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Organisational details
Lecture: Tuesday, 2 pm–3.30 pm, weekly, 30.22 Physik-Hörsaal Nr. 4 (Kl. HS B)

• start with a tutorial in second lecture week with an 
introduction to Python 

• scientific tutorials start in the third lecture week 

• Nebenfach: send in afterwards your programs  

• tutorial material available on ILIAS as well

Tutorial: To be discussed in the first lecture 

bi-weekly (extended exercises will be 2 x 90 minutes every second week)
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Examination
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• Register for tutorials (also called units) in CAMPUS 
• Depending on context in which you take the course

• KSOP students: participation in tutorial + oral exam 
• Schwerpunktfach: participation in tutorials 
• Ergänzungsfach: participation in tutorials + oral exam 
• Nebenfach: 50% of problems solved 

Questions • Organisation  
• Lectures  
• Tutorials

• Registration 
• Grading



• rather unspecific name 

• different levels of abstraction:

What is computational photonics? 

electromagnetic field-based approach on optics  

focus on numerical methods for PDEs 

research-oriented approach 4

✴ ray optics 

✴ wave optics 

✴ EM optics 

✴ quantum optics



• its a numerical experiment 

• provides insides to inaccessible domains  

• permits to interpret / understand experiments 

• simplifies the design 

• explores applications not realisable

Why computational photonics? 

with nowadays computational resources computational 
photonics became an inevitable tool for micro- and 

nanooptics  
5



Prerequisites
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• good basic knowledge in MATLAB or Python (this 
is not a basic programming course!) 

• solid mathematical background in PDE 

• knowledge about electromagnetic field theory 
(Bachelor level Electrodynamics or Master level 
Fundamentals of modern optics) 

• knowledge about numerical basic techniques on 
a Bachelor level (see 1st seminar & additional 
material)



Topics to be discussed 

• Transfer Matrix Method 

• Finite Differences for Waveguides 

• Fiber Waveguides 

• Beam propagation method 

• Grating methods 

• Mie Theory 

along with selected applications and demonstrations

• Finite-Difference Time-Domain  

• Multiple Multipole Method 

• Greens Methods 

• Boundary Element Method 

• Finite Element Method

7



Computational Photonics
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Examples of applications



rigorously calculated field focusing properties of a lens

in scalar theory no difference between lens and Fresnel lens!

Transmission functions of a lens
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Fresnel lenses can be also stepwise continuously approximated

Transmission functions of a lens

rigorously calculated field focusing properties of a lens
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an optical tweezer can be used to trap particles

scattering strength of the particle is too large  no trapping

Trapping a particle in a light beam
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Trapping a particle in a light beam

an optical tweezer can be used to trap particles

scattering strength of the particle is too large  no trapping
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having a media with a refractive index smaller than unity

Metamaterials
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localized plasmon polariton excited in a metallic nanoparticle

Metamaterials
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Optical nanoantennas
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Optical nanoantennas
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Optical nanoantennas

experiment simulation 17
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Transformation optics
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Multiple particle scattering
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Photonic crystals
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symmetrical mode

asymmetrical mode

Guided modes

dispersion relation and eigenmodes of a metallic film 21



Guided modes

symmetric mode 22



Guided modes

anti-symmetric mode 23



Inverse design of functional elements
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focusing Bloch surface waves into tiny spots



Inverse design of functional elements
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mesoscopic /
microstructure

(quadrupoles) because the higher order terms are negligible.
Since the incident plane-wave has helicity +1, the ratio
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(11)

indicates the degree of helicity change in the interaction. A
similar measure was introduced in ref 37. Figure 1b shows Λ̷ in
logarithmic scale for a cylinder of radius r = 448 nm and height
h = 400 nm. We observe a pronounced dip in the helicity
change at f = 125 THz. Figure 1b also shows, in the linear
scale, the sum of the squared amplitudes of the following: all
coefficients, all helicity ±1 coefficients, the helicity ±1 dipoles,
and the helicity ±1 quadrupoles. The minimum of Λ̷ is at 125
THz. It coincides with a local maximum of the total sum,
which is practically equal to the total helicity +1 sum at that
frequency. The minimum of Λ̷ is also in the vicinity of the local
maximum (resonance) of the helicity +1 dipole. The deviation
from the dipolar resonance is due to a non-negligible
contribution of the helicity +1 quadrupole. Figure 1c shows
the far-field scattering pattern and reveals that the energy is
scattered mainly in the forward half space and that there is
practically zero energy in the specular reflection direction. This
behavior is characteristic of helicity preserving objects with
discrete rotational symmetries: Helicity preservation and a
discrete rotational symmetry 2π/n for n ≥ 3 are sufficient
conditions for zero backscattering.52 Square arrays of
optimized silicon cylinders have been reported showing almost
zero reflection.43,44 They are an example of n = 4. Cylindrical
symmetry is the case n → ∞, which was initially studied by
Kerker53 using isolated spheres, and later generalized to any
object of cylindrical symmetry.54 The potential for exper-
imental realizations of zero backscattering with isolated spheres
of high permittivity was recognized in ref 55 and realized in ref

56, while other experimental demonstrations have used
isolated cylinders.57

We now analyze the helicity of the near-fields around the
cylinder. We also analyze the corresponding enhancement of
optical chirality which, as can be seen in eq 7, is a good proxy
for the CD enhancement if the structure is achiral and the two
illuminations are related by a space-inversion symmetry of the
structure.

Helicity Preservation and Optical Chirality Enhance-
ment. The cylinder is illuminated with left circularly polarized
light at the near-resonant and helicity preserving frequency of
125 THz, and at 75 THz, which corresponds to a nonresonant
nonhelicity preserving case. A low degree of helicity conversion
in the scattered fields can be visually appreciated at 125 THz in
Figure 2c and a roughly equal mixture of the scattered G±(r) at
75 THz in Figure 2d. This is fully consistent with Figure 1b.
The enhancement of the optical chirality density for the total
field (incident plus scattered) is shown in Figure 2a,b. As
expected, the optical chirality enhancement at 125 THz is
considerably stronger than at 75 THz. From these results, it
can be concluded that the cylinder meets the three design
requirements and can act as an approximately helicity
preserving source of chiral near-fields for enhanced CD
measurements. After the concept has been proven, we now
advance toward a more practical structure for a CD
enhancement experiment.

Helicity Preservation and Optical Chirality Enhance-
ment of Periodic Arrays of Cylinders. Making accessible
meaningful volumes of chiral analytes requires a larger
interaction volume between the structure and the molecules.
Therefore, identical cylinders are arranged periodically in a
square lattice with lattice constant L = 3r. The array is
illuminated at normal incidence with circularly polarized plane-
waves. The relative permittivity of the surrounding medium is

Figure 3. (a, b) Depiction and power transmission spectra of 2D-periodic square lattices made of silicon cylinders with a height of h = 400 nm
embedded in a medium with relative permittivity εh = 2.25; the radius r and lattice constant L = 3r are varied. The array is illuminated at normal
incidence. In (b), the connecting rods have a radius of 100 nm. (c) Enhancement of optical chirality density in the surrounding medium for
cylinders with a radius of r = 380 nm at a frequency of f = 136.22 THz. (d) Volume averaged enhancement of optical chirality density ⟨Ĉ⟩ in the
surrounding medium for a left circularly polarized illumination.

ACS Photonics Article

DOI: 10.1021/acsphotonics.8b01454
ACS Photonics 2019, 6, 482−491

487

Ångström

macroscopic / 
device level

Department of Physics
Institute of Applied Physics

Multiscale modelling
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Computational Photonics
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Basics of Maxwell’s 
equations



Maxwell’s equations in time domain

rotE(r, t) = �@B(r, t)

@t

rotH(r, t) = jmakr(r, t) +
@D(r, t)

@t

divD(r, t) = ⇢ext(r, t)

divB(r, t) = 0

E(r, t)

H(r, t)

D(r, t)

B(r, t)

jmakr(r, t)

⇢ext(r, t)

electric field

magnetic field

electric displacement field

magnetic induction

external charge density

macroscopic current density

[Am�1]

[Vm�1]

[Asm�2]

[Vsm�2]

[Asm�3]

[Am�2] 28



Material equations in time domain

D(r, t) = �0E(r, t) + P(r, t) (1)
(2)

⇤[�1(⇤)] = �⇤[�2(⇤)] (3)
d, d1, d2 ⇥ ⇥ (4)

�z =
�

b

b� a

⇥2

(5)

µr =
�

r � a

r

⇥2

(6)

µ� = 1 (7)
µ⇥ (8)
�⇥ (9)
E⇥ (10)
H⇥ (11)

� = µ = 1 (12)
� = µ = �1 (13)

kz = �
⌅

⇤2c�2 � k2
x � k2

y (14)

⇤2c�2 > k2
x + k2

y (15)

kz = i
⌅

k2
x + k2

y � ⇤2c�2 (16)

d1 (17)
d (18)

d2 (19)
d = d1 + d2 (20)

kz = +
⌅

⇤2c�2 � k2
x � k2

y (21)

⇤2c�2 > k2
x + k2

y (22)

kz = +i
⌅

k2
x + k2

y � ⇤2c�2 (23)

⇤2c�2 < k2
x + k2

y (24)

E(r, t) =
⇤

kx,ky

Ē(kx, ky)eikzz+ikxx+ikyy�i⇥t (25)

kx in µm�1 (26)
kz in µm�1 (27)

(28)

1

B(r, t) = µ0H(r, t) +M(r, t)

P(r, t)

M(r, t)

electric polarisation

magnetic polarisation

[Asm�2]

[Vsm�2]

✏0

µ0

permittivity of vacuum
✏0 =

�
µ0c

2
0

��1 ⇡ 8.85 · 10�12As/Vm

permeability of vacuum
µ0 = 4⇡ · 10�12Vs/Am

P(r, t) = ✏0

Z 1

0
R(r, t0)E(r, t� t0)dt0

linear,local,isotropic medium

M(r, t) = 0

usually in optics 29



Maxwell’s equations in frequency domain

V(r, t) =

Z 1

�1
Ṽ(r,!)e�i!td! Ṽ(r,!) =

1

2⇡

Z 1

�1
V(r, t)ei!tdt

using Fourier transformation to transform into frequency space 

Maxwell’s equations in 
frequency domain by 

@

@t
FT��! �i!

divD̃(r,!) = ⇢(r,!) divB̃(r,!) = 0
30

rotẼ(r,!) = i!B̃(r,!)
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Matter equations in frequency domain

�(r,!) =
1

2⇡

Z 1

�1
R(r, t)ei!tdt

defining equation for the material’s susceptibility

linked to the dielectric function

✏(r,!) = 1 + �(r,!)

D̃(r,!) = ✏0✏(r,!)Ẽ(r,!)P̃(r,!) = ✏0�(r,!)Ẽ(r,!)

M̃(r,!) = 0 B̃(r,!) = µ0H̃(r,!)

please note; I will largely skip the tilde to keep the notation more light 
but it should be clear from the arguments what is meant 31



Wave equations for different fields

e.g. for the electric field:

⇥�⇥�E(r,⇤) = ⇤2�0µ0�(r,⇤)E(r,⇤)

e.g. for the electric displacement:

⇥�⇥� 1
�0�(r,⇤)

D(r,⇤) = ⇤2µ0D(r,⇤)

e.g. for the magnetic field:

⇥� 1
�0�(r,⇥)

⇥�H(r, ⇥) = ⇥2µ0H(r, ⇥) (1)

1

please note, the equations are eigenvalue problems
32



Special case homogenous space �(r,⇥) = �(⇥)

⇥ · �0�(⇥)E(r,⇥) = �0�(⇥)⇥ · E(r,⇥) = 0
divergence of the electric field vanishes 

⇧⇤⇧⇤E(r,�) = ⇧ [⇧ · E(r,�)]�⌅E(r,�) = �⌅E(r,�)

Helmholtz equation from the eigenvalue problem

�E(r,⇥) +
⇥2

c2
�(⇥)E(r,⇥) = 0 c2 =

1
�0µ0

simplifying the wave equation with

r⇥r⇥ = r [r·]�4

33



Solution to the wave equation

many solutions are possible (e.g.depending on the coordinate system)

most prominent is plane wave:

(please note, the actual electric field in real space also has an exponential time dependency)

amplitude vector: E0 =

�

⇤
E0

x

E0
y

E0
z

⇥

⌅ k =

�

⇤
kx

ky

kz

⇥

⌅wave vector:

all six parameters are free to a certain extent

restrictions are imposed 
by side constraints

�0�(r,⇥)⇥ · E(r,⇥) = 0

E(r,!) = E0e
ik·r

34



Solution to the wave equation

�E(r,⇥) +
⇥2

c2
�(⇥)E(r,⇥) = 0

plug this ansatz into the eigenvalue problem to determine the free parameters

⇥ · E(r,�) =

�

⇤
�
�x
�
�y
�
�z

⇥

⌅ ·

�

⇤
E0

x

E0
y

E0
z

⇥

⌅ ei(kxx+kyy+kzz) = ik · E(r,�)

⌅ · (⌅ · E(r,�)) = ⇤E(r,�) = � k2 · E(r,�)

k2 =
⇥2

c2
�(⇥)

dispersion relation 
of free space

35



Types of solution

⇥2

c2
�(⇥) > k2

x + k2
y

⇥2

c2
�(⇥) < k2

x + k2
y

kz = ±
�

⇥2

c2
�(⇥)� k2

x � k2
y

propagating wave

kz =

�
⇥2

c2
�(⇥)� k2

x � k2
y

S
ou
rc
e

sign dictates forward / backward wave

E0ei(k�·r�)e�i�teikzz

evanescent wave

ikz = � = �
�

k2
x + k2

y �
⇤2

c2
⇥(⇤)

S
ou
rc
e

sign has to be chosen to ensure decay

E0ei(k�·r�)e�i⇥te��z
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Types of solution
solutions for Maxwell equations in free space?

plane wave spherical wave

How to find solutions for Maxwell 
equations for inhomogenous space?

37


