of the coupled system at hw = 0.62eV. This
confirms the declaration of this resonance as optically bright. Furthermore, it demonstrates that the
loss probability is not “polluted” by other modes as the resonance energy is met precisely. The second
resonance of the EELS spectrum is confirmed to be a dark mode as a resonance cannot be observed
for both excitation polarizations. The same result is obtained for the fifth and sixth EELS resonances
which are confirmed by an extinction cross section resonance at hw = 1.40eV to be optically bright
and dark, respectively.

The extinction cross section resonance of the vertical polarization at hw = 1.27eV does not match
the fourth EELS resonance energy exactly. However, we still can confirm the third and fourth EELS
resonances as optically dark and bright, respectively. Here, the spectral overlap of several EELS
resonances leads to a shift of the “measured” maximum of the loss probability with respect to the
true position of the resonance. This effect clearly demonstrates advantages and disadvantages of the
simultaneous excitation (and measurement) of dark and bright modes which gives access to a lot of
information on the one hand but may be difficult to interpret and deduce exact quantities from on the
other hand.

Separation Dependence Analysis by Electron Energy Loss Spectroscopy

In this section, we study the dependence of the resonance energies with respect to the separation distance
d (cf. Fig. 7.8) of the SRRs by EELS. Similar investigations were previously performed by means of
optical characterization, in particular, the extinction cross section, in Refs. [14, 23|. In accordance with

102




7.3 Coupled Split-Ring Resonator Systems

o
(0]
1
N
o

0.6

W
o

0.4

N
o

Extinction cross section [umz]
Loss probability [arb. units]

©
[\
T
—
o

e b

0 1
04 0.6 0.8 1 1.2 1.4 1.6 1.8 2 2.2 24
hw [eV]

Figure 7.11: Eztinction cross-section spectra and FELS spectra for the 1x2 configuration of
SRRs. The extinction cross sections were obtained using horizontally (solid black)
and vertically polarized (dashed black) plane waves, respectively. The EELS spectra
are identical to those in Fig. 7.9 and serve for comparison.
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Figure 7.12: Energy loss AE at the resonances of the 1 x 2 configuration in dependence of the
separation distance d. The colors emphasize the resonances’ parent resonance of the
single split-ring resonator, whereby red, blue, and green reference the first, second,
and third resonance, respectively.

their findings, we expect a strong resonance shift in dependence of the separation distance d, i.e., the
smaller the separation the stronger the interaction and the larger the splitting of the resonance energies.
For large separation, the resonance energies should approach those of the single, individual SRR. In
contrast to Refs. [14, 23|, we expect to probe both contributions to the resonance splitting as bright
and dark modes are accessible in EELS. However, in their terminology, we investigate the side-by-side
configuration only.

The simulation setup is identical to the one presented at the beginning of Sec. 7.3.1. In order to model
the varying separation, a tetrahedral mesh must be created for each distance. We model separation
distances from 10nm to 250nm in steps of 10nm whereby the separation is defined as sketched in
Fig. 7.8. For each distance an EELS analysis for several trajectories is performed and the maxima of
the EELS spectra are extracted in the vicinity of the expected resonance positions according to Tab. 7.5
on page 105.

The energy loss at the resonance positions in dependence of the separation distance d is depicted
in Fig. 7.12. The plot includes resonances found in all trajectories considered, i.e., several energy loss
values at a single separation distance emerge from the resonances found for all trajectories. We observe
energetically lower and higher branches of resonances for the children of the single SRR’s first and
third resonances. The reduction of the separation distance leads to super-linear growth of the energy
splitting. For large separation distances, the energy splitting shrinks and the resonance energies of the
single SRR are approached (cf. Tab. 7.5).

The blue curve, indicating the resonances emerging from the second resonance of the single SRR,
includes the low energy branch of the splitting only, although a high energy branch is expected, too. As
before, the resonance around 1.23 eV cannot be robustly determined due to the strong spectral overlap
of neighboring resonances. However, the trend of the low energy split branch is still in accordance with
previous observations.
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Single SRR # 1 2 3
EELS AE [eV] 0.69 1.19 1.48
Configuration 1x2 # 1 2 3 4 ) 6
EELS AE[eV] | 062 0.74 | 111 123 | 140 1.53
HARMINV  hw [eV] | 0.62 0.74 | 1.11 - - 153
extinction hw [eV] | 0.62 - - 128|140 -

Table 7.5: Resonance energies of the 1 X2 configuration of split-ring resonators. The wvalues for
EELS were obtained from the EELS spectra depicted in Fig. 7.9. The resonance en-
ergies of the extinction cross section were determined from Fig. 7.11. “” indicates
indeterminable resonances. Resonance energies of the single SRR serve for compari-
son.

Summary

We have analyzed the 1 x2 configuration of split-ring resonators by use of EELS, harmonic inversion
of the electric field, calculation of the mode profile and the extinction cross section for horizontal and
vertical polarization. The resonance energies of the first six resonances are summarized in Tab. 7.5. The
splitting of the resonances of the metaatom were observed as expected by the plasmon hybridization
model, i.e., for each resonance of the metaatom an energetically lower and higher resonance is deter-
mined for the coupled system. The plasmons of the coupled SRR system are composed of in-phase
and antiphase related combinations of the single SRR modes. Optical bright and dark plasmons were
consistently identified by the results of the harmonic inversion and the extinction cross section spectra.

“Blind spots” (cf. Ref. [87]) in the EELS maps were observed for the first order resonance at AE =
0.62€V. The spectral overlap of resonances, promoted by the simultaneous excitation and measurement
of optical bright and dark modes, can lead to difficulties in the extraction of exact values from the EELS
spectra as the comparison to the extinction cross-section spectra reveals. Furthermore, due to the miss-
ing phase information, EELS maps cannot be uniquely attributed to a single resonance (cf. resonances
at AE =1.11eV and AE = 1.23¢€V).

7.3.2 Coupled Split-Ring Resonators in 2x1 Configuration
Simulation Setup

The simulation setup of the 2 x I configuration of split-ring resonators is conceptually identical to the
one presented for the single split-ring resonator in Sec. 7.2.1 and the 1 x 2 configuration. The geometry
of the individual SRRs, the membrane and the perfectly matched layers as well as the material model
and boundary conditions are equal to the single SRR case.

The two SRRs are horizontally aligned and vertically separated by 35 nm as sketched in Fig. 7.13 (left
panel). The tetrahedral mesh consists of approximately 46k elements (cf. Fig. 7.13, central panel), and
the scanned area is increased to 220nm x 620 nm which corresponds to more than 1300 simulations
to obtain a 10nm resolution. As before, only the halfspace in positive z-direction x > 0 is scanned.
Employing the symmetry of the physical system, the loss probability in the region x < 0 is determined
using Eq. (7.5).

105




7 Electron Energy Loss Spectroscopy of Split-Ring Resonators

()VM ;}r

N[ﬂ" '%'4 i
lﬁ]l’ m’wﬁ
»:gésiéf”%‘te’iz‘i”

VAV S <~Vv(w
VA(‘
4w As <A

\V ’4

V ‘ '
Em»
\ysVAv

J
! >§

4
P
DS

Figure 7.13: Skeich and sections of tetrahedral meshes of the 2x 1 configuration of split-ring
resonators. The split-ring resonators are separated by d = 35 nm and centered around

= 0 (left panel). All other parameters are equivalent to the single SRR case

(cf. Sec. 7.2.1 and Fig. 6.1). The central and right panel visualize sections of the

tetrahedral meshes modeling the coupled system of SRRs (gold) on a silicon nitride

membrane (green) excluding and including the symmetry plane (gray), respectively.

Characterization by EELS Spectra and Maps

The EELS spectra for the 2 x I configuration of split-ring resonators for distinct electron trajectories
are depicted in Fig. 7.14. Similar to the previously analyzed 1 x 2 configuration, the splitting of the first
three fundamental resonances of the single SRR is clearly observed. Resonances at higher energies can
be anticipated but are in general strongly overlapping with other resonances. The resonance energies
of the first six resonances of the 2 x 1 configuration are summarized in Tab. 7.7 on page 110 together
with previously determined resonances for comparison. Again, each resonance of the metaatom is split
into an energetically lower and higher resonance.

EELS maps of the 2x 1 configuration at the resonances listed in Tab. 7.7 are depicted in Fig. 7.15.
The first two resonances at AE = 0.65eV and AFE = 0.70 eV show strong loss probability at the arms
of the SRRs with maximum values at the lower and upper SRR, respectively. The loss probability
drops to zero between the SRRs for the first resonance while a non-zero loss probability “connects” the
two metaatoms in case of the second resonance. The strongest features are observed at the tip of the
arms of the upper and at the base of the lower SRR for the resonance at AF = 1.03eV. The situation
is inverted for the fourth resonance at AE = 1.31eV, which shows high loss probability at the tip
of the arms of the lower SRR, at the base of the upper SRR, and in between them. Here, moderate
loss probability at the hot spots of the third resonance is observed due to spectral overlap of both
resonances mediated by the broad third resonance (cf. blue spectrum in Fig. 7.14). The resonances at
AFE =1.42¢eV and AE = 1.53 eV show strong loss probability at the SRRs’ lower corners and moderate
loss probability at the tips of both SRRs. Clear characteristic differences are difficult to state which is,
again, due to the spectral overlap of the contributing resonances.

Harmonic Inversion of the Electric Field

The time-dependent electric field is analyzed in analogy to Sec. 7.2.4 to confirm the resonance energies
of the EELS analysis. Thus, the mesh is adapted to account for the explicit application of the system’s
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Figure 7.14: FELS spectra of the 2x 1 configuration of SRRs for distinct electron trajectories
centered below the base (blue) and right of the lower SRR (green) and right of the
upper SRR’s base (red). The inset visualizes the trajectory of the electron in the
xy-plane.

4 1 2 3 4 5
hw[eV] 065 071 103 130 153
Q 16 9 3 13 14

BC PEC PEC PMC PMC PEC

Table 7.6: Resonance energy, quality factor and associated boundary condition for resonances of
the 2x 1 configuration of split-ring resonators obtained by employing HARMINV,
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1.30 eV 1.42 eV

Figure 7.15: EELS map (first and third row) and field distribution of the E,-component (second
and fourth row) of the 2x 1 split-ring resonator configuration al resonance energies
indicated by the dashed guides in Fig. 7.14.

108




7.3 Coupled Split-Ring Resonator Systems

symmetry and consists of 26k elements (cf. Fig. 7.13, right panel). The electron passes the 2 x 1
configuration near the tip of the right arm of the upper SRR. The field is recorded at three points
located 20nm above the SRRs as indicated in the inset of Fig. 7.14. Resulting resonance energies,
quality factors and associated boundary conditions are listed in Tab. 7.6 and compared to the data of
the EELS analysis in Tab. 7.7 on page 110.

As in the case of the 1 x 2 configuration of SRRs, HARMINV struggles to determine all resonances and
their energies in the spectral range of interest. Consequently, the resonance AF = 1.42¢eV cannot be
confirmed while the remaining five resonance energies match the values of the EELS analysis. As usual,
the associated boundary conditions are used to construct the mode profile in the following section.

Comparing EELS Maps to the Modes of the Electric Field

The calculation of the mode profile is performed in analogy to Sec. 7.2.5 employing the symmetries of the
resonances obtained in the previous section. The missing symmetry for the resonance at hw = 1.42eV
is attributed as consistency requires. The mode profiles for the six resonances listed in Tab. 7.7 are
depicted in Fig. 7.15.

We find the first two coupled modes at Aiw = 0.65eV and hw = 0.70eV to consist of the single
SRR’s first order mode in antiphase and in-phase relation, rendering them optically dark and bright,
respectively. The modes at fiw = 1.03eV and fw = 1.31eV are composed of the second order mode
of the single SRR and determined to be optically bright and dark which is equivalently true for the
fifth and sixth mode of the coupled system. In analogy to the I x2 configuration, the modes of the
2 x 1 configuration are standing waves along the path of each split-ring resonator coupled by in-phase
or antiphase relation.

The comparison of EELS maps and mode profiles yields qualitatively consistent results compared to
the 1 x 2 configuration. The maps of all except the third resonance seem to represent the magnitude of
the (squared) electric field projected along the electron’s trajectory. Similar to the first resonance of the
1 x 2 configuration, the EELS map of the third resonance of the 2 x I configuration differs considerably
from its mode profile due to the “blind spot” at the center of the structure. Due to the absent phase
information, the EELS maps of the fifth and sixth resonance cannot be distinguished which emphasizes
the fact that EELS maps do not uniquely represent a resonance.

Comparing EELS and Extinction Cross-Section Spectra

We continue the analysis with the calculation of the extinction cross section using both horizontal and
vertical polarization. The resulting spectra are depicted together with the EELS spectra in Fig. 7.16.
The resonance energies determined from the extinction cross section are listed in Tab. 7.7 on page 110.

The first extinction cross section maximum coincides with the higher resonance of the split first
order single SRR resonance, i.e., the second EELS resonance at iw = 0.70eV. Further extinction cross
section maxima at hw = 1.05eV and hw = 1.43eV are found slightly shifted compared to the EELS
spectra. Again, we attribute the shift to the spectral overlap of the resonances in the EELS spectrum.
Finally, the assignment of optical bright and dark resonances previously stated are confirmed by the
extinction cross-section spectra.

Summary

We characterized the 2 x I configuration of split-ring resonators employing EELS, harmonic inversion
of the electric field, the mode profiles and the extinction cross-section spectra for horizontal and vertical
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Figure 7.16: Exiinction cross-section spectra and FEELS spectra for the 2x1 configuration of
SRRs. The extinction cross sections were obtained using horizontally (solid black)
and vertically polarized (dashed black) plane waves, respectively. The EELS spectra
are identical to those in Fig. 7.14 and serve for comparison.

Single SRR # 1 2 3

EELS AE [eV] 0.69 1.19 1.48

Configuration 1x2 # 1 2 3 4 5 6
EELS AE[eV] | 062 0.74 | 1.11 1.23 | 1.40 1.53

Configuration 2x 1 # 1 2 3 4 ) 6
EELS AE[eV] | 0.65 0.70 | 1.03 1.31 | 1.42 1.53
HARMINV ~ hw[eV] | 0.65 0.71|1.03 130 | - 153
extinction hw [eV] | - 071 [1.06 - | 143 -

Table 7.7: Resonance energies of the 2 X1 configuration of split-ring resonators. The values for
EELS were obtained from the EELS spectra depicted in Fig. 7.14. The resonance en-
ergies of the extinction cross section were determined from Fig. 7.16. 7 indicates
indeterminable resonances. Resonance energies of the single SRR and 1 x 2 configura-
tion serve for comparison.
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polarization. The resonance energies determined by these methods are summarized in Tab. 7.7 together
with other systems for comparison. In general, qualitatively similar results are obtained compared to
the 1 x 2 configuration.

The EELS spectra provide quick access to the resonances of the structure, however, exact values
are often difficult to retrieve due to the spectral overlap of optical bright and dark plasmons. The
comparison to the extinction cross section shows that the first few resonance energies are correctly
determined from the EELS analysis. With the exception of the third order resonance for which a blind
spot is observed in the center of the structure, EELS maps represent the magnitude of the (squared)
electric field.

The eigenmodes of the composed structure are standing waves along each SRR connected by in-
phase and antiphase relations. These were consistently assigned optically bright and dark by harmonic
inversion and the extinction cross-section spectra.

7.3.3 Coupled Split-Ring Resonators in 1x4 Configuration

In this section, we investigate an coupled system of four SRRs. Due to the increase of the number of
metaatoms, we expect the fundamental resonance of the single SRR to be split into four resonances
whereby the number of energetically higher and lower resonances should be equal.

Simulation Setup

The simulation setup of the 1 x 4 configuration of split-ring resonators is conceptually identical to the
one presented for the single split-ring resonator in Sec. 7.2.1. The geometry of the individual SRRs,
the membrane and the perfectly matched layers as well as the material model and boundary conditions
are equal to the single SRR case.

The SRRs are vertically aligned and horizontally separated by 35nm from each other as sketched
in Fig. 7.17 (top panel). The tetrahedral mesh consists of approximately 80k elements (cf. Fig. 7.17,
central panel), and the scanned area is increased to 530 nm x 440 nm which corresponds to more than
2400 simulations to obtain a 10nm resolution. As before, only the positive z-direction is scanned.
The loss probability in the negative halfspace z < 0 is constructed by Eq. (7.5), resulting in a total
accessible area of 1060 nm x 440 nm.

Characterization by EELS Spectra and Maps

EELS spectra for several electron trajectories of the 7 x4 configuration of split-ring resonators are
depicted Fig. 7.18. We can clearly identify the four expected resonances emanated from the first
order resonance of the single SRR at AE = 0.69eV. The corresponding resonance energies are listed in
Tab. 7.9 on page 116 together with values of the single SRR and 1 x 2 configuration for comparison. As
expected by the plasmon hybridization model, the number of energetically higher and lower resonances
is found to be equal. Interestingly, the first two resonances of the 1 x4 configuration form a lower and
higher pair with respect to the 1 x 2 configuration resonance at AE = 0.62eV. The same holds for the
higher energy pair. Split resonances of the second fundamental single SRR mode can be anticipated,
however, the resonances overlap strongly.

The EELS maps at the four resonance energies listed in Tab. 7.9 are summarized in the left column
of Fig. 7.19. At AF = 0.55eV, maximum and moderate loss probability is found at the outer arms
of the outer and inner SRRs, respectively. Noteworthy, quasi zero loss probability is observed at the
inner arms of the respective metaatoms. The following resonances show a clear evolution by forming
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Figure 7.17: Sketch and sections of tetrahedral meshes of the 1x4 configuration of split-ring

resonators. The split-ring resonators are equidistantly separated by d = 35 nm, and
the configuration is centered around x = 0 (top panel). All other parameters are
equivalent to the single SRR case (cf. Sec. 7.2.1 and Fig. 6.1). The central and
bottom panel visualize sections of the tetrahedral meshes modeling the coupled system
of SRRs (gold) on a silicon nitride membrane (green) excluding and including the
symmetry plane (gray), respectively.
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Figure 7.18: FELS spectra of the 1 x 4 split-ring resonator configuration for distinct electron tra-
jectories, indicated by identical colors in the inset.

one, two and three locations of maximum loss probability. The resonance at AE = 0.66eV shows
significant loss probability at the outermost arms and at the center of the coupled system spread over
the arms of the inner SRRs and the central gap. The loss probability of the third order resonance at
AFE = 0.73¢V is dominated by the contributions located at the outer gaps and the arms around them.
At AE =0.76€V, all three gaps and their enclosing arms show strong loss probability.

Harmonic Inversion of the Electric Field

The time-dependent electric field is analyzed in analogy to Sec. 7.2.4 to confirm the resonance energies
of the EELS analysis. The tetrahedral mesh is adapted to the 1 x4 configuration and consists of 40k
elements (cf. Fig. 7.17, right panel). The system is excited by an electron passing the SRR configuration
at the tip of the right arm of the rightmost SRR. We record the electric field at points located 20 nm
above the SRRs as indicated in the inset of Fig. 7.18. The resonance energies, quality factors and
associated boundary conditions for the first four resonances are listed in Tab. 7.8 and compared to the
data of the EELS analysis in Tab. 7.9 on page 116.

The resonance energies confirm the results of the EELS analysis and help to construct the mode
profiles of the resonances in the following section.

Comparing EELS Maps to the Modes of the Electric Field

In analogy to previous sections, the analysis is continued by the calculation of the mode profiles.
The resulting mode profiles of the four resonance energies listed in Tab. 7.9 were constructed by use
of Eq. (7.6) together with the associated boundary conditions determined by HARMINV. The mode
profiles are depicted in the right column of Fig. 7.19.
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Figure 7.19: EELS map (left column) and field distribution of the E.-component (right column)
of the 1 x4 split-ring resonator configuration at resonance energies indicated by the
dashed guides in Fig. 7.18.

i 1 2 3 4
hwleV] 056 066 0.73  0.76
Q 6 13 18 20

BC PEC PMC PEC PMC

Table 7.8: Resonance energy, quality factor and associated boundary condition for resonances of
the 1 x4 configuration of split-ring resonators obtained by employing HARMINV,
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The first mode at Aiw = 0.55€eV comprises solely in-phase related first order modes of the single
SRR which renders the mode optically bright. A similar evolution as compared to the EELS maps is
observed for the coupled mode profiles, too. The two rightmost and leftmost SRRs are in phase for
the second mode at hw = 0.66 eV, resulting in an antiphase relation of the inner SRRs. In contrast,
at hw = 0.73eV, the two rightmost and leftmost SRRs exhibit an antiphase relation, resulting in an
in-phase behavior of the inner SRRs. The fourth eigenmode at iw = 0.76¢eV consists of mutually
antiphase related first order modes of the single SRR.

The comparison of the mode profile and the EELS map of the first resonance at 0.55eV reveals
a blind spot at the arms enclosing the central gap, i.e., while the eigenmode shows significant field
strength in these arms the loss probability is very small. In addition, a novel feature is observed. An
asymmetric distribution of the loss probability in the enclosing arms of the rightmost (and leftmost) gap
is observed. More precisely, the field strength of the mode profile in both arms enclosing the rightmost
gap is significantly different from zero while the loss probability shows significant values in one arm
only.

A similar situation occurs for the second resonance, too. Consequently, antiphase related fields
in neighboring arms of the mode profile are not necessarily connected to a uniform loss probability
distribution. Another interesting fact is observed for the third resonance at 0.73eV. While the third
order mode crosses zero at x = 0 (middle of the central gap, cf. Fig. 7.17), the loss probability remains
non-zero. This supports the interpretation of the EELS map to render a LDOS(-like quantity).

Comparing EELS and Extinction Cross-Section Spectra

At last, we analyze the extinction cross section of the 1 x4 configuration employing horizontally and
vertically polarized plane waves. The resulting extinction cross-section spectra are depicted in Fig. 7.20,
thereof determined resonance energies are listed in Tab. 7.9.

The resonance energies obtained by the EELS analysis are confirmed. As expected by the analysis
of the mode profile, the first resonance of the coupled system at hAw = 0.55€eV is optically bright.
Interestingly, we find the third resonance at hw = 0.73 eV to be optically bright, too, while the second
and fourth resonance at hw = 0.66eV and hw = 0.76 eV are optically dark.

Summary

The 1 x4 configuration of split-ring resonators was analyzed by EELS, harmonic inversion of the
electric field, the mode profile and the extinction cross section. The resonance energies obtained by
these approaches are summarized in Tab. 7.9 and agree well.

We obtain the expected splitting into four resonances for the first resonance of the metaatom from
the EELS spectrum. Higher resonances can be anticipated but strongly overlap spectrally. The EELS
maps show blind spots, similar to the case of the 1 x2 and 2x I configuration. A novel effect was
observed which is characterized by an asymmetric loss probability distribution although the associated
mode is (anti)symmetric at this location. The maps also support the interpretation of EELS to render
a LDOS(-like quantity).

The first and third resonance are optically bright modes as identified by the extinction cross-section
spectra. Consequently, the second and fourth resonance are optically dark modes.
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Figure 7.20: Eziinction cross-section spectra and FEELS spectra for the 1x/ configuration of
SRRs. The extinction cross sections were obtained using horizontally (solid black)
and vertically polarized (dashed black) plane waves, respectively. The EELS spectra
are identical to those in Fig. 7.18 and serve for comparison.

Single SRR # 1
EELS AE [eV] 0.69
Configuration 1x2 # 1 2
EELS AE [eV] 0.62 0.74
Configuration 1x4 # 1 2 3 4
EELS AE[eV] 055 066 0.73 0.76
HARMINV  hw[eV] 0.56 0.66 0.73 0.76
Extinction hw [eV] 056 - 073 -

Table 7.9: Resonance energies of the 1 X4 configuration of split-ring resonators. The values for
EELS were obtained from the EELS spectra depicted in Fig. 7.18. The resonance ener-
gies of the extinction cross section were determined from Fig. 7.20. Resonance energies
of the single SRR and 1 X2 configuration serve for comparison.
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7.4 Summary

In this chapter, we analyzed a single split-ring resonator and various coupled split-ring resonators in
1x2, 2x1 and 1x4 configuration by electron energy loss spectroscopy, harmonic inversion of the
electric field, the field distribution of the electromagnetic modes and the extinction cross sections.

The comparison of the resonance energies determined by EELS, harmonic inversion and the extinction
cross-section spectra shows that EELS efficiently and accurately determines the resonance energies of
the system’s eigenmodes. However, due to the simultaneous excitation and probing of optically bright
and dark modes, resonances may overlap strongly. As a consequence, the resonance energies determined
from the EELS spectra can differ from the eigenenergies of the electromagnetic modes as observed for
the 1 x 2 configuration. The splitting of resonances of the metaatom was consistently observed for all
coupled systems in accordance with the plasmon hybridization model [91].

EELS maps, i. e., the loss probability as a function of space for a constant energy loss, were calculated
at the resonance energies and compared to the field distribution of the modes projected along the
electron’s trajectory. The interpretation that EELS maps roughly represent the magnitude of the
squared electric field [86] is confirmed for the single SRR. For coupled systems of SRRs, however,
we observe blind spots as reported in Ref. [87]. Furthermore, the 1 x4 configuration shows a locally
asymmetric loss probability distribution although the associated mode is (anti)symmetric at that site.
At any rate, the interpretation of EELS maps to render to magnitude of the (squared) electric field
seems crude for complex systems.

In agreement with Ref. [86], the electromagnetic modes of the single SRR are standing waves along
the split-ring resonator. The eigenmodes of the coupled systems are composed of the metaatom’s
eigenmodes with in-phase or antiphase relation as predicted by the plasmon hybridization model [91].
In addition, the eigenmodes were attributed optically bright and dark modes which was deduced from
the harmonic inversion of the electric field and confirmed by the extinction cross-section spectra.

Electron energy loss spectroscopy offers a detailed characterization of plasmonic systems including
optically bright and dark plasmons. However, due to the absent phase information in the EELS analysis,
further characterization methods are required to distinguish between optically bright and dark modes.
On a numerical level, the capabilities of EELS are paid for by increased computational effort since every
pixel in an EELS maps requires an independent simulation. Our GPU implementation on a NVidia®
GeForce® GTX580 outperforms an equivalent well established CPU implementation on a single Intel®
Xeon® X5670 Core™ @ 2.93GHz by a factor of 50-60 for the simulations performed for the EELS
analyses whereby both calculations were executed in single precision. The influence of the limited
single precision was inspected by comparison against double precision calculations. DGTD on GPUs
provides a feasible method to encounter the numerical effort and provides a suitable tool to perform
EELS analyses on plasmonic nanostructures.
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Chapter 8

Summary and Outlook

Today, increasingly complex dielectric and metallic nanostructures are investigated by researchers.
Likewise, characterization methods become more and more sophisticated. These demanding analyses
require flexible and highly powerful numerical tools which are capable of handling arbitrarily shaped
geometries to a high degree of accuracy at reasonable time- and cost-efficiency.

Various applications have demonstrated that the discontinuous Galerkin time-domain method is well
suited for the numerical analysis of photonic and plasmonic nanostructures |22, 24, 52, 94|. An unstruc-
tured mesh of tetrahedral elements supports a flexible representation of the physical system’s geometry
while high-order polynomial basis functions ensure an accurate approximation of the electromagnetic
fields. However, flexibility and high accuracy come at the price of increased algorithmic complexity.

In this thesis, we implemented the discontinuous Galerkin time-domain method on graphic processing
units. This implementation allows for a time- and cost-efficient treatment of almost arbitrarily shaped
dielectric and metallic nanostructures rendering the DGTD method on GPUs a versatile and powerful
numerical tool.

8.1 Summary

In Chap. 5, we demonstrated that the DGTD method is well suited for implementation on GPUs.
Quantifying the performance in absolute values, we find that the local-element differentiation and the
lift operation, i.e., the computationally most demanding sections of the method, are performed by up
to 800 GFlops/s! and 600 GFlops/s, respectively. This amounts to roughly 50% of the theoretically
available number of floating-point operations per second. Based on bare numbers, our implementation
outperforms the one presented in Ref. [27] which exploits 30% of the peak performance.?

In comparison to a well-established in-house CPU implementation executed on a single core3, the
GPU code shows speedups of the order of 30-50. Comparing the performance in terms of cost-efficiency?,
a net-speedup of 5 — 10 over CPU systems can be achieved. Thus, individual simulations are evaluated
5 — 10 times faster at similar cost.

'One GFlops/s corresponds to 10° single-precision floating point operations per second.

2This comparison is based on values determined on different GPUs of the same hardware architecture. Nevertheless,
this comparison should not be overestimated.

*We compare the calculation times of simulations performed in single precision on a NVidia® GeForce® GTX580 (GPU
system) and an Intel® Core™ i7 CPU 970 @ 3.20 GHz (CPU system).

*A single NVidia® GeForce® GTX580 roughly corresponds to 6-10 CPU cores.
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Due to the dramatic reduction of simulation time, this approach is particularly beneficial for rapid
prototyping. For example, the structures investigated in Chap. 6, nanorods and split-ring resonators,
can be simulated in one to two hours which would amount to roughly half a day on a multi-core CPU
system. Furthermore, computationally very intense investigations, such as the electron energy loss
spectroscopy analysis of Chap. 7, can be achieved in a reasonable amount of time. Here, more than
6000 individual simulations were performed — each of 30 — 60 minutes simulation time. Calculated on
a single NVidia® GeForce® GTX580, this amounts to (at least) 125 days. At similar cost, our Intel®
Core™ i7 CPU 970 @ 3.20 GHz multi-core CPU system would have required (at least) 625 days.?

As a first application of the GPU implementation, we calculated the scattering, absorption, and
extinction cross-section spectra in the near-infrared for a series of gold nanorods and split-ring res-
onators (SRRs) in order to assist the verification of a newly developed experimental characterization
method [12] (Chap. 6). The comparison between experimental and simulated results exhibits over-
all good agreement which confirms the anticipated behavior for both the nanorods and the split-ring
resonators.

Two major sources of deviations between simulated and experimental results were identified: Due
to rough surfaces and grain boundaries of the samples, the experimental gold does not quite agree
with the data of Johnson and Christy [38], which we employed to determine the free parameters of a
Drude model in the near-infrared regime. In addition, the thickness of the nanostructures is deduced
from fabrication characteristics and not measured explicitly. As examined in Ref. [14], the thickness
strongly influences the resonance wavelength as well as the scattering and the absorption cross section.
In conclusion, the deviations between simulation and experiment can be understood in dependence of
these parameters.

At last, an extensive study of coupled systems split-ring resonators employing electron energy loss
spectroscopy and further analysis methods was performed in Chap. 7. Our analysis of a single split-ring
resonator is in accordance with Refs. [24, 78, 86], i. e., the spatial distribution of the loss probability for
a constant energy loss (EELS map) roughly renders the squared modulus of the projected electric field,
and the eigenmodes are standing waves along the “U”-like shape. Our analysis of coupled split-ring
resonator systems is in accordance with Ref. [87], i. e., we observe the formation of blind spots in EELS
maps. Furthermore, the eigenmodes are composed of the single SRR’s eigenmodes in in-phase and
antiphase relation which is in accordance with the plasmon hybridization model [91, 93].

In addition, we examined the energy splitting due to the interaction of two vertically aligned SRRs
in dependence of their separation with comparatively little effort. On an experimental basis, such an
investigation is costly and time-consuming since several tens of samples would have to be fabricated and
measured in order to yield similar results. Furthermore, experimental artifacts due to imperfections of
the fabrication methods can be easily distinguished from intended physical effects. The benefits outlined
here are not due to the properties of particular systems but generic features of our implementation.

8.2 Outlook

Finally, we address some issues of potential future work. We have not yet exploited the full potential
of the DGTD method. Curvilinear elements [43], for example, yield several advantages compared to
planar-faced elements. These elements represent round geometries by curved faces. This immediately
increases accuracy and allows the application of larger and less elements. Both of these aspects may

®This example is meant to emphasize the value of the speedup. In practice, we employ multiple GPUs in parallel in
order to evaluate large amounts of simulations.
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accelerate the method. Less elements result in a reduced computational effort. Larger elements allow
for a larger time-step, since the time-step is usually limited by those elements which model curved
geometries. Therefore, we can profit twice from the implementation of curvilinear elements: It reduces
the total number of elements and it potentially improves the time-step. A proof-of-principle implemen-
tation, that did however not employing the memory efficient approach by Warburton, was applied for
two-dimensional slot-waveguide resonators in Ref. [94].

Another yet unexploited potential is given by hp-adaptivity which allows for a dynamic adaption
of both the element-size h and the polynomial order p during runtime. A dynamic increase of both
parameters in regions of high field gradients may increase accuracy while a reduction in low field
gradient regions results in decreased computational effort. In combination with the DGTD method’s
inherent parallelism and increasing functionality of GPUs, accuracy as well as time- and cost-efficiency
of this numerical approach will strongly increase in the near future.

These improvements would be especially beneficial for the analysis of large structures with smooth
surfaces, e.g., whispering-gallery mode resonators. These resonators exhibit an exceptionally large
quality factor and were already applied to detect single molecule events [95].

Another interesting topic closely related to this work, is electron energy gain spectroscopy (EEGS) [96].
In contrast to electron energy loss spectroscopy, the electron gains energy from an initially excited plas-
monic structure. While the energetic resolution of EELS experiments is limited by the zero-loss peak,
i.e., the energy distribution of the electrons prior to the scattering event, the resolution in EEGS is
fundamentally limited by the bandwidth of the illumination of the plasmonic structure leading to a
sub-meV resolution [96].

8.3 Conclusion

In conclusion, we have implemented the DGTD method for Maxwell’s equations on GPUs. This pow-
erful tool was successfully employed in computationally demanding physical investigations of metallic
nanostructures. Both applications of the GPU implementation of this thesis demonstrate the need and
the capabilities of sophisticated numerical methods in the field of nano-plasmonics.

We believe that the discontinuous Galerkin time-domain method is one of the most versatile and
efficient simulation tools for arbitrarily shaped photonic and plasmonic nanostructures. In conjunction
with graphic processing units, the DGTD method provides a time-, and cost-efficient approach to
handle the complexity of plasmonic nanostructures.
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