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Chapter 1

Motivation and Outline

Ever since in 1845 ”magnetic force and light were proved to have relation to each
other” [Far99, p. 123] by Michael Faraday, the research on magneto-optical effects
continues to evolve. Faraday came to his conclusion as he noticed a rotation of the
polarization of light, when it was transmitted through magnetized glass [Far46]. This
is nowadays known as the Faraday effect. Several decades later Kerr [Ker77] was able
to observe the rotation of the polarization of light also in reflection, known as the
polar magneto-optical Kerr effect (PMOKE). However, not all of the magneto-optical
effects influence the polarization of light. Instead there is also the class of intensity
effects that solely changes the intensity of the light. When light is reflected from a
medium that is magnetized perpendicular to the plane of light incidence, the intensity
of the reflected light changes. This effect is known as the transverse magneto-optical
Kerr effect (TMOKE) and it was Zeeman [Zee96] who discovered the TMOKE in
1896, half a century after the first findings of Faraday. We will further discuss these
magneto-optical effects in Chapter 4.

At about the same time also the optical spectroscopy evolved due to a major break-
through in this field. Instead of prisms now metallic gratings allowed for a more
precise spectral dispersion of light. In the early 20th century Wood [Woo02] noticed
narrow bright and dark lines in the intensity spectrum of a continuous light source
diffracted by a metallic grating. These lines named Wood’s anomaly have fascinated
the science community for many decades. In a first explanation, Rayleigh [Ray07]
considered these anomalies as the result of diffraction into the grating surface plane.
While this interpretation was not questioned for a couple of decades [May12, p. 5],
measurements in 1936 by Strong [Str36] showed a dependence of the spectral position
of these lines on the type of metal used. As the grating period remained unchanged,
these experiments led to a reappraisal of this first interpretation. Fano [Fan41] could
partly resolve this discrepancy as he was able to distinguish two types of resonance
lines. He observed a sharp line that was well described by grating diffraction. Apart
from that he noticed a second diffuse resonance at lower energy, consisting of a
minimum and a maximum in intensity, and correctly attributed this resonance to
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waves propagating along the grating surface. The surface waves observed here are
nowadays called surface plasmon polariton (SPP) and are accompanied by charge
density oscillations in the metal. The observation of the Wood’s anomaly and in
particular the Fano resonance can thus be considered the starting point of the research
field of plasmonics. An extensive introduction to the field of plasmonics and the
related optical properties of metals will be given in Chapter 2 and 3.

While common electromagnetic waves are subject to the Abbe diffraction limit, in
plasmonics a sub-wavelength concentration of the electromagnetic field may be easily
achieved [Gra10]. This is a result of their evanescent, surface bound nature that also
leads to an increased sensitivity to changes of the optical properties in this region.
In gold nano-particles (NPs) for example strongly enhanced field intensities at their
interface are observed [Ame17]. This local enhancement of the field intensity is attrac-
tive for non-linear optical processes like second harmonic generation (SHG) [Kau12;
Hen16] and surface-enhanced Raman scattering (SERS) allowing the detection down
to the level of single molecules [Jah16; Sch14]. Unknowingly of the physical back-
ground the localized surface plasmons (LSPs) present in gold NPs were already
utilized in ancient times (around the 4th century) as their spectral position affects the
colour of stained glass [Wag00]. The plasmonic resonances are sensitive not only to
the intrinsic properties of the gold film or NP, but also to their environment and thus
are frequently used for sensing in biomedical and chemical applications [Ank08; Sah12;
Fab16]. More sophisticated chiral plasmonic systems, like a micrometer sized metal
helix (basically a tiny corkscrew) can act as a circular polarizer [Gan09] and might
even allow to detect the chirality of chemical analytes [Hen17]. These are just some
examples that illustrate the rich field of applications for plasmonic nanostructures.

Another intriguing direction in the field of plasmonics is related to the rapidly increas-
ing demand for digital information transport and processing. While the transition
from wired to photonic information transport based on optical fibres currently takes
place, this evolution from electronics to photonics has not yet fully reached the
microchip industry. As a consequence of the downscaling of electronic circuits with
transistor densities of about 100/µm2 [Cou17] the problem of transporting the in-
creasing amount of information arises [Ozb06]. Due to the fundamental diffraction
limit of light, this challenge cannot simply be overcome by optical interconnects
such as fibres that could carry a considerably larger amount of digital information.
With plasmonic circuits on the other hand electric currents and optical signals could
potentially be combined on the same chip [Ozb06; Sch10], although one should note
that due to the inevitable loss in plasmonic structures [Khu15] the propagation
length of the SPP wave is limited [Bar03]. In contrast to an electromagnetic wave
propagating in a continuous medium, the evanescent character of these SPP waves
endows them with a longitudinal component of the electric field [Aie15]. Within
the propagation plane (i.e. with the normal of this plane being perpendicular to
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Chapter 1 Motivation and Outline

the propagation direction) the wave thus possesses a circular polarization that is
locked to the propagation direction, as identified by Bliokh and Nori [Bli12]. This
circular polarization can be described as a transverse spin angular momentum (SAM),
which is present in evanescent waves (plasmonic systems [Bli12], waveguides [Pet14]
and whispering-gallery-mode resonators [Jun13]) and highly focused beams [Ban13].
Notably, the transverse SAM is locked to the propagation direction of an SPP wave
which is called spin-momentum locking. The transverse SAM is promising for optical
circuitry as it allows spin-sensitive addressing and reading of guided modes and
quantum states [Aie15]. A more detailed introduction to the field of transverse SAM
is presented in Chapter 5.

In many domains of modern optics the control of light reflection, emission and its
propagation direction is required, ranging from macroscopic searchlights to nanoscopic
antennas [Ben11; Lod17]. Control over the propagation direction established by
the use of magnetic forces is highly appealing for applications in magneto-optical
storage, nanophotonic circuits and precision metrology [Tem10; Aki12; Arm13; Bos16].
Magneto-optical phenomena such as the Faraday and Kerr effect allow to control the
polarization of transmitted and reflected light rays respectively [Zve97; Ino13]. The
necessary enhancement of these magneto-optical effects began already in the late 1980s
with studies on smooth ferromagnetic films [Bur86; Hic87], establishing the research
field of magneto-plasmonics. The emerging nanostructuring methods allowed for a
patterning of the metal films and gradually led to more complex magneto-plasmonic
systems. In these so-called plasmonic crystals (PCs) plasmonic and magneto-optical
effects are combined in a single structure, consisting of a magnetic layer with a
periodically perforated gold film. The combination of magneto-optical effects with
the field of plasmonics is highly attractive as the localized fields result in an enhanced
sensitivity to changes of the optical properties, potentially allowing novel devices
in miniaturized photonic circuits [Bel13]. In this respect a TMOKE enhancement
of at least one order of magnitude was demonstrated near the SPP resonance in a
bismuth iron garnet (BIG) PC in transmission [Bel11]. In a structure with increased
bismuth substitution level the TMOKE strength was enhanced by nearly another
order of magnitude [Poh13]. Also the Faraday rotation is enhanced in thin-film PCs
by one order of magnitude, due to the interplay of SPPs and photonic waveguide
modes in such a system [Chi13; Flo17]. Similarly the enhancement of TMOKE was
observed experimentally by Kreilkamp et al. [Kre13] in gold nanowires placed on
top of a photonic waveguide. In order to achieve magnetic field control over the
directionality in emission a dedicated tailoring of the structures is required. So far this
has only been demonstrated in Faraday geometry for the emission of chiral objects,
where directionality is established along the axis parallel to the magnetic field [Rik97].
In the transverse geometry where directionality is established perpendicular to the
magnetic field, no intensity effects have been reported yet.
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This thesis contributes to the field of magneto-optical effects in two ways. First, in
Chapter 8 of this thesis we will address the following question:
If an emitter is polarized by a magnetic field such that it possesses a transverse SAM,
will its emission become directional as a consequence of the spin-momentum locking
at the interface?
This effect is studied in a structure comprising a (Cd,Mn)Te diluted magnetic semi-
conductor (DMS) quantum well (QW) buried below (Cd,Mg)Te as the surrounding
material. On top of the structure a plasmonic grating coupler is applied, which allows
for the detection of surface modes in the far field. We study the exciton emission
from the magnetic QW, which shows a giant Zeeman splitting within magnetic
field. In a transverse magnetic field the emission thus possesses non-zero transverse
SAM. When the emitter is close to the interface the emission might decay into the
evanescent surface waves, for which spin and momentum are locked and we thus
might observe directional emission. While highly desirable for the control of emission
on the nanoscale, a similar effect in transverse magnetic field was not yet reported
irrespective of the system presented in this thesis.

The giant Zeeman splitting in combination with the narrow exciton linewidth as
compared to other resonances like the SPP immediately suggests a second question:
How does the TMOKE spectrum change, when the Zeeman splitting overcomes the
resonance linewidth?
We will discuss this question in Chapter 9 for the TMOKE observed at the QW exciton
resonance in (Cd,Mn)Te / (Cd,Mg)Te DMS structures. So far in the literature only
TMOKE studies were reported where the splitting was smaller than the resonance
linewidth. Measurements in the contrary case would thus establish a whole new
TMOKE regime.
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Chapter 2

Electrodynamics

In this section we will discuss the characteristic optical properties of metals, which are
of major importance for the excitation of surface bound waves, discussed in Chapter 3.
Therefore we will begin with a short review of Maxwell’s equations describing the
properties of electromagnetic waves in matter. Next we will describe the electron
dynamics of an idealized metal in the free electron and Drude-Lorentz model over a
wide frequency range in order to obtain the electromagnetic response of the metal.
We will close this chapter with a comparison of these results with the real properties
of gold. This chapter is based on the well-structured introduction to the physics of
surface plasmon polaritons presented in Reference [Mai07, Ch. 1].

2.1 Maxwell’s Equations

Maxwell’s equations describe how electromagnetic fields interact and depend on each
other in classical theory, both inside the volume of a material and at its interfaces.
Interestingly even metallic nanostructures may be described by these equations due to
the high free carrier density. The description is thus still valid even without quantum
mechanical considerations, as long as the quantum confinement remains negligible. In
particular this is the case due to the smaller electron energy level spacing as compared
to the energy of thermal excitations 𝑘B𝑇, especially at elevated temperatures (i.e. at
room temperature). The four Maxwell’s equations

∇ × 𝑬 = −∂𝑩
∂𝑡

, (2.1a)

∇ × 𝑯 = 𝒋ext + ∂𝑫
∂𝑡

, (2.1b)

∇ ⋅ 𝑫 = 𝜌ext and (2.1c)

∇ ⋅ 𝑩 = 0 (2.1d)
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Chapter 2 Electrodynamics

will be the starting point of the following discussion. [Mai07, pp. 5-6]

Eq. (2.1a) is also known as Faraday’s law and Eq. (2.1c) as Gauss’s law. The
macroscopic fields 𝑬, 𝑯, 𝑫 and 𝑩 are known as electric field, magnetic field strength,
dielectric displacement and magnetic flux density respectively. Additionally the
external charge density 𝜌ext and external current density 𝒋ext are introduced. In
general the term magnetic field is synonymously used for the magnetic flux density
𝑩 and will be used in this manner if not stated otherwise.

The distinction of the total densities between internal 𝜌 = 𝜌tot − 𝜌ext, 𝒋 = 𝒋tot − 𝒋ext
and external ones is advisable as only the latter set controls the system, while the
prior set is only responding to these external stimuli. The polarization density 𝑷 and
magnetization 𝑴 reveal another relation

𝑫 = ε0𝑬 + 𝑷 = ε0𝜺𝑬 and (2.2a)

𝑯 = 1
μ0

𝑩 − 𝑴 = 𝝁−1

μ0
𝑩 (2.2b)

of the four macroscopic fields introduced before. [Mar10, pp. 613-614]

Here μ0 = 4 × 10−7 N/A2 is defined as the vacuum permeability and ε0 = 1/μ0c2

is the deduced vacuum permittivity [Gri14, p. 596]. While 𝑷 is a macroscopic
quantity, describing the electric dipole moment per unit volume, it appears due to the
microscopic dipoles inside the material aligning with the electric field 𝑬 [Mai07, p. 7].
In the case of linear media (𝑷 ∝ 𝑬) a relative permittivity 𝜀 and permeability 𝜇 may
be introduced describing the influence of the polarization density and magnetization
in this set of equations. In this most universal case the relative permittivity and
permeability are complex-valued 2nd-order tensors of the form

𝜺 = ⎛⎜
⎝

𝜀xx 𝜀xy 𝜀xz
𝜀yx 𝜀yy 𝜀yz
𝜀zx 𝜀zy 𝜀zz

⎞⎟
⎠

and 𝝁 = ⎛⎜
⎝

𝜇xx 𝜇xy 𝜇xz
𝜇yx 𝜇yy 𝜇yz
𝜇zx 𝜇zy 𝜇zz

⎞⎟
⎠

.

For now we will limit ourselves to non-magnetic matter where 𝝁 = 𝟙𝟙𝟙, 𝑴 = 𝟘𝟘𝟘 and focus
on the dielectric permittivity tensor 𝜺 only. Studies involving the magnetization will
be discussed later on in Chapter 4. Furthermore we will consider only homogeneous
(𝜺(𝒓) = 𝜺) and isotropic (𝜺 = 𝟙𝟙𝟙𝜀) matter for the time being, which simplifies the
equations presented in (2.2).

Another notation of the complex-valued relative permittivity is given by 𝜀 = 𝜀1 +
i𝜀2. Here the real and imaginary parts are separated, as they represent different
optical properties. The following equations show the close connection of the relative
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2.2 Free Electron Model

permittivity and other optical properties, namely the refractive index 𝑛 and absorption
𝜅, valid for non-magnetic media:

√
𝜀 ≡ 𝑛 + i𝜅

⇔ 𝑛2 = 1
2

(√𝜀2
1 + 𝜀2

2 + 𝜀1) , 𝜅2 = 1
2

(√𝜀2
1 + 𝜀2

2 − 𝜀1) .
(2.3)

Although not explicitly stated so far, the relative permittivity 𝜀(𝜔) may strongly
change depending on the angular frequency 𝜔 of the electromagnetic wave passing
the medium. This is caused by optical resonances of various kinds such as the exciton
resonance that will be discussed later on. Close to the allowed optical transitions
in the studied material the relative permittivity is altered, resulting in a change of
the refractive index 𝑛(𝜔) and the absorption 𝜅(𝜔) One possibility to determine the
dependence of the relative permittivity on the angular frequency in the range of
optical frequencies are reflectivity studies, for example ellipsometry.

2.2 Free Electron Model

The discovery of the electron in 1897 had a major impact on the understanding of
the structure of matter and soon led to the question of the underlying mechanism of
conduction in metals. Only three years later in 1900 the Drude theory was the first
one describing electric and heat conduction in metals. This model is in principle the
application of the kinetic gas theory on metals, in which the electrons are considered
as an electron gas. Even though the model already allowed the explanation of some
effects like the ordinary Hall effect, it failed in other aspects. [Ash13, pp. 2-3]

In 1927 Sommerfeld introduced quantum mechanical aspects and combined them
with the classical Drude model, which then covers a greatly extended number of
experimental phenomena of which many are related to the thermal conductivity. The
model Sommerfeld developed is mainly referred to as the free electron model (FEM)
and is based on the following four approximations: The first two are about the
interaction of electrons with other particles. The electron-electron interactions are
neglected (Independent electron approximation) and electrons also do not interact
with the ions, except for boundary conditions in some special cases not considered
here (Free electron approximation). Thus the electrons are considered to move
in a straight line in the absence of electromagnetic fields. Third, the motion of
electrons is interrupted when scattered in instantaneous collisions with the average
time in between called relaxation time 𝜏, which is independent of velocity and space
(Relaxation time approximation). And lastly the electronic system is described by
the Fermi-Dirac statistics (Pauli exclusion principle). [Ash13, pp. 6-7, 38]
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Chapter 2 Electrodynamics

Taking into account these considerations one can deduce the simple equation of
motion

𝑚∗�̈� + 𝑚∗𝛾�̇� = −𝑒(𝑬 + �̇� × 𝑩), (2.4)

with the collision frequency 𝛾 = 1/𝜏 in the most general case of both external electric
field 𝑬 and magnetic field 𝑩. As we consider the electrons like free electrons with an
effective mass 𝑚∗ and electric charge 𝑒, the equation of motion contains no restoring
force. [Gru06, p. 197]

Assuming a harmonic time dependence of both the electric field and the electron
oscillation with an ansatz ∝ 𝑒−i𝜔𝑡 and by neglecting the external magnetic field
contribution (𝐵 = 0) one receives a phase shift between the driving field and electron
oscillation. Taking into account the influence of the electron displacement on the
macroscopic polarization leads to the relation

𝑷 = −𝑒𝑛𝑒𝒙 = − 𝑛e𝑒2

𝑚∗(𝜔2 + i𝛾𝜔)
𝑬,

which in combination with Eq. (2.2a) yields the well known dielectric function of the
free electron model

𝜀(𝜔) = 1 −
𝜔2

p

𝜔2 + i𝛾𝜔
. (2.5)

Here 𝜔p = √𝑛e𝑒2/(𝜀0𝑚∗) is the so called plasma frequency characterizing the bulk
charge density waves with the free electron density 𝑛e. [Mai07, pp. 11-12]

2.3 Drude-Lorentz Model

The free electron model is only applicable as a description of metals within narrow
constraints, as for higher photon energies 𝐸 ≫ ℏ𝜔p the relative permittivity is
approaching unity 𝜀 → 1. In real metals this is not the case, as here the free 𝑠-
electrons are dominating and form a highly polarized environment with the filled
𝑑-band located close to the Fermi surface. The entirety of all high-energy interband
transitions can be incorporated in (2.5) by a constant positive background 𝜀b − 1 in
this energy range (usually 𝜀b ≤ 10) resulting in

𝜀(𝜔) = 𝜀b −
𝜔2

p

𝜔2 + i𝛾𝜔
. (2.6)

As shown in the next section this rather simple description already yields a good
agreement at lower photon energies. [Mai07, pp. 13-14]

10



2.4 Comparison with Empirical Values for Gold

When approaching the visible spectral range, in the case of gold at an energy of about
𝐸 = ℏ𝜔 = 1.75 eV corresponding to a wavelength of about 700 nm, the free electron
model begins to fail. At the boundary between visible and near-infrared the interband
transitions of bound electrons begin to occur, thus leading to a rapid increase of the
imaginary part 𝜀2 of the dielectric function. The dominant interband transition (2.4 eV
for gold [Sun94]) can be described by the same approach used for direct transitions in
semiconductors [Mar10, p. 698]. Photons above the band edge threshold are effectively
inducing these interband transitions, where electrons from lower-lying d-bands are
excited into the conduction band, resulting in increased damping and a competition
with the excitation of surface plasmon polaritons introduced in Chapter 3. In first
approximation the interband transitions can be described in the classical picture
of a Lorentz oscillator, where in contrast to Eq. (2.4) the electron is bound with
a resonance frequency 𝜔𝑗 resulting in the following slightly modified equation of
motion

𝑚∗
𝑗�̈� + 𝑚∗

𝑗𝛾𝑗�̇� + 𝑚∗
𝑗𝜔2

𝑗 𝒙 = −𝑒𝑬. (2.7)

Again, this equation is solved by a harmonic time dependence and in like manner
one can calculate its influence on the relative permittivity, resulting in the following
combined description in the Drude-Lorentz model with 𝑁 oscillators

𝜀(𝜔) = 𝜀b −
𝜔2

p

𝜔2 + i𝛾𝜔
−

𝑁−1
∑
𝑗=0

𝜔2
p,𝑗

(𝜔2 − 𝜔2
𝑗 ) + i𝛾𝑗𝜔

. (2.8)

While for 𝑁 = 0 this equation is identical to the FEM, already a single additional
oscillator of the Drude-Lorentz model (i.e. 𝑁 = 1) considerably extends the model’s
scope up to the boundary of visible and ultra-violet light at around 𝐸 = 2.75 eV. An
accurate description of the full spectral range requires a larger number of Lorentz
oscillators, which would lead to additional terms in the relative permittivity. [Mai07,
pp. 17-18]

The oscillator amplitude 𝜔p,0 = √𝑛𝑒,0𝑒2/(𝑚∗
0𝜀0) of the first Lorentz oscillator

appears in analogy to the plasma frequency of the free electron model 𝜔p. Although
in this case 𝑛𝑒,0 is the density of bound electrons and 𝑚∗

0 is their effective mass,
with both of them generally being different from their free counterparts in a periodic
potential. The damping constant 𝛾0 is mainly related to radiative damping in case
of bound electrons. [Nov12, pp. 375-376]

2.4 Comparison with Empirical Values for Gold

Now that the theoretical dependence of the relative permittivity is known from
Eq. (2.8) for an arbitrary number of oscillators, we want to compare the first two
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Chapter 2 Electrodynamics

approximations with the actual measured values for gold by Johnson and Christy
[Joh72]. Figure 2.1 illustrates the real (𝜀1) and imaginary part (𝜀2) of the relative
permittivity of gold, with the experimental data shown as black dots. The blue solid
line represents the FEM description based on (2.8) with 𝑁 = 0, which is fitted to the
data resulting in the fit parameters presented in Table 2.1. This simple model already
yields a satisfactory description of the data in the lower energetic Drude regime.
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Interband regime

𝑁 0 1
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ℏ𝜔p 9.0 9.0 eV
ℏ𝛾 77 77 meV
ℏ𝜔0 2.8 eV
ℏ𝜔p,0 3.0 eV
ℏ𝛾0 660 meV

Figure 2.1: Real (𝜀1) and imaginary part (𝜀2) of the dielec-
tric function of gold. The black dots show the experimental
data by Johnson and Christy [Joh72], the blue solid line
shows a fit based on the free electron model and the red
dashed line the Drude-Lorentz model. Both models are de-
scribed by (2.8) with 𝑁 = 0 or 1, respectively. The resulting
fit parameters are presented in Table 2.1, where the fit range
was limited to energies ≤ 2.75 eV in both cases.

Table 2.1: Fit parameters of the
FEM and Drude-Lorentz model
presented in Figure 2.1. The fit
function is represented by (2.8)
with 𝑁 = 0 or 1, respectively.

As one can see, by adding the contributions of FEM and interband absorption
(𝑁 = 1, red dashed line) the higher energy interband regime is described as well up
to about 𝐸 = 2.75 eV. According to expectations, as in this extended model a first
interband transition is included, the positive background representing all interband
transitions 𝜀b decreased. The further values for plasma frequency 𝜔p and damping
𝛾 are determined by the Drude regime and do not change due to the interband
contribution, showing good agreement with the values presented by Berciaud et al.
[Ber05].

Notably, the real part of the metals relative permittivity is negative throughout the full
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2.4 Comparison with Empirical Values for Gold

observed spectral range while its imaginary part is non-vanishing. As we will discuss
in Chapter 3 and Subsection 5.1 this not only leads to strong absorption 𝑛 =

√
𝜀 but

also is a requirement for observing surface bound modes whose propagation direction
is locked to their respective spin.
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Chapter 3

Surface Plasmon Polaritons

Now that we know the relevant optical properties of metals for the description of
surface bound modes, in this chapter the surface plasmon polariton (SPP) – the
paragon of a surface bound wave – is introduced. These surface plasmon polaritons
describe the coupled oscillation of conduction electrons at the surface of the metal
(surface plasmon) in line with the evanescent electromagnetic wave that is propagating
at the interface of metal and dielectric (polariton). The evanescent confinement
enables the concentration of the electromagnetic field into a volume smaller than the
wavelength of the light, which is one of the interesting features in plasmonic structures.

z

y
x

εd

εm

Figure 3.1: Sketch of the geometry used
for the description of surface plasmon
polaritons propagating at the interface
of metal 𝜀m and dielectric 𝜀d. Note that
the interface is located in the xy-plane
while the SPP is propagating solely in
y-direction in the following calculations.

To that end we solve the Maxwell’s equations
at the interface of metal and dielectric. As a
result we will obtain the dispersion relation of
SPPs connecting the energy of the wave with its
momentum, which allows to calculate the electric
field distribution of these waves as well. Under
normal conditions it is not possible to fulfil both
energy and momentum conservation at the same
time on a perfectly flat gold film. We will describe
how the excitation of surface plasmon polaritons
is still achieved by a sophisticated patterning of
the gold film. Finally, we will discuss a related
electromagnetic wave named Wood’s anomaly,

which is not describing a surface bound wave but a wave diffracted by a grating into
the plane parallel to the interface of metal and dielectric. This chapter is based on
References [Mai07; Nov12], both giving a very good introduction into the physics of
surface plasmon polaritons.
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3.1 Fresnel Equations

3.1 Fresnel Equations

For the introduction of these surface bound modes some knowledge about the boundary
conditions and the corresponding Fresnel coefficients is helpful. Clearly the Maxwell’s
equations also hold for the boundaries of two adjacent materials, though it is advisable
to use their respective integral form in this case. We will consider the interface of
metal (𝑗 =m) and dielectric (𝑗 =d), with their refractive index 𝑛𝑗 and the electric field
𝑬𝑗 correspondingly. As shown in Figure 3.1 we furthermore define the z-direction
as perpendicular to the interface. One can conclude from Faraday’s law (2.1a) in
integral form that the electric field components parallel to the interface 𝐸x,𝑗, 𝐸y,𝑗
remain unchanged in both materials. According to the third Maxwell equation (2.1c)
on the other hand the dielectric displacement field is source free in absence of external
stimuli and thus the normal to the interface 𝐷z,𝑗 is retained as well. These two
considerations lead to the following boundary conditions at the interface of two media

𝐸x,m = 𝐸x,d, (3.1a)
𝐸y,m = 𝐸y,d, (3.1b)

𝜀m𝐸z,m = 𝜀d𝐸z,d. (3.1c)

The Fresnel coefficients describing the reflected and transmitted intensities at such
an interface can be deduced by applying these boundary conditions to an incident
plane wave resulting in

𝑟0→1
TM =

𝜀0/𝑘z,0 − 𝜀1/𝑘z,1

𝜀0/𝑘z,0 + 𝜀1/𝑘z,1
and 𝑡0→1

TM = (𝜀0
𝜀1

)
2

(1 + 𝑟0→1
TM ) . (3.2)

Here 𝑟0→1
TM is the reflection and 𝑡0→1

TM the transmission coefficient describing the change
in intensity and phase of a wave propagating inside of medium 0. These quantities
further simplify if both media have positive and purely real relative permittivity.
Within this approximation the values for the light’s incidence angle on the interface
𝜃0 in medium 0 and 𝜃1 in medium 1 are related by Snell’s law

𝑛0 sin(𝜃0) = 𝑛1 sin(𝜃1). (3.3)

A more detailed description can be found in the textbook by Novotny and Hecht
[Nov12, pp. 19-22].

3.2 Polarization of Surface Bound Waves

For the derivation of surface plasmon polaritons, we will limit our considerations
in the following to an electromagnetic plane wave propagating in y-direction as
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Chapter 3 Surface Plasmon Polaritons

depicted in Figure 3.1 (i.e. 𝑘x = 0). Furthermore we consider only the transverse
magnetic (TM) mode, as it can be shown easily that no surface modes exist in
transverse electric (TE) polarization [Mai07, pp. 26-27]. For the transverse magnetic
mode 𝒌 ⋅ 𝑯 = 𝑘y𝐻y + 𝑘z𝐻z = 0 holds. Only when additionally assuming 𝐻y =
𝐻z = 𝐸x = 0 this leads to a non-vanishing solution of Maxwell’s equations in both
half-spaces simultaneously. The electric field of this wave consequently reads

𝑬𝑗(𝑦, 𝑧) = 𝑬0ei𝑘z,𝑗𝑧ei(𝑘y𝑦−𝜔𝑡) where 𝑗 = m, d. (3.4)

Please note that here (3.1b) was taken into account, stating that the y-component of
the electric field parallel to the interface is conserved (i.e. also at 𝑡 = 0, 𝑧 = 0) and
thus 𝑘y,m = 𝑘y,d = 𝑘y or in other words

𝑘2
y = 𝜀𝑗 (𝜔

c
)

2
− 𝑘2

z,𝑗 where 𝑗 = m, d. (3.5)

Inserting this ansatz into Eq. (2.1c) yields two additional equations for metal and
dielectric separately

𝑘𝑦𝐸y,𝑗 + 𝑘z,𝑗𝐸z,𝑗 = 0 where 𝑗 = m, d. (3.6)

In combination (3.1) and (3.6) form the following system of equations

⎛⎜⎜⎜⎜
⎝

1 0 −1 0
𝑘y 𝑘z,m 0 0
0 0 𝑘y 𝑘z,d
0 𝜀m 0 𝜀d

⎞⎟⎟⎟⎟
⎠

⋅
⎛⎜⎜⎜⎜
⎝

𝐸y,m
𝐸z,m
𝐸y,d
𝐸z,d

⎞⎟⎟⎟⎟
⎠

= 𝟎, (3.7)

which has non-trivial solutions only if the matrix determinant is vanishing. This
is accurate in two possible cases, either for 𝑘y = 0 thus describing a wave not
propagating along the interface, or for

𝑘z,m

𝜀m
=

𝑘z,d

𝜀d
, (3.8)

which indeed is describing a propagating solution along the interface. Going back
to (3.5) and inserting what was just deduced finally allows to receive the dispersion
relation of the surface plasmon polariton waves

𝑘2
x = 0, (3.9a)

𝑘2
y = 𝜀m𝜀d

𝜀m + 𝜀d

𝜔2

c2 and (3.9b)

𝑘2
z,𝑗 =

𝜀2
𝑗

𝜀m + 𝜀d

𝜔2

c2 where 𝑗 = m, d. (3.9c)
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3.2 Polarization of Surface Bound Waves

Given the importance of this relation, we will discuss the conditions for a surface
mode to exist in more detail. The following discussion will be slightly simplified by
neglecting the small imaginary part of the metals relative permittivity, allowing a
more intuitive description. For an undamped propagating mode the wave vector of
the SPP in y-direction needs to be purely real. In other words both the numerator
𝜀m𝜀d and denominator 𝜀m + 𝜀d in the fraction of 𝑘y should have the same sign, both
being either positive or negative. Additionally we require the wave to be bound to
the interface and thus the wave vector in z-direction is required to be imaginary, i.e.
with the fraction in 𝑘z,𝑗 (3.9c) having an overall negative sign. As the numerator 𝜀2

𝑗
is positive, the two conditions

𝜀m + 𝜀d < 0 and 𝜀m𝜀d < 0 (3.10)

can be formulated for enabling the SPPs. Consequently one of the dielectric functions
must be negative, which is the case for metals as shown exemplary for gold in
Section 2.4. [Nov12, p. 379]

Figure 3.2 depicts the dispersion relation of surface plasmon polaritons at three distinct
interfaces. On the left in Figure 3.2a the first two interfaces are shown over a broad
energy range of up to 3.5 eV. Here, the SPP propagating at the interface of gold / air
with 𝜀1 = 1 is represented by the solid line, while for the second gold / dielectric
interface 𝜀2 = 4 holds, resulting in the dash-dotted line.

Two branches of the dispersion can be distinguished, one in the higher and one in
the lower energy range. For lower energies the dispersion closely follows the 𝜃 = 90°
light line generally described by ℏ𝜔 = ℏcℜ(𝑘y)𝜀−1/2

𝑗 sin(𝜃) as marked by the coloured
area (𝑗 = 1 in yellow and 𝑗 = 2 in red). Consequently, within the light cone normal
incidence 𝜃 = 0° is corresponding to the left border and grazing incidence 𝜃 = 90°
is situated at the right border. With increasing energy the distance with respect to
the light cone increases first. At intermediate energies of about 2 eV to 2.5 eV the
dispersion bends back and subsequently crosses the light line. This back-bending
induces an upper limit for the maximum SPP wave vector.

At higher energies the dash-dotted line is located inside the red marked area and the
so called Brewster mode is observed, which thus may be excited by incident light.
However this mode does not represent a real surface bound wave and rather describes
the wave propagation into the metal – i.e. in z-direction – and thus is not of interest
here. In the other case of air as dielectric this mode is not directly observed in the
dispersion diagram due to the lower 𝜀1 and the imaginary part of the gold’s dielectric
function.1

1More precisely, the Brewster mode may be observed only in dielectrics where −𝜀d < ℜ(𝜀m) < − 3
4 𝜀d

is fulfilled.
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Figure 3.2: (a) Dispersion relation of surface plasmon polaritons propagating along the interface
of a dielectric and a flat gold film. As first dielectric air with 𝜀1 = 1 is considered (solid line)
and secondly an arbitrary dielectric with 𝜀2 = 4 is chosen (dash-dotted line). The area marked
in yellow comprises all modes that can be addressed in air by incident light, i.e. the left border
of this area corresponds to 𝜃 = 90° while at the right border 𝜃 = 0° holds. In the other dielectric
on the other hand the red marked area is addressable. Consequently the modes present in the
rightmost unmarked area are considered the non-radiative modes. At higher energies the so called
Brewster mode is present, not describing true surface waves but wave propagation into the metal
instead. (b) As third dielectric Cd0.73Mg0.27Te was chosen (dashed line) with an energy dependent
𝜀3 [Lip69]. One can see for all three dielectrics the wave vector mismatch of the SPP mode with
respect to their corresponding light cone, shown exemplary by the blue arrows at 𝐸 = 1.69 eV. In
fact the mismatch of light incident from air and the (Cd,Mg)Te / Au SPP is even larger. Thus surface
plasmon polaritons on a flat gold film can not be excited by incident light irrespective of the selected
dielectric material. The relative permittivity of gold was taken from experiment in all cases [Joh72]
and is extended at low energy values 𝐸 < 0.64 eV by the FEM (2.6).

18



3.2 Polarization of Surface Bound Waves

As discernible in Figure 3.2b where the focus lies in the lower energy region 𝐸 <
2 eV, surface plasmon polaritons can not be addressed by incident light in con-
trast to the Brewster mode discussed before. Here the case of an SPP at the
gold / Cd0.73Mg0.27Te interface is shown by the dashed line and the related blue
marked light cone. The main reason why surface plasmon polaritons can not be ex-
cited is the wave vector mismatch of the dispersion with respect to the corresponding
light cone. This mismatch is indicated by the blue arrows at 𝐸 = 1.69 eV, which is
present though for all three examples shown. There are ways to overcome this lattice
mismatch which will be discussed in Section 3.3, but for now we will take a brief look
at the electric near-field distribution of this particular surface plasmon polariton.

With all components of the wave vector being known, we can fully describe the
electric field of a surface plasmon polariton in the following way [Mai07, p. 25]

𝑬𝑗 ∝ ⎛⎜
⎝

0
𝑘z,𝑗
−𝑘y

⎞⎟
⎠

𝑒i(𝑘y𝑦+𝑘z,𝑗𝑧)−i𝜔𝑡

𝜀0𝜀𝑗𝜔
where 𝑗 = m, d. (3.11)

The corresponding electric field distribution at an energy of ℏ𝜔 = 1.67 eV is shown
in Figure 3.3, where the colour scale represents the electric field intensity ℜ(𝑬)2,
while the arrows represent the electric field vector ℜ(𝑬). Here the upper layer is
the metal (Au) while as dielectric the material Cd0.73Mg0.27Te was chosen con-
sistently with the actual studied samples presented in Section 6. 𝜀m(1.67 eV) =
−19.574 + 1.216i [Joh72] and 𝜀d(1.67 eV) = 7.369 [Lip69] are used as relative per-
mittivities. The interface of these two materials is indicated by the black line
at zero depth. One can clearly see the evanescent character of these interface
bound waves, which is characterized by the respective energy attenuation length of
𝐿m = 1/(2ℑ(𝑘z,m)) ≈ 11 nm in the metal and 𝐿d = 1/(2ℑ(𝑘z,d)) ≈ 28 nm in the
dielectric. Notably, the electric field’s energy is confined spatially in a sub-wavelength
region close to the interface. This is a key feature present in plasmonic systems
and allows to sensitively probe changes of the material properties near the interface.
One thus could think of miniaturized photonic circuits with length scales that are
much smaller than those currently achieved [Bar03] and even use the excited surface
plasmon polaritons to taylor the cooling processes in the metal [Spi16] to mention
only two examples.

In the direction of propagation as indicated by the black arrow, the energy attenuation
length is considerably larger with 1/(2ℑ(𝑘y)) ≈ 924 nm for the SPP with wavelength
𝜆SPP = 2𝜋/ℜ(𝑘y) = 216 nm. In fact, the wavelength of the SPP is always shorter
with respect to the wavelength in the dielectric material. Interestingly, due to the
Drude-like as well as the interband damping in real metal, the 1/

√
𝑒 propagation

length (after which the light intensity ∝ |𝐸|2 has decayed by a factor 𝑒) of the
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Figure 3.3: Electric field distribution of an SPP propagating along the interface of gold and
Cd0.73Mg0.27Te according to 3.9 and 3.11. The distribution has only one parameter namely its
energy 𝐸 = ℏ𝜔 = 1.67 eV, while all other properties defined by the refractive indices of gold and
Cd0.73Mg0.27Te, which were determined by Johnson and Christy [Joh72] and Lipson and Lipson
[Lip69] respectively.

surface plasmon polariton is limited to approximately four times its wavelength at
this energy.

If air is considered as the dielectric 𝜀d instead, this propagation length is drastically
increased to about 35 µm for an SPP wavelength of 723 nm. Regarding the propagation
length, indeed air is the ideal dielectric as one can see from this example. Still
(Cd,Mg)Te is used as the dielectric of choice in our case which enables us to place the
interface in proximity of a (Cd,Mn)Te quantum well (QW) for which the (Cd,Mg)Te
is used as surrounding material and as a spacer with freely selectable thickness, in
contrast to the case of air as the dielectric.
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3.3 Excitation of Surface Plasmon Polaritons

3.3 Excitation of Surface Plasmon Polaritons

We will now come back to the problem of having a wave vector mismatch between the
incident light and the surface plasmon polariton that we want to excite, as mentioned
in the last section. This was shown in Figure 3.2b, where the wave vector of the SPP
is to the right of the light cone and thus has larger momentum than the incident
light, irrespective of the incidence angle chosen 0° ≤ |𝜃| ≤ 90°. In this case the two
prerequisites of energy and momentum conservation can not be fulfilled at the same
time and consequently incident light can not excite an SPP wave at the interface of
flat metal and dielectric.

Fortunately the wave vector mismatch can be overcome by two fundamentally different
approaches, involving either an additional optical element close to the interface or a
specific structuring of the sample itself. The first rather simple of these strategies is
based on a prism in total internal reflection geometry within proximity of the interface,
enabling a coupling via photon tunnelling. Here two geometries are distinguished, the
Otto [Ott68] and Kretschmann [Kre68] configuration, in dependence of the material –
dielectric or metal – to which the prism is in contact. Furthermore near-field scanning
optical microscopy (NSOM) may be used with its confined optical near field allowing
photon tunnelling from the tip’s sub-wavelength aperture into the metal film. In
contrast to these approaches utilizing a macroscopic optical element, either a prism
or tip, we focus on the second variant including microscopic structuring of the sample
itself. [Mai07, pp. 42-50]

There are several ways to enable diffraction, like focusing the light on the sample edge,
on a single groove in the metal film or by exploiting the samples intrinsic surface
roughness. One more prominent example, which is used throughout our studies
discussed in this thesis, is the use of a hybrid plasmonic semiconductor structure
with a grating coupler, instead of using the flat gold film used in the calculations
shown before. The coupler is formed by perforating the gold film periodically in a
distance of several 100 nm called grating period 𝑎, each time removing a slit with
a size on the order of 10 nm from the film as described later in Section 6. For the
sake of simplicity, we will limit ourselves to gratings with periodicity in y-direction.
As described before this method is based on diffraction, which in this case takes
place on the grating structure, resulting in several diffracted beams. These beams
are distinguishable based on their respective diffraction order 𝑚 ∈ ℤ describing the
increase or decrease of the in-plane wave vector 𝑘y by multiples of the grating’s
reciprocal lattice vector 2𝜋/𝑎

𝑘SPP = 𝑘y + 2𝜋
𝑎

𝑚, (3.12)

while the perpendicular component 𝑘x remains unchanged.
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Figure 3.4: Dispersion of the unfolded 𝑚 = 0 surface plasmon polariton at the interface of gold and
Cd0.73Mg0.27Te represented by the solid line, as shown already in Figure 3.2b. Additionally three
different folded SPP dispersions are shown in green (𝑎 = 200 nm), red (250 nm) and blue (300 nm).
Each of these three curves consist of a lower branch with negative group velocity 𝑣g = 𝑑𝜔/𝑑𝑘 < 0
where 𝑚 = −1 and a higher energetic branch 𝑚 = +1 that is propagating in positive y-direction.
The area marked in yellow represents the 0° ≤ 𝜃 ≤ 90° light cone in air, in which the now folded
SPP dispersion is located. Due to the grating structure, incident light allows to excite SPPs at an
energy tunable by the grating constant.

Now we are finally in a situation where surface plasmon polaritons can be excited
by incident light as both wave vectors can be matched 𝑘0 sin(𝜃) = 𝑘y + 2𝜋𝑚/𝑎,
with the wave vector of light in air/vacuum 𝑘0 = 2𝜋/𝜆 = ℏ𝜔/𝑐. This is illustrated
in Figure 3.4. The unfolded (𝑚 = 0) SPP dispersion describing the propagation
at a Cd0.73Mg0.27Te / gold interface lays still outside the light cone. Its folded
replicas on the other hand cross the yellow marked light cone, with the exact curve
shape depending on the grating parameter 𝑎.The three distinct replicas of the SPP
dispersion are folded back into the first Brillouin zone −𝜋/𝑎 < ℜ(𝑘y) ≤ 𝜋/𝑎 of their
respective grating (green 𝑎 = 200 nm, red 250 nm and blue 300 nm dotted line). Here,
the energetically lowest branch corresponds to the 𝑚 = −1 diffracted dispersion
and for the highest branch shown 𝑚 = −2 holds, both possessing a negative group
velocity 𝑣g = 𝑑𝜔/𝑑𝑘 < 0. The third branch energetically in between has positive
group velocity and 𝑚 = +1. These SPP branches describing waves propagating in
opposite y-direction meet solely at 𝑘y = 𝜃 = 0, e.g. at around 𝐸 = 1.5 eV with the
corresponding SPP wave number being 𝑘SPP = 2𝜋𝑚/𝑎 where 𝑚 = ±1. A second
crossing point is imaginable at the edge of the Brillouin zone, though no excitation
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3.4 Wood’s Anomaly

with incident light is allowed there for the shown grating parameters. Further even
higher diffraction orders 𝑚 = +2, −3, +3... are present but not shown here in order to
avoid confusion. The comparison of the three folded SPP dispersion curves illustrates
that an increased lattice constant 𝑎 results in a decreased course of the dispersion
curve with respect to the energy at an arbitrary point within the dispersion diagram.
The position of the first 𝑘y = 0 intersection of the 𝑚 = ±1 branches for example can
be tailored to be at a specific energy by choosing the correct grating constant. This
is indeed what we will do later in Subsection 8.2.5, in order to improve the overlap of
an energetically fixed exciton resonance with the SPP dispersion curve.

The description of the SPP dispersion of a plasmonic grating by the dispersion of
a smooth film being folded back into their first Brillouin zone, without having any
further effect on their wave vector or energy, is just a first approximation. It is
called the empty lattice approximation, as it is valid only for bulk material where
the energy of electrons in this so called empty lattice (i.e. with a close to constant
potential) is the same as for free electrons. This means it is valid in this special case
of a plasmonic grating for

1. thick gold and dielectric films where the respective thickness is much larger
than the energy attenuation length ℎ𝑗 ≫ 𝐿𝑗 where 𝑗 = m, d and

2. in the limit of very small slit sizes 𝑤 ≪ 𝑎.

For a real hybrid plasmonic semiconductor structure typically both these requirements
are not fully satisfied. This results in the need for a more sophisticated description of
the SPP dispersion, as the perturbation induced by an either too thin gold layer or a
too wide slit size induces an interaction of different SPP modes. As a consequence
band gaps are formed within the SPP dispersion, not only at the edge of the Brillouin
zone but also at its centre. [Gru06, p. 113]

3.4 Wood’s Anomaly

There is one exceptional case worth to mention here, which occurs when the diffracted
light propagates along the interface and thus for the diffracted angle 𝜃𝑚 = 90° holds.
In this case

sin(𝜃𝑚) = 1 = 1√
𝜀d

(sin(𝜃) + 𝜆
𝑎

𝑚) where 𝑚 = ±1, ±2, ±3... (3.13)

the light is diffracted into the y-direction and propagates along the metal dielectric
interface. This second surface wave named Wood’s anomaly was observed in the
reflection spectra of metal gratings already in 1902 by Wood [Woo02]. Both surface
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Chapter 3 Surface Plasmon Polaritons

waves, the surface plasmon polariton (3.12) and the one described in (3.13) lead to
an increased absorption and re-emission of the absorbed light to some extend and
are observed in our experiments due to their distinct features in the spectrum of
emitted/reflected light, as discussed e.g. in Subsection 8.3.3. While already discovered
in the very beginning of the 20th century, the accurate description required decades
to be found until the 1970s where the use of laser sources and photoresist layers
allowed to manufacture high quality grating structures for the first time. [May12]
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Chapter 4

Magneto-Optical Effects

Until now we discussed how an electromagnetic wave behaves when being incident
on the surface or an interface of non-magnetic media. But in fact this behaviour
may strongly change for magnetized media, irrespective of how this magnetization is
achieved. This could be either due to an external magnetic field or just be caused by
the intrinsic magnetic order in some media. There are several magneto-optical effects,
which are distinguished based on the geometry they occur in. The first magneto-
optical effect was already discovered in 1846 by Faraday [Far46], who observed a
polarization rotation of the light that was transmitted through magnetized glass.
This effect is called Faraday effect, if the magnetization of the medium is oriented
parallel to the propagation direction of the transmitted light. In 1877 Kerr [Ker77]
discovered a rotation of the polarization direction and a change in ellipticity of initially
linear polarized light reflected from the pole of an electromagnet. While this effect is
often referred to as the Kerr effect the precise term is polar magneto-optical Kerr
effect, as there are also other manifestations of such effects in reflection. One further
example of a related effect is the transverse magneto-optical Kerr effect, discovered
in 1896 by Zeeman [Zee96]. In this chapter an introduction into the origins of the
magneto-optical effects will be given. As essentially all magneto-optical effects are a
consequence of the Zeeman effect [Zve97, Ch. 1], the related giant Zeeman effect in
the studied (Cd,Mn)Te diluted magnetic semiconductor systems will be described as
a starting point in this chapter.

4.1 Giant Excitonic Zeeman Effect in (Cd,Mn)Te

In this section the giant Zeeman effect of excitons in (Cd,Mn)Te will be described.
For a proper description of the magnetic properties of this material, one should take
into account that pure CdTe is diamagnetic. If now a small share of the diamagnetic
Cd is substituted by paramagnetic Mn, the resulting (Cd,Mn)Te compound is called a
diluted magnetic semiconductor (DMS). In these DMS structures the sp–d exchange
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Chapter 4 Magneto-Optical Effects

Figure 4.1: (Cd,Mn)Te quantum well structure within an external magnetic field applied either in
Faraday (blue arrow) or Voigt geometry (red arrow).

interaction of the d-band electrons of the magnetic ions with the conduction band
electrons (s-band) and valence band holes (p-band) allows to achieve a large exciton
Zeeman splitting already in moderate external magnetic fields [Gaj78; Fur88; Gaj10].
The alignment of magnetic moments of the Mn2+ ions consequently dominates the
overall magnetization in such a crystal at low temperatures. While the magnetization
increases linearly at low magnetic field strength, it is saturating at high magnetic
field. Such an evolution of the magnetization can be modelled for a system of
non-interacting spins with total spin quantum number 𝑆 by the Brillouin function

𝐵𝑆(𝜉) = 2𝑆 + 1
2𝑆

coth (2𝑆 + 1
2𝑆

𝜉) − 1
2𝑆

coth ( 1
2𝑆

𝜉) . (4.1)

In the present case of (Cd,Mn)Te the Mn2+ ions have 𝑆 = 5/2 due to the half-filled
d-type subshell [Gaj10, p. 14].

4.1.1 Faraday Geometry

The assumption of non-interacting manganese ions holds only for very low Mn
concentrations below 1 %, while for higher concentrations the Mn ions begin to order
antiferromagnetically. This leads to a decrease in the resulting magnetization per Mn
ion. If we consider the magnetization as the mean spin value per Mn2+ ion instead,
and thus consider only the isolated Mn ions, an empirical description can be obtained
by introducing a temperature correction 𝑇0, while keeping the spin quantum number
𝑆 unchanged. The mean spin component in Faraday magnetic field (z-direction, see
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4.1 Giant Excitonic Zeeman Effect in (Cd,Mn)Te

Figure 4.1) reads

⟨𝑆z⟩ = 𝑆𝐵𝑆(𝜉) where 𝜉 = 𝑔Mn𝜇B𝑆
𝑘B(𝑇 − 𝑇0)

𝐵, (4.2)

𝑔Mn = 2 is the electron g-factor, 𝜇B is the Bohr magneton, 𝑘B is the Boltzmann
constant, 𝐵 is the magnetic field strength and 𝑇 is the temperature. The temperature
offset 𝑇0 generally depends on the Mn mole fraction of the compound semiconductor
and is used as a fit parameter in our case.

The magnetic ions are aligned by an external magnetic field 𝐵, while the carriers
are influenced via ion-carrier interaction. We will describe this interaction in the
mean field approximation and thus consider the mean spin ⟨𝑆z⟩ in the thermal
equilibrium instead of the individual Mn2+ spins. Furthermore we presume that the
virtual crystal approximation holds and thus the random magnetic ion distribution
is replaced by an artificial periodical structure i.e. restoring the crystal periodicity.
Within these approximations the conduction band splits into two components at the
Γ-point of the Brillouin zone, both possessing the opposite spin 𝑆e,z. The energy
level splitting of the conduction band in Faraday geometry (F) is thus given by

Δ𝐸e,F = 𝑁0𝛼𝑥𝑆e,z⟨𝑆z⟩ where 𝑆e,z = ±1
2

. (4.3a)

The valence band on the other hand splits into four equidistant components distin-
guished by the hole spin 𝐽h,z = ±1/2 for the light holes and ±3/2 for the heavy holes.
The energy level splitting in this case is given by

Δ𝐸h,F = 𝑁0𝛽
3

𝑥𝐽h,z⟨𝑆z⟩ where 𝐽h,z = ±1
2

, ±3
2

. (4.3b)

Here 𝑥 is the concentration of isolated Mn2+ ions, 𝑁0𝛼 = 0.22 eV and 𝑁0𝛽 =
−0.88 eV are the exchange integral values of the conduction and valence-band, re-
spectively [Gaj10, pp. 16-18].

As we consider a (Cd,Mn)Te quantum well structure the confinement of excitons
in z-direction, perpendicular to the quantum well plane, also plays an important
role. We assume that the confinement in z-direction is stronger than the lateral
confinement and discuss the theory for (Cd,Mn)Te multiple quantum wells in in-plane
magnetic field presented by Kuhn-Heinrich et al. [Kuh94] that was generalized by
Poddubny in [Spi18, Ch. S1]. The influence of confinement is discussed further in
the next subsection, as it plays a more important role in Voigt geometry.

The level splitting of electrons (e) and holes (h) is shown in Figure 4.2a by the black
lines. The heavy and light hole valence bands are split at zero magnetic field by
𝛥lh (purple arrow). Furthermore, the four relevant dipole-allowed transitions within
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Figure 4.2: (a) Energy diagram and Zeeman splitting of conduction and valence band states in
Faraday geometry (single particle picture). The heavy and light hole valence bands are split by 𝛥lh
as shown by the purple arrow. Vertical lines indicate the relevant dipole-allowed optical transitions
with circular polarization in the xy-plane (see Figure 4.1 for the geometry). The dark and light lines
correspond to 𝜎+/𝜎− polarization respectively. (b) Energy diagram from a in the exciton picture.
In the high magnetic field limit, the giant Zeeman splitting overcomes the hh-lh splitting. In this
limit, the two central transitions correspond to the light hole exciton (lh+,−, dark and light blue lines,
respectively) while the outer ones correspond to the heavy hole exciton (hh+,−, dark and light red
lines, respectively). The labelling of exciton states in this case is given by the |𝐽h,z, 𝑆e,z⟩ notation.

magnetic field are shown by the coloured arrows. The two left transitions represented
by the dark red and dark blue line are 𝜎+ circularly polarized with 𝑆e,z − 𝐽h,z = 1,
while the right two light blue and light red lines are exemplary for the 𝜎− transitions
where 𝑆e,z − 𝐽h,z = −1 holds. With two further approximations, i.e. neglecting the
𝑒 − ℎ exchange interaction and the use of a constant exciton binding energy, the
exciton Zeeman splitting of these four transitions can easily be calculated as the
difference of the band splittings presented in Figure 4.2a. The strongest splitting
in Faraday geometry is thus observed for the heavy hole excitons with the Zeeman
splitting

Δ𝐸hh,F = 𝑁0(𝛼 − 𝛽)𝑥⟨𝑆z⟩. (4.4a)

For the light hole exciton, the splitting is weaker with

Δ𝐸lh,F = 𝑁0(𝛼 + 𝛽/3)𝑥⟨𝑆z⟩. (4.4b)

These splittings are depicted in Figure 4.2b in the exciton picture, where the red curves
show the heavy hole transitions and the blue curves show the light hole transitions.
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Figure 4.3: (a) Energy diagram and Zeeman splitting of conduction and valence band states in
Voigt geometry (single particle picture). Vertical lines indicate the relevant dipole-allowed optical
transitions with elliptical polarization in the yz-plane (optical transitions with linear polarization along
magnetic field direction are not considered here). Red/blue lines correspond to 𝜎+/𝜎− polarization
in the yz-plane in the limit of large magnetic fields where the electron and hole eigenstates are
defined by the angular momentum projections on magnetic field direction 𝑆e,x and 𝐽h,x, respectively.
At 𝐵 = 0 the heavy hole and light hole states are split by 𝛥lh. (b) Energy diagram from a in
the exciton picture. For low magnetic fields the upper two transitions correspond to the light hole
exciton (𝑙ℎ+,−, light and dark blue lines, respectively) while the lower ones correspond to the heavy
hole exciton (ℎℎ+,− light and dark red lines, respectively). Due to admixture from the light holes
to the heavy holes the states at high magnetic field are denoted as labelled within the figure. The
labelling of exciton states in this case is given by the |𝐽h,x, 𝑆e,x⟩ notation.

The ground state (g) is represented by the black line. The energetically lowest
transition is the heavy hole exciton emitting 𝜎+ polarized light on recombination.
For the simulations shown later in this thesis, only the hole contribution of the heavy
hole Zeeman splitting is of interest, which reads

𝛥h,F = − 𝛽
𝛼 − 𝛽

Δ𝐸hh,F. (4.5)

4.1.2 Voigt Geometry

The Zeeman splitting in Voigt geometry is shown in Figure 4.3a. The conduction
band splits in the same way as in the Faraday configuration. For the splitting of the
valence band on the other hand, a Luttinger Hamiltonian needs to be solved, which
includes both the Zeeman splitting and the effect of size quantization in z-direction.
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Chapter 4 Magneto-Optical Effects

Instead of presenting the diagonalization step by step, the following discussion will
be limited to the most important results.

Let us start with the case of zero magnetic field. Here the hole angular momentum
is oriented in z-direction 𝑱h ∥ 𝒛 and thus perpendicular to the QW plane. Heavy
and light hole bands split energetically due to the confinement. The effective hole
wave vector in z-direction is 𝑘z = 𝜋/ℎq in the approximation of infinite barriers and
neglecting strain, where ℎq is the quantum well thickness. The respective light-heavy
hole splitting is proportional to 𝑘2

z and about

𝛥lh ≈ 20 meV (4.6)

for the given structure in this approximation. For finite barrier height this splitting
is decreased. As experimentally confirmed for this structure from reflection spectra,
this decrease is compensated by the additional contribution due to strain and (4.6)
holds. Now the heavy hole Zeeman splitting can be evaluated also in Voigt geometry
resulting in [Spi18, Supplement S1]

𝛥h,V =
𝛥3

h,F

18𝛥2
lh

. (4.7)

As compared to the Faraday geometry the Zeeman splitting is suppressed, as it
requires the admixture of light hole states and it is cubic in 𝐵 in the low magnetic
field limit. This can be nicely seen in Figure 4.3a by the two congruent heavy hole
(hh) valence bands around 𝐵 = 0. Due to the weaker influence of the confinement
on the light hole states their splitting is stronger. With increasing magnetic field
strength the angular momentum of the valence band states begins to tilt from z into
x-direction until it is fully oriented along the direction of magnetic field 𝑱h ∥ 𝑥 in the
high magnetic field limit.

Now we will discuss the 𝜎-type optical transitions again that are shown in Figure 4.3a
as vertical coloured lines. At zero magnetic field, the transitions of the heavy and
light hole states are circularly polarized in the xy-plane, corresponding to the in-
plane oscillations of the exciton dipole moment. Due to the transverse magnetic
field the light and heavy hole states admix resulting in a tilting of the plane of
polarization into the magnetic field direction and consequently elliptical polarization
in the yz-plane. In the limit of large magnetic fields the hole angular momentum is
oriented in magnetic field direction and both heavy hole transitions are circularly
polarized in the yz-plane. Consequently the degree of circular polarization 𝑃c for
these two transitions reaches unity in this limit, while it is zero if no magnetic
field is applied. Please note that both heavy hole transitions are 𝜎+ circularly
polarized (red arrows in Figure 4.3a) with relative angular momentum projection
𝑆e,x = (−1/2)−(−3/2) = (+1/2)−(−1/2) = 1 and thus i.e. their circular polarization

30



4.2 Magneto-Optical Kerr effect

𝑃c has the same sign, which is crucial for the observation of the effects discussed in
Chapter 8.

In the low magnetic field limit, the degree of circular polarization for the heavy hole
excitons reads [Spi18, Supplement S1]

𝑃c ≈ 2
3

𝛥h,F

𝛥lh
∝ 𝐵 (4.8)

in the approximation of infinite QW barriers and thus is linear with respect to the
magnetic field 𝐵, which is surprising at first considering the cubic dependence of
the heavy hole Zeeman splitting on the magnetic field strength presented before
in Eq. (4.7), but is in full agreement with the experimental data presented in
Section 8.4.

4.2 Magneto-Optical Kerr effect

Now that the Zeeman effect and the resulting splitting of energy levels has been
introduced, we will proceed with the magneto-optical Kerr effect (MOKE) induced by
this level splitting, which describes the influence of magnetization on the light reflected
from the surface of a medium. In order to do so, we have to distinguish three distinct
geometries of the sample’s magnetization with respect to the plane of light incidence,
which are illustrated in Figure 4.4. The polar magneto-optical Kerr effect (PMOKE)
is shown in Figure 4.4a, with the magnetization in the incidence plane, but oriented
perpendicular to the surface 𝑴 ∥ 𝒛. In the second case 4.4b the magnetization is
longitudinal and thus both in the incidence and surface plane simultaneously 𝑴 ∥ 𝒚.
The resulting effect is called the longitudinal magneto-optical Kerr effect (LMOKE).
The third case is different in this respect, as here the magnetization is perpendicular
to the incidence plane 𝑴 ∥ 𝒙, as shown in Figure 4.4c. This effect is called the
transverse magneto-optical Kerr effect (TMOKE).

The magnetization influences two different properties of the reflected light depending
on the geometry that is being observed. More precisely, either the polarization or
the intensity of the reflected light is altered. These two influences can be separated
depending on the orientation of magnetization with respect to the incidence plane.
If the magnetization is in the incidence plane (PMOKE, LMOKE), the reflected
light’s polarization is changed, while for transverse magnetization (TMOKE) only
the intensity of reflected light is altered. One should mention here that all three
magneto-optical Kerr effects are ordinarily changing the properties of light reflected
from a magnetized sample, although TMOKE for example can be studied also
in transmission [Poh13]. This thesis aims not only at elucidating the transverse
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4.3 Gyrotropic Permittivity

as the TMOKE is linear in magnetization [Zve97, p. 41] we fixed 𝛿𝑖𝑗𝑘𝑙 = 0. This
allows to write Eq. (4.9) for isotropic media in the following way

𝜺 = ⎛⎜
⎝

𝜀d 0 0
0 𝜀d −i𝑔
0 i𝑔 𝜀d

⎞⎟
⎠

. (4.10)

With this as a starting point, the derivation of the formula describing the TMOKE
strength is possible, though we will show only the result here, as the extensive
derivation is rather cumbersome (for details see [Zve97, pp. 43-45]). Furthermore we
will consider only the interface of dielectric 𝜀d and air 𝜀Air = 1, which leads us to
the characteristic TMOKE parameter 𝛿 for the light reflection from a semi-infinite
magnetic medium

𝛿 = −ℑ ( 8𝜀d tan 𝜃
(𝜀d − 1)(𝜀d − tan2 𝜃)

𝑄) = 2 𝐼(𝜃, +𝐵) − 𝐼(𝜃, −𝐵)
𝐼(𝜃, +𝐵) + 𝐼(𝜃, −𝐵)

. (4.11)

Here 𝑄 = 𝑔/𝜀d is the so called magneto-optical parameter and 𝜃 is the angle of
reflection for the light coming from the air side and the reflection occurs at the
magnetized dielectric. Furthermore 𝐼(+𝐵) and 𝐼(−𝐵) are the reflected intensities
for the two opposing directions of magnetic field 𝐵. [Zve97, p. 47]

One can see from Eq. (4.11) that 𝛿 describes the relative change in intensity, induced by
the external magnetic field 𝐵 in the case of a paramagnetic material. For ferromagnetic
materials the magnetization should be considered instead. There are a few more
things to note here: Firstly, there are two slightly different definitions of the TMOKE
𝛿 in literature, which differ by a factor of two. We use the definition from Pohl et al.
[Poh13]. Secondly, this definition is slightly simplified from the experimental point
of view, as we assume a constant overall intensity 2𝐼(0) = 𝐼(+𝐵) + 𝐼(−𝐵), which
holds in the case of TMOKE as it is an uneven effect with respect to the magnetic
field 𝐵 in paramagnetic materials. Ordinarily, the definition of TMOKE uses the
formula 𝛿 = (𝐼(+𝐵) − 𝐼(−𝐵))/𝐼(0), which requires the knowledge of the reflected
intensity at three points in magnetic field instead of two, unnecessarily increasing the
measurement duration by about 50 % to 100 %1.

The TMOKE 𝛿 is an uneven function with respect to both the angle of reflection and
the magnetic field direction and thus 𝛿 = 0 both at 𝐵 = 0 or 𝜃 = 0, which we will
also see later in the experiment. As we have assumed 𝜇 = 1 the TMOKE is observed
only in p-polarization and is absent in s-polarization, which is not strictly the case

1In ferromagnetic media the intensity in the absence of magnetization 𝐼(𝑀 → 0) is difficult to
measure directly. Instead usually the average of the two 𝐼(𝐵 = 0) measurements in either
increasing or decreasing magnetic field is used in such a case, thus resulting in the 100 % increased
measurement duration stated here.
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otherwise if 𝝁 has off-diagonal elements. However, it is usually much weaker than the
effect for p-polarized light, which is on the order of 𝛿 ≈ 10−4 [Bor19] in the case of
(Cd,Mn)Te afar from the optically allowed transitions. The small off-resonant effect
strength even in p-polarization is a consequence of another property of the TMOKE:
It requires an absorptive medium with ℑ(𝜀d) ≠ 0 as otherwise all contributions in
Eq. (4.11) are real numbers and the TMOKE 𝛿 vanishes. Interestingly the polar
magneto-optical Kerr effect and the transverse counterpart are not independent and
instead bound by the following equation:

𝛿 sin 𝜃 = 4(𝛷K − 𝛹K) (4.12)

with the Kerr rotation angle 𝛷K and the ellipticity angle 𝛹K in p-polarization [Zve97,
pp. 45-45]. Please note that the used definition of 𝛿 also gives an additional factor of
two here.

4.4 Enhanced Magneto-Optical Effects in Plasmonic
Crystals

In dielectric materials the off-resonant TMOKE in the transparency region is very
weak, due to the negligible absorption. As a consequence the TMOKE was usually
studied in ferromagnetic metals showing a weak spectral dependence within the
visible and infrared spectral range with a typical value of 𝜌 ≈ 10−3 [Kri67]. Resonant
TMOKE on the other hand exhibits a notable magnitude even in nearly transparent
media when in the vicinity of the absorption band provided by different types of
resonances.

These resonances present in hybrid magneto-photonic structures can be provided
for example by waveguide modes [Che14; Syl16], optical Tamm states [Vin10] and
surface plasmon polaritons [Bel11; Bor18]. One of the interesting features especially
of the plasmonic devices is the possibility to localize light to sub-wavelength dimen-
sions. The localized fields result in an enhanced sensitivity to changes of the optical
properties near the interface at which the SPP wave is propagating. The combination
of plasmonics and magneto-optics is considered mutually beneficial [Aki12]: The
magnetic field allows to control the SPP dispersion via the magnetic layer’s refractive
index, while the SPP localization can be utilized to enhance the magneto-optical
effects. These devices allow to combine plasmonic and magneto-optical effects in a
single structure and thus belong to the field of research called magneto-plasmonics.
The interplay of magneto-optics and SPPs was studied in the beginning on smooth
ferromagnetic films [Bur86; Hic87]. In a next step bimetallic systems were used
consisting of noble and ferromagnetic metals, in which the SPP propagates along the
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noble metal / air interface [Gon07; Tem10]. Due to the proximity to the ferromagnetic
surface also the TMOKE strength was enhanced.

Nowadays plasmonic crystals (PCs) – the combination of a magnetic layer with a
periodically perforated gold film on top – aroused some interest. As shown by Belotelov
et al. [Bel11], the TMOKE is enhanced by more than one order of magnitude in a
bismuth iron garnet (BIG) PC measured in transmission, reaching about 𝛿 = 1.5 %
in this structure. By increasing the bismuth substitution level, also the TMOKE
strength was enhanced by nearly another order of magnitude to 𝛿 = 13 % [Poh13]
(shown in Figure 7.5). The increase of the TMOKE is caused mainly by the shift
of the SPP resonance in transverse magnetic field [Bel13]. Further examples show
that the TMOKE can be drastically enhanced in multiple hybrid metal-dielectric
structures at the resonance of the SPPs [Fer11; Bor16; Bos16; Ign16].

Not only the TMOKE but also other magneto-optical effects like the Faraday rotation
can be enhanced in such structures. It was shown for a thin-film EuS PC that the
Faraday rotation is enhanced by one order of magnitude, due to the interplay of SPPs
and photonic waveguide modes in such a system [Chi13]. In their work a Faraday
rotation of 14° was observed in a less than 200 nm thick film with embedded gold
nanowires at 𝐵 = 5 T and 𝑇 = 20 K. Similarly Kreilkamp et al. [Kre13] observed
an enhancement of TMOKE in gold nanowires placed on a photonic waveguide,
close to the hybrid waveguide-plasmon polariton resonance. They noticed a large
TMOKE of 𝛿 = 1.5 % while the high transparency of the system was preserved due
to the rather large nanowire distance. One should mention that the aforementioned
techniques for enhancing the TMOKE share one disadvantage, which is the relative
high loss in plasmonic nanostructures in general [Khu15]. As the magneto-optical
effects on the other hand can be orders of magnitude larger as compared to the pure
magnetic material, the field of magneto-plasmonic is still promising for instance for
the development of novel devices in miniaturized photonic circuits [Bel13].

All these studies were performed in a regime that we call the weak coupling regime.
In this regime the relatively large linewidth 𝛤 of the plasmonic resonances, induced
by the strong absorption in metals, significantly exceeds the Zeeman splitting 𝛥.
The spectral dependence of 𝛿 in this case shows a characteristic S-shape around the
plasmonic resonance, crossing zero at the central frequency and possessing maxima
and minima at the slopes of the resonance. In our case on the other hand we
deal with narrower resonances compared to the plasmonic excitations. The optical
resonances presented here arise from excitons in a diluted magnetic semiconductor QW
structure, but also other confined quantum states such as rare earth ions in dielectrics
show similarly narrow resonances. Due to the small damping 𝛤 of these resonances
accompanied by the giant Zeeman splitting 𝛥 in diluted magnetic semiconductors,
the fundamentally new strong coupling regime with 𝛥/𝛤 ≫ 1 can be established. In
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this second regime the exciton spin precession in magnetic field is faster with respect
to the exciton damping 𝛤, which enables the observation of the Zeeman splitting
immediately in the reflectivity spectrum. In the weak coupling regime on the other
hand, the splitting is not observed. Not only the reflectivity but also the TMOKE
spectrum has a fundamentally different dependence on the Zeeman splitting in these
two regimes, which will be discussed in Chapter 9. Surprisingly, TMOKE was not
yet studied in this second regime irrespective of the system presented in this thesis.
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Chapter 5

Transverse Spin Angular Momentum of
Evanescent Surface Waves

Within free space a collimated light beam carries solely a transverse electric field,
which is oriented in the plane perpendicular to the propagation direction. Depending
on the phase between the two electric field vectors that describe this plane, the
light has linear, elliptical or circular polarization. When the light on the other hand
impinges on an absorbing material like a metal surface and is reflected, the electric
field inside this material possesses both transverse and longitudinal components.
Interestingly, the electric field is partially oriented parallel – longitudinal – to the
direction of light propagation and moreover the longitudinal component is phase
shifted by 𝜋/2 with respect to the transverse one. This results in light elliptically
polarized in the plane of incidence, with the electric field spinning in time around
its normal vector. This circular motion is described by the transverse spin angular
momentum (SAM) of light, which will be discussed in this chapter. See also the
progress article by Aiello et al. [Aie15] for a more detailed introduction into this
fascinating topic.

5.1 Spin-Momentum Locking at the Metal-Dielectric
Interface

Now the transverse angular momentum of light near the interface of an absorptive
medium and a dielectric will be further discussed. Rodríguez-Fortuño et al. [Rod13]
gave a vivid example of the fascinating phenomena arising from this transverse SAM
of light. In his work a circularly polarized dipole is discussed. It is assumed here that
the electric field of the dipole emission is oriented in the yz-plane and thus spinning
around an axis pointing in x-direction. If this dipole is located in free space, it is
emitting with equal intensity into the lateral directions, irrespective of the direction
of its circular motion or in other words its transverse SAM 𝑆x. Now we introduce
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a medium in proximity of the dipole which is absorptive and assume the normal to
the interface pointing in z-direction (see also Figure 5.1). Due to this interface the
emission of this dipole becomes directional. Thus, more light is emitted either in
positive or negative y-direction, propagating along the surface of this medium as
an evanescent wave. The spin of the dipole emitter 𝑆x is locked to the propagation
direction 𝒌 of the launched evanescent wave. This effect is called spin-momentum
locking

𝒌 ∝ 𝑺 × 𝒆z (5.1)
and will be discussed explicitly in this section [Bli15a; Bli15b]. In the following
example we assume a dipole with the dipole moment 𝒑 that is emitting at 𝐸 = 1.67 eV.
It is placed near the interface of two semi-infinite homogeneous media, namely in
(Cd,Mg)Te with 𝜀1 = 7.4 and in only ℎ = −25 nm distance to the interface of gold
with 𝜀2 = −19.6 + 1.2i. Thus, this example is closely related to the one already
shown in Figure 3.3, where we discussed the electric field distribution of a surface
plasmon polariton propagating at the interface of the same materials. As shown in
Reference [Spi18] the wave equation with an inhomogeneous source term allows to
describe the electric field in the following way

∇ × ∇ × 𝑬 − 𝜀(𝑧) (𝜔
𝑐

)
2

𝑬 = 𝒑
𝜀0

(𝜔
𝑐

)
2

𝛿(𝒓 − 𝒓0)

where 𝜀(𝑧) = {
𝜀1, 𝑧 ≤ 0
𝜀2, 𝑧 > 0

.
(5.2)

Here 𝒓0 = (0, 0, ℎ)⊤ is the dipole location and 𝒓 = (𝑥, 𝑦, 𝑧)⊤ is the position vector.

To explore how the transverse SAM 𝑆x of the dipole emission will influence the
emission direction we will solve Eq. (5.2) in the 𝑧 ≤ 0 subspace. We want to discuss
the case of a dipole with polarization 𝒑 in the yz plane, which may be given as
follows

𝒑 = 𝑝0
2

⎛⎜
⎝

0
√1 − 𝑃c + √1 + 𝑃c

i ⋅ (√1 − 𝑃c − √1 + 𝑃c)

⎞⎟
⎠

(5.3)

where 𝑃c is the circular polarization degree in the yz-plane. This dipole is fully
circular polarized for |𝑃c| = 1 and has linear polarization in y-direction for 𝑃c = 0,
while the factor 𝑝0 defines the amplitude and relative phase of the dipole emission.
Due to the translation symmetry in the x- and y-direction in this rather simple
example with two semi-infinite media, a semi-analytical solution to the wave equation
exists. This solution is based on the electromagnetic Green’s function, which already
is the solution of the wave equation for a point source that we need here. In the
𝑧 ≤ 0 subspace the emitted electric field is composed of two parts:

𝑬 = (𝑮0 + 𝑮R) ⋅ 𝒑, (5.4)

38



5.1 Spin-Momentum Locking at the Metal-Dielectric Interface

Propagation

-100 0 100
Lateral position (nm)

-200

-150

-100

-50

0

D
ep

th
 (n

m
)

10-4

10-3

10-2

10-1

100

|E
|2  (a

.u
.)

Propagation

x

y
z

-100 0 100
Lateral position (nm)

Figure 5.1: Near-field distribution of the electric field 𝐸 originating from the emission of a dipole.
In the left panel a dipole with negative spin 𝑆x < 0 (𝑃c = −1) is shown, while for the right panel
𝑆x > 0 (𝑃c = +1) holds. The dipole is placed at 𝒓0 = (0, 0, −25 nm)⊤ inside (Cd,Mg)Te (𝜀1 = 7.4)
close to an interface with gold as the second medium (𝜀2 = −19.6 + 1.2i). The resulting electric field
distribution is uneven: The emitter with 𝑆x > 0 is preferentially emitting in the positive y-direction
while the emitter with 𝑆x < 0 emits in the negative y-direction. This is a consequence of the
spin-momentum locking in structures with broken mirror symmetry.

where the first part 𝑮0 is the Green’s function describing the propagation of the
emitted light in bulk (Cd,Mg)Te and the second part 𝑮R describes the contribution
from the waves reflected at the gold / (Cd,Mg)Te interface. The part describing the
bulk propagation is given by [Spi18, Supplement S2]

𝑮0(𝒓, 𝒓0) = ((𝜔
𝑐

)
2

𝟙𝟙𝟙 + 𝛁𝛁
𝜀1

) ei𝑘1𝑅

4𝜋𝜀0𝑅
where 𝑹 = 𝒓 − 𝒓0. (5.5)

In the Green’s function that describes the reflection from the interface, we will restrict
the calculations to the transverse magnetic polarized waves, and thus can present it
according to [Tom95; Spi18] in the following way

𝑮R = 1
2𝜀0

(𝜔
𝑐

)
2

∬
d𝑘xd𝑘y

(2𝜋)2
𝑟TM
𝑘z,1

ei𝒌⟂⋅𝑹e−i𝑘z,1(𝑧+ℎ)𝒆−
TM(𝒌) ⊗ 𝒆+

TM(𝒌), (5.6)

where 𝑟TM is the Fresnel coefficient of the TM polarized reflection from (3.2) and

𝒆±
TM =

𝑘z,1𝒆y ∓ 𝑘y𝒆z

√|𝑘z,1|2 + 𝑘2
y

(5.7)

are the basis vectors of a TM polarized wave with the z-component of the wave vector
reading 𝑘z,1 = √(𝜔/𝑐)2𝜀1 − 𝑘2

⟂. The electric field distribution that is resulting from
(5.4) is shown in Figure 5.1 as a false colour image. In the left half of this figure a
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Figure 5.2: Transverse SAM of the electric field originating from the emission of a dipole. In the
left panel a dipole with negative spin 𝑆x = −0.8 is shown, while for the right panel 𝑆x = +0.8 holds
immediately at the dipole location 𝒓0 = (0, 0, −25 nm)⊤. The dipole is placed inside (Cd,Mg)Te as
surrounding medium with 𝜀1 = 7.4 in proximity to an interface, with gold as the second medium
(𝜀2 = −19.6 + 1.2i). In the left panel where the emitter has 𝑆x < 0 one can see that the left
propagating surface waves prevail. The opposite behaviour is observed on the right where the dipole
emission with 𝑆x > 0 is preferentially propagating in the positive y-direction.

dipole with circular polarization degree 𝑃c = −1 is located at the position indicated by
the circular arrow. Already in this simple structure the dipole emission is not equally
distributed in the lateral directions, but instead the dipole emits preferentially in the
negative y-direction. Note especially that there is some intensity left at 𝑦 = −100 nm
while there is none on the other side at 𝑦 = 100 nm. The origin of this effect is the
locking of the transverse SAM 𝑆x of the emission to the evanescent surface wave that
carries the same transverse spin. These surface waves are present near an interface
that breaks the mirror symmetry, which in our case is the z-direction.

We can calculate this transverse spin angular momentum for the given electric
field [Bli15b; Spi18]

𝑆x  =  i [𝑬  ×  𝑬∗]x
|𝑬|2

(5.8)

and get a value of 𝑆x ≈ −0.8 immediately at the dipole location for the emitter
with 𝑃c = −1. One should note that the transverse SAM ranges from −1 ≤ 𝑆x ≤ 1
with |𝑆x| = 1 representing an electric field fully circular in the xy plane. If we
compare this directional emission with the opposite case presented in the right panel
of Figure 5.1 where 𝑃c = +1 and accordingly 𝑆x = +0.8 at the dipole location, we
can see the opposite behaviour. In this case the emission is preferentially coupling
to the surface modes propagating into the positive y-direction. For a dipole in free
space the transverse SAM would vanish rapidly with increasing distance to the dipole
(𝑆x → 0). As shown in Figure 5.2 this is not the case anymore in a symmetry
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broken structure which gives rise to a non-zero transverse SAM even at larger dipole
distances.

In other words, right-going evanescent waves have positive spin 𝑆x  >  0 while for
the left-going waves 𝑆x  <  0 holds. This is one of the basic principles of the effect
presented in Chapter 8. In the DMS structures studied there, the polarization of
the emission can be effectively controlled by a magnetic field, due to the Giant
Zeeman effect introduced in 4.1. In combination with a mirror symmetry broken
structure this enables the spin-momentum locking of transverse SAM 𝑆x and the
propagation direction 𝒌 in these structures, while the Giant Zeeman splitting couples
𝑆x to the magnetic field 𝐵. We named the effect arising under these two conditions
the transverse magnetic routing of light emission (TMRLE) and reported on it
in [Spi18].

5.2 Transverse Spin of Surface Plasmon Polaritons
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Figure 5.3: Transverse SAM |𝑆x| versus en-
ergy of an SPP wave propagating either at the
Au / (Cd,Mg)Te (blue line) or at the Au / Air
interface (red line).

The surface plasmon polariton is a special
case of an evanescent surface wave. We al-
ready saw the electric field distribution of
such an SPP in Figure 3.3 propagating at
the interface of gold and Cd0.73Mg0.27Te at
an energy of 𝐸 = ℏ𝜔 = 1.67 eV. Now we can
also calculate its transverse SAM according
to Eq. (5.8). In this case we get a transverse
SAM |𝑆x| = 0.89 that is independent of the
lateral position. The sign of the transverse
SAM depends on the material in which the
electric field is present, as it has opposite
sign when comparing metal and (Cd,Mg)Te.
Furthermore, for the wave propagating in
the opposite direction, also 𝑆x changes its
sign.

Here one can see an interesting difference with respect to other evanescent waves:
The transverse spin angular momentum of surface plasmon polaritons is of the same
magnitude in both semi-infinite materials, while this is usually not the case for an
arbitrary surface mode. The transverse SAM of the surface plasmon polariton at the
interface of gold and (Cd,Mg)Te is less than unity irrespective of the chosen energy
value, as shown in Figure 5.3. At the interface of gold and air the transverse spin is
even lower 𝑆x < 0.14. Counter-intuitively at first, this suggests that a dipole emitter
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Chapter 5 Transverse Spin Angular Momentum of Evanescent Surface Waves

is most efficiently routed close to an interface supporting SPP waves, if the dipole’s
transverse SAM is lower than the maximum value of ±1 as well.

5.3 Establishing the Dipole Emission

As already stated in the introduction, the control over the propagation direction
of light is required in many domains of modern optics [Ben11; Lod17]. With the
spin-momentum locking of an emitter in proximity to the metal-dielectric interface,
one prominent near-field approach for establishing directional emission was already
introduced in this chapter. Now the question arises how to achieve the dipole
emission with the necessary circular polarization in the yz-plane. In a first approach
Rodríguez-Fortuño et al. [Rod13] introduced a SiO2 based structure with a flat gold
film on top. The gold film was interrupted by a single groove. The dipole emission
was interchanged in their studies by light incident on this slit under nearly grazing
incidence. They interpreted the incident light as a fake dipole with the polarization
of the incident light representing the dipoles polarization. And indeed they already
observed directional emission in this case in accordance with our considerations in
Subsection 5.1. They could show that for linear polarized incident light two opposite
SPP waves of equal intensity are excited, while circular polarized incident light excited
only the left- or right-going SPP wave. In literature further similar approaches for
establishing directional emission were presented. A dipole emitter in proximity to an
optical waveguide for example also allows to observe directional emission [Mar15].
Instead of a dipole emitter again circular polarized light can be used which in this
case is incident on a nanoparticle [Pet14].

Establishing the control over the propagation direction by the use of magnetic forces
would be highly appealing for applications in magneto-optical storage, nanophotonic
circuits and precision metrology [Tem10; Aki12; Arm13; Bos16]. In order to achieve
this control in emission a dedicated tailoring of the structures is required. So far this
has only been demonstrated in Faraday geometry for the emission of chiral objects,
where directionality is established along the axis parallel to the magnetic field [Rik97].
Interestingly, in the transverse geometry where directionality is established perpendic-
ular to the magnetic field no intensity effects have been reported yet, irrespective of
the system studied here. In our studies we examine an improved structure in which
the emission of excitons is considered as the dipole emitter. The selection rules and
thus its polarization is controlled by a magnetic field via the Zeeman effect, enabling
magnetically controlled directional emission.
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5.4 Scattering Matrix Method

The numerical calculation with the Green’s function approach like in Subsection 5.1
is the method of choice for the simulation of near-field emission in a simple smooth
structure. In case of far-field calculations or for more elaborated structures with
additional layers or a periodic metal film as described in Section 3.3 one usually
prefers calculations based on the scattering matrix (S-matrix) method. This method
is also used within this thesis for the calculation of photoluminescence (PL) and
reflection spectra in the formulation introduced by Whittaker and Culshaw [Whi99].
The S-matrix characterizes the scattering of electromagnetic waves at a structure and
to that end relates the intensities of the incoming (forward going) and the reflected
(backward going) waves.
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Chapter 6

Material Properties of the
(Cd,Mn)Te / (Cd,Mg)Te Samples

All samples presented within this thesis are hybrid magneto-plasmonic semiconductor
nanostructures similar to the one shown in Figure 6.1a. Based on a semi-insulating
GaAs (100) substrate, the Cd.73Mg.27Te buffer layer (𝐸𝑔 ≈ 2.1 eV at 2 K) was
grown by molecular beam epitaxy (MBE)1. On top of this layer the 10 nm thick
Cd.974Mn.026Te diluted-magnetic-semiconductor QW layer (𝐸𝑔 = 1.656 eV at 2 K)
is located. A Cd.73Mg.27Te cap layer covers the QW both as a spacer between the
QW layer and the perforated gold film on the surface and as an electronic barrier for
the excitons in the QW.

These four layers – substrate, buffer, QW and cap – form the semiconductor struc-
ture which is later referred to as the bare semiconductor structure, i.e. with no
further surface structuring (Sample 1b, 2b and 3b). For the plasmonic structures,
200 × 200 µm2 gold gratings were patterned on top of the semiconductor structure
(Sample 1, 2 and 3). The so-called ’lift-off’-processing was done by first applying a
photoresist layer on top of the semiconductor. An inverse mask was inscribed into
the photoresist layer by electron beam lithography.After this development step a
photographic developer was used in order to remove all the photoresist in those areas
were gold is supposed to stick to the dielectric. Immediately before the evaporation
of gold, the sample was subject to a short plasma treatment for descumming directly
in the metal evaporation chamber. A continuous gold layer is brought onto the
sample by thermal evaporation and covers both the photoresist and resist-free areas
on the sample. In this step no metal is used to promote the adhesion of the gold
layer. The residual photoresist is dissolved in an acetone bath subsequently. The gold
deposited on top of the photoresist is carried off with it in this step. Only the gold

1MBE is an epitaxial process that paved the way to the growth of high-quality structures with
well-defined layer arrangement and precisions ultimately down to a single layer of atoms. Due to
this accurate precision the development of structures like quantum wells or even quantum dots is
possible. [Hen13]
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maximum of 10 meV, as compared to a white light source, also the spectral range
which may be observed in the TMRLE experiments is limited to energies from 1.65 eV
to 1.69 eV.

The three studied semiconductor structures differ mainly in two points. On the one
hand Sample 1 has a larger cap layer with ℎd = 250 nm thickness as compared to
Sample 2 and 3 with a small cap layer of about 30 nm. On the other hand Sample
2 is modulation doped, which increases the carrier mobility in this sample. This is
realized by a 3.5 nm thick modulation doped layer in the buffer with 40 nm distance
to the QW. A second 2.5 nm thick modulation doped layer is located in the spacer
with 20 nm distance to the QW. On all (Cd,Mn)Te samples, a 5.3 nm thin ZnTe layer
was grown between the substrate and buffer layer to reduce the lattice mismatch
(not shown in table/figure). The further relevant structure parameters are listed in
Table 6.1. Additionally, Sample 2 was used for another set of grating structures with
different grating periods 𝑎 varied between 200 nm to 320 nm in steps of 10 nm. Due
to the large number of gratings, their size was reduced to 50 × 50 µm2.

Table 6.1: Geometrical parameters of the (Cd,Mn)Te / (Cd,Mg)Te DMS QW structures. The
samples are either manufactured with a plasmonic nanostructure on top (Sample 1, 2 and 3) or just
the bare semiconductor structure is studied (Sample 1b, 2b and 3b).

Parameter Sample

Variable Meaning 1 1b 2 2b 3 3b

𝑎 grating period 250 nm – 250 nm – 560 nm –
𝑤 slit width 50 nm – 50 nm – 50 nm –

ℎm grating thickness 45 nm – 45 nm – 45 nm –
ℎd spacer thickness 250 nm 32 nm 30 nm
ℎq QW width 10 nm 10 nm 10 nm
ℎb buffer thickness 3.25 µm 5.62 µm 3.05 µm
ℎs substrate thickness 400 µm 400 µm 400 µm
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Chapter 7

Experimental Setups

In this chapter three different optical setups are presented, which were used in this
thesis. First, the magneto-photoluminescence setup is described where a magnetic
field in Faraday geometry of up to 5 T was used in order to determine the concentration
of Mn2+ ions in the studied DMS structures. Next, a setup which allows to apply a
high magnetic field in Voigt geometry and detect its influence on either the reflected
or emitted light’s intensity at a fixed angle follows. Finally, the Fourier spectroscopy
setup is introduced in the last section enabling the detection of fine-grained angular
resolved spectra in a single shot, where the magnetic field strength on the other hand
is one order of magnitude smaller as compared to the fixed angle setups.

7.1 Magneto-Photoluminescence Setup for the
Determination of the Mn2+ Concentration

Magneto-photoluminescence measurements of the bare QW structure allow the
evaluation of giant Zeeman splitting in the samples discussed in Section 6. All
measurements using this setup were performed at the Ioffe Institute in Saint Petersburg
during a research stay in the laboratory of Victor F. Sapega. A He-Ne laser with
photon energy of 1.96 eV was used to populate the QW with excitons, while the
structure was mounted in the variable temperature insert of a liquid helium bath
cryostat at 𝑇 = 2 K. Superconducting coils allowed the application of up to 5 T
magnetic field in Faraday geometry. The emitted light was spectrally dispersed
by a double monochromator and detected in circular 𝜎+ and 𝜎− polarization by a
photomultiplier connected to a photon counting unit. Due to the strong polarization
degree already in moderate magnetic fields (e.g. 98 % at about ≈ 200 mT), only the
energetically lower 𝜎+ polarized exciton transition was observable while the emission
of the higher 𝜎− polarized energy transition has vanished.
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from 300 nm to 2600 nm and thus is particularly suitable for reflectivity or TMOKE
measurements. The light bulb is surrounded by a metal shielding which is constantly
cooled by a fan in order to keep the lamp at almost constant temperature. On one
side it has an opening with a lens allowing the emitted light to exit the shielding
while being focused onto the aperture of a fibre (not shown in the figure). On the
other side of the fibre the light is out-coupled and collimated by an air-spaced doublet
collimator (ThorLabs F810SMA-635). A single 𝑓 = 200 mm achromatic lens was used
both to focus the whitelight onto the sample and to collimate the reflected light. The
incoming and emerging light beams are separated spatially as shown in Figure 7.2a.
The WL spot size is limited by a diaphragm before the light is passing through the
top of the lens, resulting in an angle of reflection of 𝜃 = (5.0 ± 0.3)° under which the
reflected light is reaching the lower half of the lens.

Non-resonant excitation For the non-resonant measurements, a 552 nm continuous
wave laser (Coherent 1230938) was used. It is represented in the scheme by the white
rectangle emitting a green laser beam. The 2.25 eV laser is mounted to a heat sink in
order to dissipate the generated heat and keep the laser at constant temperature. No
additional cooling is required as only small excitation powers are necessary for the
experiments. Furthermore a laser intensity stabilizer (BEOC LPC) was used in this
setup to keep the laser power constant at about 300 µW during the measurement at
different magnetic field strength. The laser light was focused onto the sample, in
order to excite excitons in the QW, while the emission was collimated by a different
achromatic doublet lens as shown in Figure 7.2b. In contrast to the case of reflection
where the angle of reflection is limited by the aperture of the cryostat windows, the
emission angle can be larger as the sample itself can be rotated. In our experiments
this angle of emission is fixed by gluing the sample on a 15° wedge. The resulting
emission angle of (15 ± 5)° was chosen wide-ranged as compared to the resonant case
in order to increase the detected intensity. This choice is justified by the weak angle
dependence in this range as present later in Subsection 8.2.4 for the angle resolved
TMRLE measurements.

In both cases the sample was mounted inside the variable temperature insert of
a bath cryostat at 𝑇 = 1.6 K. Superconducting coils allowed transverse magnetic
fields of up to 𝐵 = 5 T to be applied. The collimated light is subsequently linearly
p- or s-polarized by the combination of a half-wave plate mounted in a computer
controllable rotary stage (OWIS 43.065.356C) and a Glan-Taylor polarizer. An
achromatic doublet lens focuses the light onto the spectrometer slit before it is
spectrally dispersed and detected by a two-dimensional charge-coupled device (CCD)
matrix detector.
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7.3 Angular Resolved Optical Spectroscopy Setup

In this section the setup for angular resolved imaging is presented, which is shown
in Figure 7.3. The optical components and their function within the setup will be
discussed before their position within the setup is calculated explicitly. This type of
experimental setup is also called Fourier imaging spectroscopy setup as it is imaging
the reciprocal 𝑘 space. It allows not only to acquire a broad spectral dependence in a
single acquisition but also the angular dependence at the same time.

Excitation of the sample
Depending on the type of measurement – reflection or photoluminescence – two types
of light sources were used. As already stated in Section 7.2, in the case of resonant
excitation a tungsten halogen white light lamp is utilized, emitting over a broad
range of wavelengths. In the non-resonant case on the other hand a green 2.25 eV
laser was used for excitation of excitons in the QW of the sample structure.

The incoming light is passing a 50:50 non-polarizing beam splitter cube (Thorlabs
CM1-BS014) anti-reflection coated for ideal performance in the 700 nm to 1100 nm
wavelength range, which corresponds to the desired wavelength range for the samples
described in Section 6. Within the specified wavelength range approximately the
same intensity of light is transmitted or orthogonally reflected independently of its
polarization. The reflected light can be used for monitoring the incident light intensity
during the measurement. The polarization of the transmitted light on the other
hand is subsequently set by an achromatic calcite Glan-Taylor polarizer (Dayoptics
PGT7015) and an achromatic half-wave plate to be either in p- or s-polarization.
As most effects of interest in this thesis (e.g. TMOKE) are manifested only in p-
polarization, this is also the default polarization which the optics let pass if not stated
otherwise. By using a half-wave plate for setting the beams polarization, a beam path
misalignment induced by the beam offset at different Glan orientations is avoided.

The excitation light is now focused onto the sample by a microscope objective
(Mitutoyo 378-824-5) with long working distance. The light is focused into a spot of
about 20 µm diameter in the non-resonant case and 200 µm diameter in the resonant
case. In the non-resonant case the excitation density was kept well below 50 W/cm2

in order to avoid heating of the Mn system. The infinity corrected microscope
objective (MO) with 20x magnification is optimized for a wide spectral range of
480 nm to 1800 nm. The numerical aperture of 0.4 defines the maximum angle
𝜃max = arcsin(0.4) ≈ 23.58° under which light is incident on the sample or collected
from it. With its 20 mm working distance, it can be used even for investigating
samples at cryogenic temperatures, as described in the following.
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The flow cryostat is fixed between the two copper coils of a water cooled electro
magnet (GMW Associates 5403EG) providing up to 700 mT of transverse magnetic
field 𝑩 ∥ 𝒙, depending on the distance of the steel ferrites. For the maximum magnetic
field strength a ferrite distance of 40 mm is necessary, leaving not enough space for
sample movement. Therefore the ferrite distance had to be increased to 50 mm
resulting in a maximum magnetic field strength of 𝐵max = 580 mT at the highest
applicable coil current of 40 A. The coil current is limited by the utilized bipolar
magnet power supply (Kepco BOP20-50MG) which was controlled automatically by
the measurement program in LabView.

Superior stability is the most crucial and challenging point in this experiment. When
changing the magnetic field strength, magnetic components of the setup may start
to interfere with each other and even in the non-magnetic components a magnetic
field might be induced. Thus the microscope objective is mounted in a cage specially
designed for this experiment providing high stability. This is achieved by fixing the
objective not only from the lower side, but rotational symmetric from four sides
along its optical axis. In addition, the microscope objective holder can only be moved
along the optical axis in order to move it roughly into focus, while preventing it from
moving within magnetic field.

On most samples there is a specific area which shall be studied, which makes it
necessary to move the sample not only into focus but in all three dimensions and
consequently the whole flow cryostat. As stability is the main concern, a three
dimensional crossed-roller bearing stage (3x Newport M-426) is used. This type of
stage is highly stable and each stage can be fixed on a certain position, restricting
further movement along this axis.

Detection of collected light
The light which was either reflected (resonant case) or emitted (non-resonant case)
from the sample is collected and collimated by the same MO in back-scattering
geometry. At a distance of twice the focal length of the MO 2𝑓 = 20 mm with respect
to the sample the Fourier plane is located. Here, the horizontal direction corresponds
to the light’s momentum along the magnetic field direction 𝑘x while in the vertical
direction the momentum projection perpendicular to the magnetic field but within
the sample plane 𝑘y is present.

Subsequently the light passes the polarization optics once again resulting in the
detection of the respective polarization only. When impinging on the beam splitter
cube, this time the deflected light is of interest. A telescope consisting of a pair of
achromatic doublet lenses (𝑓FP = 400 nm and 𝑓SP = 300 nm) maps the Fourier plane
onto the spectrometer slit. In the non-resonant measurements additionally a 600 nm
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Figure 7.4: (a) The first measurement taken on the Fourier imaging setup already shows its
capabilities and richness of detail. Shown here is a false colour plot of the angular resolved
reflection spectrum of the bismuth iron garnet (BIG) plasmonic hybrid structure reported on in
Reference [Poh13]. The surface plasmon polariton resonances of the plasmon propagating on the
gold / air interface is distinctly observed here (solid line) as well as the plasmon on the gold / BIG
interface (dash-dotted line). The spectra are taken at room temperature on both the gold grating
and a flat gold film for normalization. (b) False colour plot of the angular and spectrally resolved
transverse magneto-optically Kerr effect in reflection. The TMOKE was calculated according to
Eq. (4.11), representing the relative change of reflected intensity when applying a transverse magnetic
field 𝐵 ≈ 50 mT.

long-pass filter is used in front of the spectrometer to suppress the stray light from
the excitation laser.

The usually 150 µm wide opened spectrometer slit confines the light in horizontal
direction, thus ideally only the 𝑘x = 0 light passes into the single imaging monochro-
mator (Acton SP2500i). Herein the light is spectrally dispersed in horizontal direction
(6.4 nm/mm), while in vertical direction the angular 𝑘y information is stored. Finally
the light is detected by a charge coupled device camera (Princeton Instruments PIXIS
256) with 256 × 1024 pixels in vertical and horizontal direction, respectively. Each
pixel has a size of 26 × 26 µm2 resulting in a total size of 6.656 × 26.624 mm2. Overall,
this results in a spectral resolution of 𝛥𝜆 ≤ 0.6 nm and an angular resolution of
𝛥𝜃 ≤ 0.5°.

Comparison of Fourier imaging spectroscopy and regular fixed angle spectroscopy

The first measurement taken on this setup, at that time still with a slightly dif-
ferent configuration of optical components, is shown in Figure 7.4a. Here the optical
parameters were 𝑓MO = 20 mm, 𝑓FP = 300 mm, 𝑓SP = 400 mm and a different CCD
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Figure 7.5: Measured angle dependence of the transmitted light spectrum of a bismuth iron garnet
plasmonic hybrid structure between 𝜃 = 0° and 12° in steps of 1° without applied magnetic field.
Open circles show the position of the Fano resonances. The dashed lines are meant as guide to
the eye. (b) Measured angle dependence of the TMOKE in transmission with an applied external
magnetic field of 𝐵 ≈ 80 mT. For symmetry reasons the effect vanishes for normal incidence and
reverses sign when the angle of reflection is reversed. For angles 𝜃 ≥ 4° a remarkably high value of
𝛿 = 13 % is reached. Figure reprinted and caption adapted with permission from Reference [Poh13].

camera was used with 8 × 26.8 mm2 size split into 400 × 1340 pixels. In this mea-
surement the angular resolved reflection spectrum is shown for the bismuth iron
garnet (BIG) plasmonic structure, which was also studied by Pohl et al. [Poh13]. The
surface plasmon polariton resonances at the gold and air interface (solid line) and at
the gold / BIG interface (dash-dotted line) are clearly visible here as strong dips in
the reflectivity. For calculation of the reflectivity, spectra on the plasmonic grating
and on a flat gold film were taken and the latter one used for normalization.

In Figure 7.4b on the other hand the relative change in reflected intensity is shown
when applying a transverse magnetic field of 𝐵 ≈ 50 mT, calculated as shown in
Eq. (4.11). One can see strong TMOKE of 𝛿 = 0.3 % in reflection at the resonance
of surface plasmon polaritons propagating at the interface of gold and the magnetic
BIG layer. As expected, at the interface of gold and air on the other hand no
TMOKE is observed, due to the relatively large magnetic layer distance. The Fourier
imaging spectroscopy setup allows to resolve these features in reflectivity and TMOKE
spectra with much more detail as compared to the measurements taken previously.
For comparison in Figure 7.5 similar measurements on the same structure are shown,
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place, this can be achieved by inserting one additional achromatic doublet lens (FP)
in between the MO and the SP lens, as shown in Figure 7.7. This lens has a focal
length of 𝑓FP = 400 mm in our experiment. When calculating the size and angle on
the CCD again for this more complex case of a three lens setup, this results in

𝑟CCD(𝑟, 𝜃) = −𝜅0𝜃 − 𝜅1𝑟 and

𝜃CCD(𝑟, 𝜃) = −𝜅2𝜃 + 1 − 𝜅1𝜅2
𝜅0

𝑟,
(7.3)

with the variables

𝜅0 = 𝑓SP𝑓MO
𝑓FP

,

𝜅1 = 𝑓SP
𝑓FP𝑓MO

(𝑓FP + 𝑓MO − 𝑑1) and

𝜅2 = 𝑓MO
𝑓FP𝑓SP

(𝑓FP + 𝑓SP − 𝑑2).

(7.4)

As one can see, if the distance between the MO and the FP lens is chosen randomly,
the image on the CCD does depend both on the position on the sample 𝑟 and the
emission / reflection angle 𝜃 which would lead to a distorted image of the reciprocal
space. This can easily be avoided for a distance between the MO and FP lens of
𝑑1 = 𝑓MO + 𝑓FP = 410 mm resulting in 𝜅1 = 0 and thus

𝑟CCD(𝑟, 𝜃) = −𝜅0𝜃 and 𝜃CCD(𝑟, 𝜃) = −𝜅2𝜃 + 𝑟
𝜅0

, (7.5)

which also represents the experimental situation in our case. The conversion factor
from angle 𝜃 to position 𝑟CCD is given by 𝜅0 = 7.5 mm resulting in a spot radius of
|𝑟max| = 𝜅0𝜃max = 3 mm. It is the ideal combination of lenses with the spot size
being very close to the height of the CCD. The distance between the FP and SP lens
can be chosen rather freely according to the experimental conditions, as it does not
influence the angular resolution of this setup. On the other hand, if the distance is
𝑑2 = 𝑓FP + 𝑓SP = 700 mm the light would be collimated when incident on the slit of
the spectrometer as 𝜅2 = 0 resulting in the most simple form

𝑟CCD(𝑟, 𝜃) = −𝜅0𝜃 and 𝜃CCD(𝑟, 𝜃) = + 𝑟
𝜅0

, (7.6)

which is shown in Figure 7.7. In conclusion the distance between each of the three
lenses should sum to their respective focal lengths.
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Chapter 8

Transverse Magnetic Routing of Light
Emission

Within this chapter we will introduce transverse intensity effects where light emission
is routed and controlled by an external magnetic field. The effect named transverse
magnetic routing of light emission (TMRLE) was discovered within the scope of
this PhD thesis and is first reported on in our Nature Physics publication [Spi18].
Furthermore some of the experimental results presented in this chapter were gathered
in the context of the master thesis of Lars Klompmaker [Klo17] and the bachelor
thesis of Gabriel Honorio [Hon16], supervised by the author of this thesis.

Section 8.1 is about how the polarization of an emitter in a diluted magnetic semicon-
ductor quantum well is established, induced by the giant Zeeman effect of excitons in
a magnetic field. In the subsequent Section 8.2 the near-field effect – the most intense
and also most important manifestation of TMRLE – is introduced. Here it is shown
that the effect is only present for the emission with transverse magnetic polarization
and 2D spectra are shown which illustrate how it depends on the emission angle.
Further optimization of the grating period is proposed as one way to increase the
effect’s strength, before two kinds of far-field effects are discussed in Section 8.3. In
the final three sections it is studied how the effect depends on the magnetic field
strength (Sec. 8.4), the laser power (Sec. 8.5) and the sample temperature (Sec.
8.6).

8.1 Value of Magnetization – Giant Zeeman Effect

In this section the influence of an external magnetic field on the emission from QW
excitons is described. As shown in Section 4.1, the exciton spectral line splits into
several lines, depending on the selected polarization and the geometry of the magnetic
field. In this case Sample 3 (see Section 6 for details) was studied, placed in a Faraday
magnetic field of up to 𝐵 = 5 T at a temperature of 𝑇 = 2 K while being excited by a
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Figure 8.1: Circularly polarized (𝜎+) photoluminescence spectra of QW excitons for magnetic
fields up to 5 T in Faraday geometry at 𝑇 = 2 K. Inset shows the magnetic field dependence
of the exciton Zeeman splitting 𝛥𝐸hh,F which is determined as twice the shift of the PL peak
position with respect to the zero field peak. The solid line is a modified Brillouin function fit
(Eq. (4.4a)) with 𝑥 = 0.0258 ± 0.0003, 𝑇eff = (3.1 ± 0.1) K and 𝑆eff = 5/2. The dashed line
shows the Zeeman splitting obtained from Eq. (4.4a) using the same parameters but for increased
temperature 𝑇 = 11.1 K. From this curve, we obtain the conditions 𝛥𝐸hh,F = 5 meV at 𝑇 = 10 K
and 𝐵 = 520 mT (open square) that are present in the Fourier imaging setup. Figure reprinted with
permission from Reference [Spi18].

633 nm He-Ne laser using the setup described in Section 7.1. Sample 3 incorporates
a 10 nm (Cd,Mn)Te quantum well based on a (Cd,Mg)Te epilayer and buried below
the (Cd,Mg)Te cap. Diluted magnetic semiconductor QWs represent a model system
with bright exciton emission and well known parameters [Fur88; Gaj10]. The giant
Zeeman effect of hole spin levels in this structure originates from the strong 𝑝 − 𝑑
exchange interaction between valence band holes and the Mn2+ ions [Fur88; Kuh94;
Gaj10].

The QW emission originating from optically active heavy hole excitons, the lowest
QW energy states, is detected spectrally resolved in circular 𝜎+ and 𝜎− polarization.
The dependence of the 𝜎+ polarized emission line on the magnetic field strength is
shown in Figure 8.1. At zero magnetic field, the emission line is located at an energy of
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Chapter 8 Transverse Magnetic Routing of Light Emission

𝐸𝜎+,0 T = 1.683 eV. With increasing magnetic field strength it shifts to lower energies,
until it finally reaches 𝐸𝜎+,5 T = 1.649 eV at a magnetic field of 5 T. Ordinarily,
the Zeeman splitting is calculated as the energy difference between the 𝜎+ and 𝜎−

polarized emission. As the intensity of the 𝜎− polarized emission vanishes quickly
with increasing magnetic field – as a large splitting leads to a strong polarization
of emitted light – the splitting is approximated as twice the energy difference of
emission at 𝐵 = 0 and 𝐵 ≥ 0

𝛥𝐸hh,F = 2 ⋅ (𝐸𝜎+,𝐵=0 − 𝐸𝜎+,𝐵≥0). (8.1)

Consequently, the observed splitting reaches values of up to 𝛥𝐸hh,F = 68 meV as
shown by the filled squares in the inset of Figure 8.1. As pointed out in Subsec-
tion 4.1.1, the Zeeman splitting can be described by the modified Brillouin function
(4.4a). For these structures the modified Brillouin function has two free parameters.
The concentration of isolated Mn2+ ions 𝑥 and the effective temperature of the
manganese system 𝑇eff = 𝑇 + 𝑇0. Please note that in our case 𝑥 is not the overall
Mn concentration but the Mn2+-ion concentration, which is why 𝑆eff = 5/2 is not
used as a free parameter here. These two parameters can be extracted from fitting
the Zeeman splitting as indicated by the solid line in the inset of Figure 8.1. From
the fit a Mn2+ concentration of 𝑥 = 0.0258 ± 0.0003 and an effective temperature of
𝑇eff = (3.1 ± 0.1) K were determined.

In some of the consequent sections a different experimental setup was used with a
lower magnetic field of 520 mT and an increased sample temperature of 10 K. To
compensate for these changed conditions the Zeeman splitting is calculated with
an adjusted effective temperature of 𝑇 ′

eff = 𝑇eff + 8 K = 11.1 K resulting in a value
of 𝛥𝐸hh,F ≈ 5 meV (empty square in the inset of Figure 8.1). If only the hole
contribution is of interest, it might be calculated as follows

𝛥h,F = |𝛽|
|𝛼 − 𝛽|

𝛥𝐸hh,F = 4 meV. (8.2)

The aforementioned measurements of the Zeeman effect were carried out on heavy
hole excitons in Faraday magnetic field. In the following sections the focus lies on
measurements in Voigt magnetic field though. Of special interest is the emission’s
degree of circular polarization in the yz-plane, as it is related to the transverse SAM
and the TMRLE strength. As stated in Subsection 4.1.2, the degree of circular
polarization can be calculated using Eq. (4.8). Taking into account the heavy hole
Zeeman splitting from Eq. (8.2), the degree of circular polarization predicted for the
idealized QW with infinite walls reads in this particular case

𝑃c,↑ ≈ 𝑃c,↓ ≈ 2
3

𝛥h,F

𝛥lh
= 2

3
4 meV

20 meV
≈ 13 %, (8.3)
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where the ↑ arrow denotes the |𝐽h,x, 𝑆e,x⟩ = | + 3/2, −1/2⟩ and ↓ the | − 3/2, +1/2⟩
exciton transition. The highest polarization degree was reached at the external
magnetic field of 𝐵 = 5 T at a temperature of 𝑇 = 2 K. The value of the giant Zeeman
splitting exceeds 𝛥𝐸hh,F = 68 meV with a hole contribution of 𝛥h,F = 54 meV. Here
the low field approximation from Eq. (8.3) does not apply anymore. However, the
degree of circular polarization can be calculated according to [Ivc05; Spi18] yielding

𝑃c,↑ ≈ 94 % and 𝑃c,↓ ≈ 82 %. (8.4)

8.2 Near-Field Effect

In this section the TMRLE will be discussed, which is observed for magnetically
polarized emitters that are located close to a surface breaking the medium’s mirror
symmetry. More explicitly, the wavevector 𝒌 of the directional emission is proportional
to

𝒌 ∝ 𝑩 × 𝒆z, (8.5)

with the unit vector 𝒆z pointing in the direction normal to the surface and the
magnetic field 𝑩 pointing solely in x-direction.

The effect requires two key conditions in order to appear. On the one hand this
is a light source whose optical selection rules are modified by the magnetic field.
Any magnetic material fulfils this first condition. On the other hand the transverse
spin of the emitted light (angular momentum) should be non-vanishing, i.e. 𝑺 ∥
𝒆x ⟂ 𝒌. The second condition requires a structure with broken 𝑧 → −𝑧 symmetry,
like a planar mirror [Bek15]. When propagating inside a medium apart from the
surface, a conventional electromagnetic plane wave remains linearly polarized and its
propagation direction is independent of its polarization direction. Therefore, in bulk
material only weak directionality effects can be expected. Sub-wavelength optical
fields on the other hand possess strong transverse spin like all evanescent waves and
carry a spin flux, whose spin is locked to their propagation direction [Ley07; Bli15b;
Lod17].

This enables fascinating phenomena like the application of lateral forces on near
surface particles controlled by the polarization of light [Rod15]. Furthermore photonic
wheels in tightly focused beams [Aie15] and the photonic spin Hall effect in hyperbolic
materials [Kap14] are manifestations of this near surface spin momentum locking. The
generation of such photonic spin fluxes has been established both in dielectric photonic
structures containing a quantum dot [Lux13; Söl15; Col16] or a single atom [Jun13;
Sho14]. In the case of plasmonic excitations – where collective oscillations of electrons
in a metal occur – plasmon scattering on nano-particles allowed to visualize these
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spin fluxes [Lin13; Rod13; Bau14; OCo14; Pet14; Rod14; Lef15; Sin17]. In summary,
sub-wavelength evanescent optical fields that are present in photonic as well as
plasmonic nanostructures are expected to enable the transverse magnetic routing of
light emission.

8.2.1 Sign of TMRLE for Photonic and Plasmonic Spin Fluxes

The exciton emission from a diluted magnetic semiconductor quantum well was
studied for the experimental demonstration of TMRLE. As described before the
effect is expected to be significantly enhanced by sub-wavelength optical fields. Thus
also hybrid plasmonic structures with a metallic grating in close proximity to the
QW were considered. The grating placed on top of the semiconductor structure
contributes in two ways:

• Surface plasmon polaritons are supported at the metal-semiconductor interface.

• Optical spin fluxes which are carried by surface modes at the gold / (Cd,Mg)Te
interface are out-coupled into the far-field radiation.

The lowest QW energy states correspond to optically active heavy hole excitons
as described in Section 8.1 from which the emission originates. The excitons can
be considered localized due to the QW inhomogeneity and thus modelled as point
electric dipoles. While at zero magnetic field 𝐵, their angular momentum projection
is 𝐽z = ±1 along the QW confinement z-axis. This corresponds to circularly polarized
dipoles rotating in the xy-plane clockwise or counter-clockwise, 𝑑x𝒆x ∓ i𝑑y𝒆y with
𝑑x = 𝑑y. Therefore light of equal intensity is emitted in all lateral directions and no
directional emission is observed.

With an in-plane magnetic field 𝑩 ∥ 𝒙 on the other hand, the selection rules of the
optical transitions are modified and the emission becomes elliptically polarized in
the 𝑦𝑧-plane. This corresponds to dipoles with polarization 𝒅±

X = 𝑑y𝒆y ∓ i𝑑z𝒆z. As
mentioned in Eq. (4.8) the related circular polarization degree is 𝑃𝑐 = ±2𝑑y𝑑z/(𝑑2

y +
𝑑2

z ) ≈ ±2
3𝛥h,F/𝛥lh for 𝛥h,F ≪ 𝛥lh. Here 𝛥lh is the energy splitting between

heavy- and light-hole states due to confinement and strain in the QW. The Zeeman
splitting of heavy-holes in Faraday geometry 𝛥h,F grows linearly for small 𝐵 and was
already introduced in Eq. (8.2). As all the structures discussed are mirror symmetry
broken with respect to the z-axis, the optical field carries non-zero transverse SAM.
Therefore the excitons with elliptically polarized dipole moments couple preferentially,
depending on the magnetic field sign, either to right-going or left-going waves. This
results in the directional emission effect called TMRLE which is the main focus of
this chapter.
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8.2.2 Directionality of Emission

To reduce the strength of directionality down to a single number the normalized
difference of the two intensities 𝐼+ and 𝐼− can be studied, which are observed for
positive and negative transverse SAM 𝑆x

𝜌(𝜃) =
𝐼+(𝜃) − 𝐼−(𝜃)
𝐼+(𝜃) + 𝐼−(𝜃)

. (8.6)

Here 𝜃 is the emission angle in air which is used in the subsequent experiments. This
quantity is positive if more light is detected at a given angle 𝜃 for an emitter with
positive SAM 𝑆x > 0. On the contrary less emission under this angle at positive
SAM results in a negative 𝜌. Here the optimum is reached if the emission intensity
is zero for one emitter polarization resulting in |𝜌| = 100 %. In the experiment the
spin of the emitter is pinned to the magnetic field i.e. 𝑆x ∝ 𝐵x, due to the modified
selection rules introduced in Section 4.1. Thus in the experiments 𝐼+ represents the
intensity measured at positive magnetic field and vice versa.

However, there is one theoretically possible scenario where the quantity 𝜌 would give
erroneous results, i.e. if the light source’s overall intensity does change when its spin is
flipped. One example is a light source that emits only at positive spin thus 𝐼+(𝜃) > 0
and 𝐼−(𝜃) = 0 irrespective of the emission angle 𝜃. This would give an effect strength
of 𝜌 = 100 % for all 𝜃, i.e. both at +𝜃 and −𝜃. In order to quantify how well the
emission is routed into a specific direction, we compare 𝜌 for two opposing emission
angles and call the resulting factor directionality:

𝐶(𝜃) = 𝜌(+𝜃) − 𝜌(−𝜃)
2

(8.7)

This quantity is robust to omnidirectional intensity changes. Usually, apart from
statistical variations, the emission intensity is about constant for all measurements
taken. In the following experiments the two quantities 𝜌 and 𝐶 are thus considered
equivalent. This assumption is indeed valid, except for 𝐶 being antisymmetric when
inverting the emission angle ±𝜃 due to the way it was defined in Eq. (8.7), while
𝜌 might underlie statistic variations and other disturbances and thus might be not
strictly antisymmetric. As a rule of thumb, in the case of an angular resolved spectrum
𝜌 is plotted as it is the more intuitively accessible description of the measured data.
In the case of a spectrum at fixed angle usually the directionality 𝐶 is shown as it
contains also the data at the same but negative emission angle and thus is the more
significant parameter in this case.

Two special cases are interesting to discuss here. On the one hand, at the minimal
emission angle of 𝜃 = 0° the two angles ±𝜃 being compared are identical, which
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Figure 8.4: TMRLE at high magnetic field and fixed emission angle.

pattern in the spectral range from 1.64 to 1.69 eV. During the measurement, the
sample was kept at a temperature of 𝑇 = 2 K within an external magnetic field of
𝐵 = ±1.5 T. Under these conditions, nearly all Mn2+ ions in the QW are polarized
along the external magnetic field and the polarization reaches about 80 % as shown
in Eq. (8.4).

Now the TM polarized PL intensity is measured energy resolved with a CCD behind a
spectrometer in the detection path. The resulting PL spectrum is shown in Figure 8.4a
as a dark blue solid curve. When inverting the magnetic field direction 𝐵 → −𝐵
also the emitter’s polarization flips its spin. The resulting PL spectrum is shown
as a light blue dashed curve. Interestingly, this intensity is weaker by a factor of
four due to the dipole now coupling to the SPP wave propagating in the opposite
direction and emitting mostly at the opposite angle. From these two curves 𝜌 can be
easily calculated (see Eq. (8.6)), giving an effect strength of about 𝜌 = 4−1

4+1 = 60 %.
Measurements for the opposite angle show the same behaviour but inverse sign,
as expected. Thus, instead of 𝜌 the more significant directionality 𝐶 is shown in
Figure 8.4b as blue filled dots.

In case of TE polarized emission or s-polarization the situation differs significantly.
The two PL spectra measured at positive and negative magnetic field coincide as
shown by the red curves in Figure 8.4a. Obviously this gives no effect or 𝜌 = 0 as
intensity does not change in this case. Directionality is about zero for all energies
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Figure 8.5: Angle- and spectrally-resolved TMRLE pattern on Sample 2 at 𝐵 = 520 mT and
𝑇 = 10 K. Left and right coloured panels correspond to measured and calculated 𝜌(ℏ𝜔, 𝜃)-patterns,
respectively. Side plots at the calculated pattern shows cross-sections along fixed photon energy
ℏ𝜔 = 1.656 meV as indicated by the dotted line (upper plot) or fixed angle 𝜃 = 10° as indicated by
the dash-dotted line (right plot). Blue and red curves in these plots correspond to cross-sections of
experimental data and calculation results, respectively. Yellow curves in the side plots shows the
absence of TMRLE signal in s−polarization.

along the exciton PL peak in TE polarization as shown as red empty circles in
Figure 8.4b.

In comparison to the TMOKE (see Chapter 9) which is measured in the same
geometry and on the same samples, the TMRLE is more than one order of magnitude
stronger – up to 60 % instead of 1 %. It is so intense that the magnetic field induced
intensity switching can even be seen with the bare eye!

8.2.4 Angle Resolved TMRLE

Now that the extent of TMRLE with up to 60 % is demonstrated, the effect will be
studied further by exploring the dependence on the emission angle. One much more
convenient way to do so is by detecting an angle resolved pattern with a single shot,
instead of composing measurements at different fixed angles. A setup to measure
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such an angle resolved pattern is given by the Fourier imaging setup described in
Section 7.3. This setup has the disadvantage that the magnetic field strength is
limited to 𝐵 = 520 mT while the sample is kept at a slightly higher temperature of
𝑇 = 10 K, though. In a Fourier imaging setup the angular dependence of emitted
light is converted into the spatial dependence in the Fourier plane. This plane is
projected onto the slit of a spectrometer. Hereby angle- and spectrally-resolved
exciton emission is detected as a contour pattern with a CCD camera, attached to
an imaging spectrometer.

In Figure 8.5 the resulting contour pattern of such a measurement is shown. The
left coloured panel corresponds to the measured 𝜌(ℏ𝜔, 𝜃) pattern, while the right
coloured panel displays the calculated pattern. These calculations were performed by
the scattering matrix method described in Section 5.4. The theoretical calculations
show good agreement with the experimental data, as only the degree of circular
polarization 𝑃c was used as a fit parameter. All the simulations shown in Chapter 8
use a value of 𝑃c = 2.6 % consistently. In comparison to the value of 𝑃c = 13 %
predicted in Eq. (8.3) for the idealized QW with infinite walls, the polarization is
decreased. In the actual QW the overlap between light and heavy hole wave functions
|⟨𝛹lh|𝛹hh⟩|2 ≪ 1 is reduced, which can explain this discrepancy. In the limit of
large magnetic fields on the other hand this discrepancy should be absent as there
𝛥h,F ≫ 𝛥lh and nearly all Mn ions are polarized along the external magnetic field
with the polarization reaching 𝑃c = 80 %. Thus, the measurement of the magnetic
field dependence of TMRLE as well as the calculation of TMRLE as a function of
𝑃c are of special interest and will be focused on in Section 8.4.

Within the energy range shown here, which is predetermined by the PL spectrum of
the exciton resonance, the TMRLE only has a weak spectral dependence and does
not change its overall sign. The weak spectral dependence can be easily explained,
as the resonance condition 𝜔X = 𝜔SPP is met within this range. The spectral width
of the exciton PL band of about 10 meV is much narrower than the SPP resonance
with about 50 meV. For positive emission angles the effect is also positive with a
strength of up to 𝜌 = 5 %. Looking at the same negative emission angle on the other
hand 𝜌(ℏ𝜔, 𝜃) is negative while the magnitude stays virtually the same. As expected,
the effect strength is less than in the preceding chapter, as lower magnetic field and
higher temperature reduce the Mn2+ polarization and consequently the emitter’s
polarization degree.

Two additional plots in Figure 8.5 show one dimensional cuts through these patterns.
On top of the right panel a cut along a fixed energy of ℏ𝜔 = 1.656 meV is shown
with the experimental spectrum in blue, the calculated spectrum in red and the
s-polarized experimental spectrum in yellow (two-dimensional panel not shown).
While the effect in s-polarization is absent as previously discussed, up to ±5 % of
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effect can be observed in p-polarization. Fortunately the experimental spectrum
agrees very well with its calculated counterpart. In the simulations some additional
feature is discernible beginning at the Wood’s anomaly (described in Section 3.4) as
a white line and continuing with a slight interference for larger emission angles. In
the experimental picture it is invisible to the eye as it might be blurred due to the
experiments resolution of 𝜎𝜃 ≤ 0.5° and 𝜎E ≤ 1.4 meV at this energy range.

Rightmost a cross-section along a fixed emission angle 𝜃 = 10° is shown. Again the
effect in s-polarization is virtually absent while 1 % to 5 % are present in both the
experimental data and calculations. In this figure an additional ≈ 20 meV period
oscillation of 𝜌 is observed in the experiment which can be attributed to an interference
effect due to the reflection of emitted light at the substrate (see Subsection 8.3.2
for more details on this effect). One should emphasize that this is not the same
interference which was observed due to the Wood’s anomaly (multiple white lines
in the 2D simulations). The interference visible in the 1D cut along fixed angle in
the very right of Figure 8.5 is broader and originates from the interferences in the
buffer.

8.2.5 Optimization of the Grating Period

Even though the proof of principle was the main interest, achieving an even more
pronounced effect strength is always desirable. Until now the grating period was
kept unchanged at 𝑎 = 250 nm yielding effect strengths of 𝜌 = 5 % at low magnetic
fields and notable 𝜌 = 60 % at higher magnetic fields. Increasing the magnetic
field strength further is rather futile as nearly all Mn2+ ions are aligned already.
Modifying the grating period however allows tuning the SPP and exciton resonance
closer to each other. The period dependence of directionality in Figure 8.6a and
the related dispersion diagram in Figure 8.6b demonstrate this specific approach.
For this dependence measurements on the same sample (Sample 2), but with varied
grating periods between 𝑎 = 200 nm to 320 nm have been performed at consistently
𝐵 = 520 mT and 𝑇 = 10 K. While the single measurements show a rich picture
(see Figure 8.7), it is more intelligible to describe the whole measurement by a
single number and compare these numbers for different grating periods. This is
done by first constraining the measured data to a fixed angle of 𝜃 = 15° and
then spectrally integrating over all measured intensities. The overall intensity is
subsequently compared as described before in Eq. (8.6).

Starting with lower grating periods the directionality is slightly negative with about
𝐶 ≈ −1 %. With increasing grating period the effect rapidly changes its sign with
positive values of roughly up to 6 % at 𝑎 = 240 nm as compared to about 4 % at
𝑎 = 250 nm. It is important to emphasize this point, as changing the grating period
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For a patterned gold grating the SPP dispersion is folded back at 𝑘y = 𝜋
𝑎 into the

first Brillouin zone. The folded SPP dispersion intersects the light cone and thus can
be out-coupled from the structure. But only for a limited range of grating periods
the SPP resonance also lays within the grey area representing the exciton emission.
All three domains have to coincide in order to see SPP-enhanced TMRLE for the
emission from QW excitons. This neither is the case for the green 200 nm nor the
blue 300 nm SPP resonance as there is no overlap with the emission inside the light
cone. For these two grating periods SPPs and emission are far apart and only far-field
effects may play a role. Comparing with the left figure shows that for these grating
periods there is an offset of 𝐶 = −1 % which is unrelated to the SPPs but comes
from superimposed far-field effects discussed in the next section. In between these
two curves the SPP related near-field effect is dominating. Starting at slightly below
300 nm the upper SPP branch begins to enter the detectable emission which leads to
an increase in directionality until at about 240 nm the best overlap is achieved. For
the upper branch the SPP wave is propagating in positive y-direction as the group
velocity is

d𝜔
d𝑘y,SPP

> 0. (8.8)

Further decreasing the grating period leads to a rapid decrease and another sign
change of the effect. This can be easily understood, as now the lower SPP branch
shifts further and can be both excited and detected. As in this case the group velocity
is negative, also the polarization of the SPP wave switches its sign and couples
inversely to the magnetic field resulting in a negative contribution to the overall
directionality. At even lower grating periods, only the lower SPP branch is excited by
the emission and the overall effect reaches its lowest point at about 220 nm before also
the lower branch moves out of sight and only far-field effects dominate the picture.

Figure 8.7 shows the 2D measurements from 210 nm to 320 nm. The overall behaviour
described before can be observed here as well. For the 210 nm grating the effect is
negative at positive emission angles. Here the SPP and exciton resonance are distant
and far-field effects are prevalent. With increasing grating period the SPP resonance
is shifting and starts to cross the exciton spectral line, leading to the strong feature
with opposite sign beginning at 230 nm grating period. At 240 nm it is substantially
larger than the far-field effect for the entire visible spectral range and in accordance
with Figure 8.6a the maximum effect strength is observed. Further increasing the
period leads to a decay of the near-field effect until at 320 nm the overall picture
looks comparable again to 200 nm with negative effect strength at positive angles.
Yet the diverse angular and energy dependent behaviour is not fully studied and
might require a more complex theoretical model for description.
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Figure 8.7: False colour plot of the angle resolved TMRLE spectrum for grating periods from
210 nm to 320 nm in Sample 2 at 𝐵 = 520 mT and 𝑇 = 10 K.
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8.3 Far-Field Effects

While the previous section covered the near-field effects initiated by exciton emission
into the evanescent optical modes, the focus now lies on two far-field effects that can
be studied in slightly altered samples with the same Fourier imaging setup. Both
far-field effects are based on the interference of emitted light rays.

8.3.1 Analytical Solution of the Far-Field Routing of Light in a Structure
with Finite Buffer Thickness

The near-field routing of dipole emission occurred in the proximity of the metal / dielec-
tric interface. But in fact directional emission is already observed for a dipole located
in a structure that contains no metal layer while the symmetry remains broken in
the z-direction as shown in Figure 8.8a. In this structure the first far-field effect
is observed. The directionality in this case is caused by the interference of several
emitted light rays, i.e. between the directly emitted and the reflected electromagnetic
waves. The reflection occurs at the backside of the structure where the substrate
is located, as shown in Figure 8.8a. In contrast to the near-field effect, coupling to
sub-wavelength optical fields is not required. Instead the distance of the dipole emitter
and the closest interface can be large. In the most simple case the permittivity of the
QW layer is assumed to resemble its surrounding, resulting in a three layer system
– substrate, buffer and air. For this system we will now calculate the directionality
pattern analytically.

We use the dipole’s polarization 𝒑 as introduced in Eq. (5.3). Only the TM-polarized
component of the detected light beam in free space contributes to TMRLE. Each
beam emitted under the angle 𝜃 outside the structure can originate either from the
directly emitted light and thus has an electric field oriented in

𝒆direct = ⎛⎜
⎝

0
cos(𝛼)

− sin(𝛼)
⎞⎟
⎠

(8.9a)

direction or it was reflected from the backside of the structure and thus reads

𝒆reflected = ⎛⎜
⎝

0
− cos(𝛼)
− sin(𝛼)

⎞⎟
⎠

. (8.9b)

Here 𝛼 denotes the angle inside the semiconductor material according to Snell’s
law (3.3). Now the intensity of the superimposed waves in free space can be easily
calculated. Here the Fresnel coefficients 𝑡1→0

𝑝 for transmission of TM-polarized light
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Figure 8.8: (a) Scheme of TMRLE on the unstructured part of Sample 2. Reflections at the
buffer layer superimpose with the direct emission resulting in Fabry–Pérot interferences. The overall
intensity at the emission angle 𝜃 in free space depends on the phase between the two beams and
thus on the helicity of the dipole emitter. Figure adapted with permission from Reference [Spi18].
(b) Calculation of TMRLE for the structure shown in (a) based on the Fresnel equations shown in
Section 3.1

from the semiconductor into free space and 𝑟1→2
𝑝 for reflection of TM-polarized light

at the semiconductor and substrate interface as described in Section 3.1 are used.
With this said, the detected emission intensity reads

𝐼 = ∣(𝑡1→0
𝑝 𝒆direct + 𝑟1→2

𝑝 𝑡1→0
𝑝 exp (2i𝜙) 𝒆reflected) ⋅ 𝒑∗∣2 , (8.10)

which explicitly still depends on the circular polarization degree 𝑃c. For the interfer-
ence of the two beams also the different beam path length plays a role resulting in a
phase

𝜙 = 2𝜋𝑑𝑛1
𝜆

cos(𝛼) (8.11)

between both beams, where 𝑑 is the buffer thickness and 𝑛1 is the (Cd,Mg)Te
buffer refractive index [Lip69]. For the calculations a circular polarization degree
of 𝑃c = ±2.6 % was used and the Fresnel coefficients were calculated with the
corresponding refractive indices from references [And97; Asp86]. With these two
contributions the directionality 𝜌 can be calculated according to (8.6), where 𝐼+ is
the intensity for an emitter with positive transverse SAM (𝑃c = 2.6 %) and 𝐼− the
intensity observed for the opposite spin (𝑃c = −2.6 %). The resulting directionality
dependence 𝜌(𝜃, 𝐸) is shown in Figure 8.8b. The effect is fully antisymmetric with
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Figure 8.9: Angle- and spectrally-resolved TMRLE pattern at 𝐵 = 520 mT,𝑇 = 10 K for Sample 2b.
Left and right coloured panels correspond to measured and calculated 𝜌(ℏ𝜔, 𝜃)-patterns, respectively.
Side plots at the calculated pattern shows cross-sections along fixed photon energy ℏ𝜔 = 1.658 meV
as indicated by the dotted line (upper plot) or fixed angle 𝜃 = 10° as indicated by the dash-dotted
line (right plot). Blue and red curves in these plots correspond to cross-sections of experimental
data and calculation results, respectively.

respect to the emission angle 𝜃. This can be easily understood, as flipping the angle
from 𝜃 → −𝜃 is tantamount to a 180° rotation of the whole structure around the
z-axis, which would invert the transverse SAM in the yz-plane as well as 𝑃c → −𝑃c
resulting in 𝜌 → −𝜌. Consequently, flipping both the angle and the transverse
spin would again result in the starting geometry thus yielding the same emission
intensity.

8.3.2 Interference Effect on Unstructured Sample

In order to observe these interferences experimentally, the same Fourier imaging
setup was used, which already has been described in Section 7.3 and Subsection 8.2.4.
The resulting 𝜌(ℏ𝜔, 𝜃) pattern is shown in Figure 8.9. Similarly to Figure 8.5, the
left coloured panel shows the experiment while the right panel corresponds to the
scattering matrix calculations. The energy range shown is predetermined by the
exciton PL spectrum. In contrast to the near-field effect, in this case the directionality
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is several orders of magnitude smaller with |𝜌| < 0.1 %. Moreover, the TMRLE
pattern exhibits a strong frequency dependence with 𝜌(ℏ𝜔, 𝜃) oscillating around zero
with a ≈ 30 meV period. Thus, for emitters spectrally located at the zero-crossing of
these interferences or for broadband emitters covering several interference periods
the overall spectrally-integrated directionality would decrease even further.

The calculated directionality pattern nicely reproduces all these features and shows
good agreement with the experiment. For better comparison one dimensional cuts
along the emission angle are shown in the top panel. These cuts are represented
in the directionality pattern by a dotted line. Additional cuts along the energy
axis are represented by dash-dotted lines and shown in the right panel. Both panels
manifest the remarkable agreement between theory and experiment. However, the one
dimensional energy cut exposes small deviations in the interference’s shape while both
the period and directionality magnitude match. This is the most simple approach for
achieving directional emission but it also results in the weakest directionality.

As there are no periodic grating structures on top of the semiconductor the sample
is uniform in the xy-plane. This even allows the analytical calculation of the effect,
which was discussed in Subsection 8.3.1 with the result shown in Figure 8.8b. First
of all, the strength of TMRLE being |𝜌| ≈ 0.1 % fits well with both the experimental
data and the scattering matrix based simulations. Also the overall two-dimensional
𝜌(ℏ𝜔, 𝜃) pattern looks virtually the same as in the simulation. All in all this near-field
effect is a nice example of routing emission, as it is quite simple and can be measured
even in unsophisticated structures with only a properly polarized emitter. On the
other hand it is quite weak due to the lack of plasmonic enhancement and needs some
effort to be measured.

8.3.3 Diffraction Effect on Patterned Sample

The second far-field effect is manifested in Sample 1, where the spacer thickness
is larger with 250 nm instead of 32 nm, while here also the patterned part of the
structure with a 250 nm grating is studied. Here the Fourier imaging spectroscopy
setup shows a quite comprehensive picture as shown in Figure 8.10. Surprisingly the
maximum strength of directionality is only slightly lower with about 2 % as compared
to the 5 % which have been observed with plasmonic enhancement. Examining the
same two-dimensional patterns as before, where the experiment is placed left and the
simulations are shown on the right, reveals the origin of this far-field enhancement.
The step-like increase of 𝜌 at an angle of about 𝜃Wood ≈ 11° to 17° is related to
the appearance of the grating’s first order diffraction. The shape of this step-like
increase can be understood by recalling the well known Wood’s anomaly presented
in Section 3.4. The directionality in this case emerges from the interference of
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Figure 8.10: Angle- and spectrally-resolved TMRLE pattern at 𝐵 = 520 mT, 𝑇 = 10 K for Sample 1.
Left and right coloured panels correspond to measured and calculated 𝜌(ℏ𝜔, 𝜃)-patterns, respectively.
White dashed line in the calculated pattern follows the Wood’s anomaly from Eq. (3.13). Side
plots at the calculated pattern shows cross-sections along fixed photon energy ℏ𝜔 = 1.671 meV as
indicated by the dotted line (upper plot) or fixed angle 𝜃 = 10° as indicated by the dash-dotted line
(right plot). Blue and red curves in these plots correspond to cross-sections of experimental data and
calculation results, respectively.

these two diffraction orders at angles 𝜃 ≤ 𝜃Wood as illustrated in Figure 8.11. Its
shape predicted in Eq. (3.13) is represented by the two white dashed lines in the
calculated two-dimensional panel of Figure 8.10 and shows ideal agreement with
the expected shape. Additionally, the waves reflected from the sample backside
contribute to the overall directionality, similar to the ones observed in Section 8.3.
Also the weak effect strength at smaller emission angles is apparent. More precisely,
the directionality strength is rather small with 𝜌 < −0.5 % for the angle range in
between the Wood’s anomaly. Additionally, the sign of the effect is negative for
positive emission angles. Calling into mind the SPP-enhanced measurements reveals
that photonic and plasmonic spin fluxes have inverse relative contribution. While
for the small spacer Sample 2 mostly the SPP contributes to the directionality with
positive sign for positive emission angle, in the large spacer Sample 1 the photonic
effect with negative 𝜌 for positive 𝜃 prevails. The evanescent SPP wave exponentially
decays in the semiconductor which leads to the corresponding decrease of the SPP
exciton interaction.
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Figure 8.11: Diffraction at the
grating causes interference of the
beams corresponding to different
orders (𝑚 = 0, 1), which takes
place even for thick spacers. Fig-
ure adapted with permission from
Reference [Spi18].

As discussed above, the non-resonant transverse spin
and the plasmon transverse spin have inverse sign in
this energy range. As one can see in Figure 8.2 the
relative sign is energy-dependent, though. While for
lower energies below the crossing point of the SPPR
and SPPL branch the signs are the same, they are oppo-
site above the crossing point. The situation we observe
in the experiment corresponds to the latter one, with
the exciton frequency being spectrally located slightly
above the crossing point. Consequently, increasing the
spacer thickness suppresses the plasmonic contribution
which is substituted by the non-resonant one and the
sign of directionality is reversed. Comparing the cen-
tral parts of Figure 8.5 and Figure 8.10 visualizes this
substantial difference of these two effects.

In summary it can be said that not only surface plasmon polaritons elicit directionality,
though they lead to the strongest effect strength with about 𝜌 = 5 % at 𝐵 = 520 mT
and 𝑇 = 10 K. The far-field effects on the other hand show weaker effect strength
and both show a strong oscillatory behaviour. Discussing the spectrally-integrated
directionality shows an even more distinct picture. While the oscillatory patterns of
the far-field contributions cancel each other out, the effect strength of SPP-enhanced
directionality nearly persists. In other words, observing the structure at a non-zero
emission angle by eye would mainly lead to a change of emitted colour for the far-field
effects. The near-field effect on the other hand influences the overall intensity. Thus
all approaches for establishing directionality might have their inherent use case.
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Figure 8.12: (a) Calculated directionality factor 𝐶 as a function of the circular polarization degree
𝑃c for the three emission angles 10° (dash-dotted blue line), 15° (dashed red line) and 20° (solid
black line) with the parameters of Sample 2. (b) Experimental data of the directionality factor 𝐶 as
a function of magnetic field. The dependence is shown for Sample 2 on the bare structure (black
crosses) and the plasmonic 250 nm grating (blue dots) at 𝜃 = 15° and 𝑇 = 2 K. At each magnetic
field step the intensities were first spectrally integrated before directionality was calculated. The
error bars shown represent the standard deviation of several repetitions of the same experiment.

8.4 Dependence on Magnetic Field Strength

In Section 8.2 two different regimes were discussed, on the one hand the small Zeeman
splitting regime in Subsection 8.2.4 at a rather low magnetic field of 520 mT and a
slightly elevated temperature of 10 K. Here a directionality of about |𝐶| = 5 % could
be observed on Sample 2. On the other hand in the large Zeeman splitting regime
already briefly presented in Subsection 8.2.3 with a magnetic field of 1.5 T and 2 K
temperature the directionality was boosted up to |𝐶| = 60 %.

As discussed in Subsection 8.2.4, in the small Zeeman splitting regime the overlap
of light and heavy hole wave functions |⟨𝛹lh|𝛹hh⟩|2 ≪ 1 is reduced in the actual
quantum well. In the large Zeeman splitting regime though, this discrepancy should
be absent. Therefore the latter regime deserves a deeper examination, in order to
clarify how the directionality factor depends on the magnetic field strength. As shown
in Eq. (8.4) a maximum circular polarization degree of about 80 % can be expected
at 5 T magnetic field. This regime can be reached only in the fixed angle setup using
a liquid helium bath cryostat with superconducting magnet coils as presented in
Section 7.2.
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Figure 8.13: Dependence of directionality 𝐶 on
the magnetic field in Sample 2 at 𝑇 = 10 K and
𝜃 = 10°. The measurements have been performed
on the plasmonic 250 nm grating and calculations
are based on the spectrally-integrated intensities.

Figure 8.12a shows the theoretically pre-
dicted directionality strength 𝐶 for p-
polarized emission at three distinct an-
gles 𝜃 = 10° to 20°. All three curves are
calculated for a fixed photon energy of
ℏ𝜔 = 1.67 eV. As one can see, very large
values of up to 80 % are predicted at an
emission angle of 𝜃 = 20° (solid black
line) while for the 10° (dash-dotted blue
line) and 15° angles the directionality
reaches values of up to 40 % to 60 % re-
spectively. Surprisingly, while for lower
degrees of polarization the directionality
raises linearly, at higher 𝑃c it flattens
before finally falling again. Naively one
might have expected a Brillouin like function with a steep rise in directionality at low
𝑃c and saturation at higher polarization degrees, which would not be a fully accurate
description in this case. This might be related to the fact that the transverse SAM
of the SPPs is less than unity as well as discussed in Subsection 5.2.

Now PL studies in this regime will be presented. These have been performed in order
to ascertain that TMRLE can indeed reach such large values for the emission from
strongly polarized excitons. In Figure 8.12b the experimental data for the magnetic
field dependence is shown. Each data point in this graph represents the measured
directionality at a fixed angle of |𝜃| = (15 ± 3)° and 𝑇 = 2 K on Sample 2. The
measured intensities are spectrally integrated before calculating the directionality
factor, thus yielding a more reliable basis for discussion of the overall effect strength.
Data points on the bare part of the sample are represented in the plot by black
crosses with error bars around the 𝐶 = 0 line. As commented on in 8.3.2, the
spectrally-integrated effect on the bare structure is even smaller due to the different
interference fringes mitigating each other. Consequently the effect on the bare
structure is confirmed negligible within this experiment.

Measurements in the plasmonic hybrid structure show a different picture. The data
points of this measurement are represented by blue dots with error bars in Figure 8.12b.
Here the directionality factor is boosted up to 60 % even for the spectrally-integrated
intensities. This is also the saturation value, which is reached at magnetic fields
of about 2 T. In other words, at positive magnetic field, the light intensity is four
times stronger at 15° emission angle as compared to the same negative emission angle.
This significant difference could already be observed in the spectrum in Figure 8.4a
for 1.5 T of magnetic field. Remarkably enough both the observed enhancement of
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directionality and its overall magnitude at a large magnetic field are in accordance
with the theoretical calculations shown in Figure 8.12.

A verification of these measurements on the Fourier imaging spectroscopy setup shows
a linear dependence in magnetic fields of up to 520 mT, as shown in Figure 8.13 by
the following red solid line:

𝐶fit(𝐵) = 𝐵
(11.70 ± 0.08) T

. (8.12)

As the circular polarization degree 𝑃c is expected to be linear in small magnetic
fields (see Eq. (4.8)), also the directionality factor 𝐶 should show a linear dependency.
Thus, this result is in full accord with the theoretical predictions.

8.5 Excitation-Laser Intensity Dependence
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Figure 8.14: Dependence of directionality 𝐶 on
the excitation intensity (blue dots) with a linear
fit (red solid line). At lower excitation intensities
the effect strength is constant (black dashed line
illustrates the offset from fit).

The exciton emission needs to be prop-
erly polarized in order to show direction-
ality. This polarization is achieved by
applying an external magnetic field and
by cooling down the quantum well struc-
ture. Hereby the Zeeman splitting is en-
hanced, which gives rise to the polarized
emission. One additional factor was not
discussed here so far: Observing emission
from these structures requires energy to
be deposited into them in some way. In
case of the angular resolved setup (see
Section 7.3) this is achieved by optical
excitation with a 552 nm laser. The de-
position of energy obviously might also
lead to an increase in the temperature of
the manganese system in these structures reducing its magnetization. In the following
we will discuss if such a temperature increase is already taking place for the excitation
intensity of 𝑃 = 3 W/cm2 used in most of the experiments.

In order to quantify the influence of increased laser intensity on the strength of the
directionality, 𝐶 was measured as a function of the excitation intensity 𝑃. For each
data point here the intensity was integrated spectrally and also the positive / negative
angular half space was integrated before calculating the resulting directionality. Due
to the integration the signal / noise ratio was significantly enhanced even at very low
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excitation intensities yielding low signal strength. At the same time, the directionality
strength is reduced due to this integration, as it shows the overall average effect.

The resulting dependence is depicted in Figure 8.14 as a semi-logarithmic plot with
the data points shown as blue dots and the following linear fit represented by the red
solid line:

𝐶fit(𝑃 ) = (0.0179 ± 0.0002) − (0.05 ± 0.01) cm2

kW
⋅ 𝑃 . (8.13)

As one can see, at lower excitation intensities like the one used in the experiments,
the dependence of the directionality on the laser intensity is negligible. The black
dashed line illustrates the constant value of 𝐶 in the low excitation intensity regime.
In order to reduce the effect strength by a tenth, an excitation intensity of 40 W/cm2

is necessary, which is more than one order of magnitude larger than the intensity
used in our studies. Thus one can say that the manganese system is not heated by
laser excitation at the intensities used here.

8.6 Temperature Dependence

100 101 102

Temperature (K)

0

1

2

3

C
 (%

)

Data
Brillouin fit

5 K at heat exchanger

Figure 8.15: Temperature dependence of the di-
rectionality 𝐶. Angular resolved measurements
are performed at 5 K temperature measured at the
heat exchanger, corresponding to about 10 K at
the sample.

In this section the dependence of direc-
tionality strength on the temperature
is discussed. By decreasing the helium
flow through the flow cryostat, the tem-
perature at the heat exchanger can be
adjusted. In order to keep the temper-
ature constant at the desired level, a
heater regulated by a PID controller is
used. With increasing temperature of
the structure, and consequently of the
manganese system, its magnetization is
reduced. This decrease can be observed
in Figure 8.15, where the directionality
is plotted as blue dots versus the heat
exchanger temperature. Please note that
the temperature of the sample is higher
than the one measured at the heat exchanger.

The directionality was calculated from spectrally-integrated intensities at an emission
angle range of (10 ± 1)°. All measurements beyond this section were done at constant
5 K heat exchanger temperature, which is indicated in the graph and corresponds to
about 10 K at the sample in this particular cryostat. For small 𝑃c one could naively
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expect the temperature dependence to directly follow the Zeeman splitting 𝛥h,F
which was determined in Section 8.1, as it is linearly connected to the degree of
polarization (see Eq. (8.3)), which in turn is linearly dependent on the directionality
(see Figure 8.12a).

Indeed the dependence is well described within this temperature range by the following
modified Brillouin function fit represented by the red solid line:

𝐶fit(𝑇 ) = 𝐶0𝐵 5
2

( 𝐴
𝑇0 + 𝑇

) . (8.14)

Here 𝐵 5
2

is the Brillouin function (4.1) and 𝐴 = 𝑔Mn𝜇B𝑆𝐵/𝑘B depends only on the
magnetic field strength and thus can be fixed at 𝐴 = 1.75 K for the given experimental
parameters. The other two parameters were determined from the fit as 𝐶0 = 1.5 ± 0.1
and 𝑇0 = (49 ± 5) K. As expected, with increasing temperature the directionality
weakens due to the decreasing magnetization and polarization. By increasing the heat
exchanger temperature from 5 K up to 50 K, the strength of directionality is halved.
While qualitatively the fit agrees well with the experiment, the temperature offset
𝑇0 from fit is higher than expected when considering only the anti-ferromagnetic
type of interaction between the Mn ions [Gaj79] and the heat exchanger to sample
holder rise. The dependence of the directionality strength on the temperature thus is
subject to further studies and is not yet fully understood.

8.7 Emission from the Non-Magnetic Layers

In the emission spectra there is also some weak contribution from the GaAs substrate
(ℏ𝜔 ≈ 1.53 eV) and the (Cd,Mg)Te buffer/cap layer (ℏ𝜔 ≈ 2 eV). Both materials
are non-magnetic and in accordance with our expectations do not show directional
emission within the precision of this experiment (𝜌 < 10−4).

8.8 Summary of the Three Different Effects for Routing
Emission

In this chapter we have studied three distinct implementations of a novel effect
in hybrid plasmonic semiconductor nanostructures. This effect named transverse
magnetic routing of light emission describes the preferential emission of light into a
particular direction induced by a magnetic field. We quantify the TMRLE by the
relative difference of the emission intensity and call this quantity directionality. The
first two implementations are considered as far-field effects, which emerge due to
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Chapter 8 Transverse Magnetic Routing of Light Emission

the interference of two different beam paths. The third manifestation of TMRLE
is induced by the exponential decay of the evanescent surface plasmon polariton
wave into the QW layer and the resulting coupling of the emission’s transverse spin
angular momentum to the wave vector of the evanescent wave. We could show
that creating a higher Mn2+ magnetization by increasing the magnetic field while
decreasing the temperature at the same time allows to boost the directionality by one
order of magnitude to up to 60 %. This corresponds to a striking four-fold difference
in emitted intensity comparing +𝜃 and −𝜃, visible by bare eye. The effect can be
increased even further by optimizing the grating’s period in order to fully match the
SPP and excitonic resonances.

Simulations based on the scattering matrix method as well as analytic calculations
reproduce the measured spectral- and angular-resolved directionality. The effect is
linear in small magnetic fields in full accordance with the theoretical predictions.
While the heating due to the excitation-laser is found to be negligible, a deliberate
increase of the sample temperature decreases the directionality significantly. When
detecting the s-polarized instead of the p-polarized emission, the directionality is
absent. Also when detecting the emission from the non-magnetic (Cd,Mg)Te and
GaAs layers the directionality is negligible. All in all, the results presented in this
chapter demonstrate magnetically controllable directional emission in plasmonic
diluted magnetic semiconductor nanostructures for the first time.
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Chapter 9

Transverse Magneto-Optical Kerr Effect
at Narrow Optical Resonances

This chapter will discuss the transverse magneto-optical Kerr effect (TMOKE), which
emerges due to the Zeeman splitting of the electron levels within magnetic field. Some
of the results presented in this chapter are published in similar form already in our
recent paper [Bor19]. Similarly to the TMRLE presented in the previous chapter, also
the TMOKE is sensitive to the in-plane magnetization orthogonal to the plane of light
incidence and is usually studied in para- and ferromagnetic materials [Hub98; Kuc15;
Kal16; Sol17]. While the widely used Faraday effect and polar Kerr effect are changing
the polarization of the incident light, the TMOKE is an intensity effect defined by
the relative change of the reflected intensity 𝐼 for the two opposite directions of the
in-plane magnetic field B ∥ 𝒙:

𝛿 = 2𝐼(+𝐵) − 𝐼(−𝐵)
𝐼(+𝐵) + 𝐼(−𝐵)

. (9.1)

The TMOKE detects modifications of the boundary conditions induced by the
magnetic field and in this sense is valuable for the investigation of the magnetic
properties a structure possesses near the studied interface [Hub98; Sol17]. Interestingly
this can also be studied in transmission, even though TMOKE is usually studied in
reflection. In order to observe TMOKE in transmission, the boundary conditions at
the two interfaces of the magnetic layer are required to be different [Bon04].

9.1 TMOKE Spectrum of a Single Resonance

In Chapter 4 the magneto-optical effects were introduced with a focus on the trans-
verse magneto-optical Kerr effect. We concluded that the TMOKE strength 𝛿 is
rather small afar from optically active resonances, as a consequence of the negligible
absorption in this range. The situation changes drastically if the TMOKE is observed
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spectrally close to a resonance as presented recently by Pohl et al. [Poh13] who
could show that the TMOKE is boosted up to 𝛿 = 13 % close to the SPP resonance.

B = 0 B > 0

σ⁺ σ⁻
g

E₀ + Δ/2

E₀ − Δ/2 

E₀
e

S  = −�⁄�
�

S  = +�⁄��

Figure 9.1: Scheme of a three-level system com-
posed of ground (g) and two excited states (e) that
are split by 𝛥 due to the Zeeman effect in trans-
verse magnetic field 𝑩 ∥ 𝒙. The allowed optical
transitions are 𝜎+ (red arrow) or 𝜎− (blue arrow)
circular polarized in the yz-plane, depending on
the respective pseudo-spin 𝑆x = ±1/2

However, the SPP resonance is spectrally
broad in contrast to an exciton resonance
for example. In the following the gen-
eral TMOKE properties in the vicinity
of a single spectrally narrow optical reso-
nance will be discussed. Then the exper-
imental measurements at the light and
heavy-hole excitonic resonance follow in
Section 9.2. To that end we focus on
a simplified magneto-optical model de-
scribing the electric dipole optical tran-
sitions in a three level quantum system.
Such systems are realized in a large vari-
ety of solid-state, atomic and molecular
objects with pseudo-spin in the ground or
excited state[Fey57; Dzh97; Scu97]. We
consider one example of such a system
which is represented by a single ground
state (g) coupled through the optical field to two excited states (e, with pseudo-spin
projection 𝑆x = ±1/2). The latter are split due to the giant Zeeman effect by 𝛥/2
from its prior energy position 𝐸0 in magnetic field as discussed in Section 4.1. Accord-
ing to the selection rules for optical transitions, the excitation with an electromagnetic
wave with 𝜎+ circular polarization in the yz-plane addresses the state with angular
momentum projection 𝑆x = +1/2. Correspondingly 𝜎− polarized excitation addresses
the 𝑆x = −1/2 state (see Figure 9.1). The Zeeman split energies 𝐸 consequently
read 𝐸 = ℏ𝜔 = 𝐸0 ± 𝛥/2. The relative permittivity tensor (4.10) for a single exciton
resonance can be modelled by a Lorentz oscillator as already introduced in Eq. (2.8)
with some modifications in the following way [Bor19]:

𝜀d = 𝜀b (1 + 𝐸d
𝐸0 − 𝐸 − i𝛤

(𝐸0 − 𝐸 − i𝛤)2 − (𝛥/2)2 ) and (9.2a)

𝑔 = 2𝜋|𝒅|2𝛥
(𝐸0 − 𝐸 − i𝛤)2 − (𝛥/2)2 , (9.2b)

where 𝒅 is the matrix element of the electron transition dipole moment, 𝐸𝑑 =
4𝜋|𝒅|2/𝜖b is a dipole moment related energy and 𝛤 = ℏ𝛾 is the linewidth of the
exciton resonance and the damping in energy units simultaneously.

In the following we will consider the TMOKE in two regimes. The first regime, which
we call the weak coupling regime, is observed when the Zeeman splitting 𝛥 is smaller
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as compared to the damping 𝛤 and is frequently studied in a variety of experiments.
Ferromagnetic metals are probably the most studied material, showing a typical value
of 𝜌 ≈ 10−3 and a weak spectral dependence within the visible and infrared spectral
range [Kri67]. These materials were favoured in many cases with respect to dielectric
materials, as these show only very weak off-resonant TMOKE in the transparency
region, due to the negligible absorption. However, in the case of resonant TMOKE
the situation is different showing a notable magnitude even in nearly transparent
media when in the vicinity of the absorption band provided by different types of
resonances. The second so called strong coupling regime is established if the Zeeman
splitting 𝛥 overcomes the damping 𝛤. In this case the exciton spin precession in
magnetic field is faster with respect to the exciton damping 𝛤, which enables the
observation of the Zeeman splitting immediately in the reflectivity spectrum.
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Figure 9.2: Exemplary TMOKE pattern in the weak coupling regime for 𝜀b = 10, 𝛥 = 0.2 meV, 𝛤 =
2 meV, 𝐸0 = 1.67 eV and 𝐸d = 0.65 meV according to Eq. (9.3). The inset on top of the false colour
image shows an one dimensional cut along the maximum angle. As emphasized by the solid part of
the line, the TMOKE spectrum shows an S-shape, which changes sign at 𝐸 and has two extrema
separated by the damping 𝛤.

9.1.1 Weak Coupling Regime

In the weak coupling regime 𝛥/𝛤 ≪ 1 is presumed allowing some further simplifica-
tions, together with the assumption 𝜀b ≫ tan2 𝜃, which holds for all angles considered
in experiment where tan2 𝜃 < 0.2 and 𝜀b ≈ 10. As shown explicitly in Borovkova
et al. [Bor19, Supplementary A] the Eq. (4.11) can be restated with the help of (9.2)
in the form

𝛿 = −8𝐸d𝛥
𝜖b − 1

𝐸𝛤
[(𝐸 + 𝑎)2 + 𝛤 2][(𝐸 − 𝑎)2 + 𝛤 2]

tan 𝜃, (9.3)

where we introduce 𝑎 = 𝐸d/(2(𝜖b − 1)) and 𝐸 = (𝐸0 − 𝐸) + 𝐸d + 𝑎 and 𝜃 is the
angle of reflection shown in Figure 4.1. The corresponding TMOKE pattern in the
weak coupling regime is shown in Figure 9.2 as false colour image. As one can see
from Eq. (9.3) the TMOKE 𝛿 grows with tan 𝜃 in this regime and its spectrum has an
antisymmetric S-shape with respect to 𝐸 = 0. Furthermore the TMOKE minimum
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Figure 9.3: Exemplary TMOKE pattern in the strong coupling regime for 𝜀b = 10, 𝛥 =
20 meV, 𝛤 = 2 meV, 𝐸0 = 1.67 eV and 𝐸d = 0.65 meV according to Eq. (9.5). The inset on top
of the false colour image shows an one dimensional cut along the maximum angle. The TMOKE
spectrum comprises two separate resonances, split by 𝛥. Please note also the different shape of the
TMOKE spectrum, not showing an S-shape anymore.

and maximum are spectrally separated by the damping 𝛤 with a magnitude

𝛿 = ∓ 3
√

3𝐸d𝛥
2(𝜖b − 1)𝛤 2 tan 𝜃, (9.4)

directly proportional to the Zeeman splitting 𝛥. The shape of the TMOKE spectrum
on the other hand does not change with the magnetic field as long as 𝛥/𝛤 ≪ 1
holds.

9.1.2 Strong Coupling Regime

A second even more interesting regime is reached in the case of narrow optical
resonances with respect to the Zeeman splitting and thus when 𝛥/𝛤 ≫ 1. TMOKE
in this regime was not yet studied irrespective of the system presented here. Within
the strong coupling regime the analytical expression for the magnitude of TMOKE
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Figure 9.4: Exemplary TMOKE pattern comprising both the weak and strong coupling regime
for 𝜀b = 10, 𝛥/𝛤 = 0.04 − 25, 𝛤 = 2 meV, 𝐸0 = 1.67 eV, 𝐸d = 0.65 meV and 𝜃 = arcsin(0.4) ≈ 23°
fixed at the maximum detectable angle in experiment.

extrema can be derived [Bor19] with the result that

𝛿 = ∓4𝜖b𝐸𝑑 tan 𝜃
𝛤

𝜖2
b − 𝜖b − (𝐸𝑑

2𝛤 )
2

(𝜖2
b − 𝜖b − (𝐸𝑑

2𝛤 )
2
)

2
+ ((2𝜖b − 1)𝐸𝑑

2𝛤 )
2

. (9.5)

It can be seen that the magnitude of the extrema does not depend on the Zeeman
splitting 𝛥 anymore and thus has reached its saturation value. Contrary to the
situation of weak coupling, here an increased magnetic field strength changes the
shape of the TMOKE spectrum instead. As shown exemplary in Figure 9.3 the
TMOKE spectrum comprises two separate peaks with opposite sign. In this regime
the energy distance between these peaks is given by the Zeeman splitting 𝛥 and thus
depends on the magnetic field strength.

9.1.3 Comparison of Weak and Strong Coupling Regime

We will close this chapter with a summary of the two introduced regimes, which are
condensed nicely in Figure 9.4. Here the TMOKE spectrum is shown at a fixed angle
but for different ratios of 𝛥/𝛤 ranging from 𝛥/𝛤 = 1/25 to 25. In the weak coupling
regime where 𝛥/𝛤 ≪ 1 the TMOKE spectrum remains unchanged with two extrema
split by 𝛤 while the intensity increases linearly with 𝛥. This is still the case when
𝛥 and 𝛤 are on the same order of magnitude, until around 𝛥/𝛤 ≈ 5 [Bor19]. From
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here on the strong coupling regime prevails where 𝛥/𝛤 ≫ 1 holds, which on the
other hand comprises two separate TMOKE peaks at now saturated magnitude and
spectrally split by 𝛥. In this regime only the spectrum changes but not the intensity
𝛿, while in the weak coupling regime the situation was inverse. Even though for more
complex systems additional peculiarities emerge, the general properties discussed
above remain preserved.

9.2 Angular Resolved TMOKE Spectra at the Excitonic
Resonances

Now the experimental observation of the TMOKE in these two regimes follows. To
that end, the TMOKE mediated by excitons in a 10 nm thick (Cd,Mn)Te / (Cd,Mg)Te
diluted magnetic semiconductor QW is investigated (For details see Table 6.1). In
this structure, the 10 nm-thick DMS Cd0.974Mn0.026Te QW layer is surrounded by
the non magnetic Cd0.73Mg0.27Te buffer and cap layer as barriers. The TMOKE is
studied in the two regimes mentioned before:

1. The weak coupling regime is established in a magnetic field of 𝐵 = 580 mT
while the sample is kept at a temperature of 𝑇 ≈ 10 K. Due to the relatively
weak magnetic field also the Zeeman splitting 𝛥 is small. We were able to
acquire angle and spectrally resolved TMOKE spectra over a wide range of
angles of reflection 𝜃 using a Fourier imaging setup (see Section 7.3).

2. The strong coupling regime with a varied magnetic field strength in 125 mT steps
from 0.5 to 5.0 T while at constant 2 K temperature. The lower temperature
and relatively high magnetic field strength result in a larger Zeeman splitting 𝛥,
while the linewidth 𝛤 remains about constant. In this case the measurements
were performed for a fixed angle of reflection of 𝜃 = 5° as described in Section 7.2.

In both cases the sample was subject to a transverse magnetic field 𝑩 ∥ 𝒙 oriented
perpendicular to the plane of light incidence and thus being located in the QW plane
(see Figure 4.1).

9.2.1 Weak Coupling Regime

In the beginning, we will discuss the reflection spectrum of excitonic states obtained
on Sample 1b in the weak coupling regime, which is shown in Figure 9.5a. Strong
oscillations in the reflection spectra of this structure (blue solid line) are present due
to the interference of light reflected multiple times within the (Cd,Mg)Te buffer layer.
While the reflection spectrum exhibits only a single exciton resonance originating
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Figure 9.5: (a) Reflectivity spectrum from experiment (solid line) and simulations (dashed line) at
an angle of reflection of 𝜃 = 5° and 𝑇 = 10 K on Sample 1b. (b) Two TMOKE spectra at different
angle of reflection with 𝜃 = 5° shown in blue and 20° in red. Both measurements were taken at
𝐵 = 580 mT and 𝑇 = 10 K on Sample 1b. The solid lines refer to the experiment while the dashed
lines correspond to the theory. For better visibility, the curves obtained at 20° were shifted upwards
by 1.5 %.

from the DMS QW, represented by the weak feature at a photon energy of around
1.683 eV, the TMOKE spectrum shows a much more abundant picture. As shown in
Figure 9.5b in the TMOKE spectrum two distinct resonances located at 1.683 eV and
1.701 eV are well resolved, highlighting the sensitivity of the TMOKE spectroscopy
in comparison to ordinary reflection measurements.

In Subsection 4.1.2 we already briefly discussed the origin of these two resonances:
The quantization of carriers inside the QW as well as uniaxial strain in the direction
along the normal to the QW result in an energy level splitting of the light-hole and
heavy-hole exciton resonances [Ivc05]. In a bulk crystal they are degenerate. For
that reason two exciton resonances are present in the TMOKE spectrum of the DMS
QW structure, with the light-hole (lh) state located at 𝐸lh(𝐵 = 0) = 1.701 eV and
the heavy-hole (hh) state observed at 𝐸hh(𝐵 = 0) = 1.683 eV. This results in a
light-heavy hole splitting equal to 𝛥lh = 18 meV. These energies are also marked in
Figure 9.5a,b by the dotted vertical lines.

One should emphasize here that the light-hole exciton feature in the photoluminescence
and reflectivity spectra was too weak to exactly determine the resonance position.
This is mainly due to the fast relaxation into the ground state, which corresponds
to the heavy-hole exciton. The TMOKE spectrum on the other hand reveals the
positions of both exciton resonances and even more interestingly exhibits the about
two times larger TMOKE strength for light-hole excitons as compared to the heavy-
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Figure 9.6: Angle resolved TMOKE spectrum in the exciton spectral range measured in the weak
coupling regime at 𝐵 = 580 mT and 𝑇 = 10 K on Sample 1b. Please note that 𝛥/𝛤 is different for
light- and heavy-hole contributions with 1.79 for the light and 0.5 for the heavy hole respectively.
The dotted line marks the zero crossing of the TMOKE spectrum.

hole state. Also, the sign of the effect is opposite for the light and heavy-hole
states. This is nicely observed in Figure 9.5b where for positive incidence angles 𝜃
the TMOKE magnitude for the lh exciton changes from positive to negative values
with increasing photon energy 𝐸 (rising S-shape). For the hh exciton the opposite
behaviour with falling S-shape is observed. Already in the TMOKE spectrum of a
single exciton resonance that was discussed based on simulations in Subsection 9.1.1
the TMOKE spectrum showed an antisymmetric S-shape.

As shown in Figure 9.6 the TMOKE 𝛿 ultimately reaches 1.1 % at 𝜃 = 20°. Notably,
this is several orders of magnitude larger as compared to the off-resonant reading
of 0.01 % at 𝜃 = 20° and 1.578 eV. The heavy-hole excitons show a weaker TMOKE
signal, as the corresponding transitions are linearly polarized in the QW plane in
the absence of a magnetic field. Hence, they carry zero spin 𝑆x along the direction
of magnetic field. The heavy-hole TMOKE is only enabled due to the admixture of
light-hole states within non-zero magnetic field, which is why it remains relatively
weak until the Zeeman splitting 𝛥 becomes comparable to the light and heavy-hole
splitting 𝛥lh. While this already hints at the origin of the different sign for light
and heavy-hole TMOKE, a more intuitive explanation follows once we consider the
strong coupling regime.

We will now proceed to the quantitative description of the TMOKE in the case of
hybridized light and heavy-hole states within weak magnetic field. Therefore the
effective permittivity tensor of the QW needs to be calculated. We neglect magnetic
field induced orbital effects here, which can mix the light and heavy-hole resonances
and thus induce spatial dispersion [Kot18] with respect to the stronger Mn-mediated
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giant Zeeman splitting in DMS structures. In contrast to the single resonance scenario
discussed in Section 9.1, here both light and heavy hole contribute to the resulting
QW permittivity tensor in the following form:

𝜀d = 𝜀b(1 + 𝜒lh + 𝜒hh), (9.6)

with the light and heavy-hole susceptibilities 𝜒lh and 𝜒hh in the yz-subspace (and
thus perpendicular to the magnetic field 𝑩 ∥ 𝒙 with the y component oriented in the
QW plane, see Figure 4.1).

As shown by Borovkova et al. [Bor19, Supplement B], the corresponding susceptibilities
read:

𝜒hh = ℏ𝜔LT𝐷hh
𝐷hh,+𝐷hh,−

( 𝒵2 i𝒵/3
−i𝒵/3 1 ) , (9.7)

𝜒lh = ℏ𝜔LT𝐷lh
𝐷lh,+𝐷lh,−

⎛⎜
⎝

4
3 − i

3 (𝐸lh,−−𝐸lh,+
𝐷lh

+ 𝒵)
i
3 (𝐸lh,−−𝐸lh,+

𝐷lh
+ 𝒵) 1

3

⎞⎟
⎠

.

Here, 𝐷𝜈 = 𝐸𝜈 − 𝐸 − i𝛤𝜈 was introduced with the exciton resonance energy 𝐸𝜈 and
width 𝛤𝜈. The index 𝜈 = lh, hh, (lh, ±), (hh, ±) labels the zero-field and Zeeman-split
excitonic transition energies, as shown also in Figure 4.3b where + corresponds to the
energetically higher and − to the lower resonance respectively. Finally the effective
longitudinal-transverse splitting is given by 𝜔LT and the parameter 𝒵 is determined
by the ratio 𝒵 = 𝛥h,F/𝛥lh introduced in Eq. (4.5) and (4.6). In the experimentally
relevant case of 𝐵 = 580 mT it is about |𝒵| ≈ 0.3.

As already in the case of a single resonance the off-diagonal elements of the suscepti-
bilities (9.7) elicit the TMOKE. We can observe two properties of the TMOKE signal
already from these off-diagonal elements: Firstly, the sign before the element for light
and heavy holes is different. This is confirmed in experiment by the different signs
observed from their TMOKE responses. Secondly, the term ∝ (𝐸lh,− − 𝐸lh,+)/𝐷lh
shows that TMOKE is observed for light holes even when the mixing with the heavy
holes is neglected, i.e. 𝒵 → 0. As one might expect, for heavy holes this is not the
case. Note that even though the energy splitting of the exciton resonances is governed
by the Zeeman splitting of both valence and conduction band, the mixing term 𝒵 is
determined solely by the energy structure of the valence band states.

With the help of the transfer matrix method the reflectance and TMOKE spectrum
was calculated for the actual multilayer DMS structure by Borovkova et al. [Bor19]
with the QW described by Eq. (9.7). Good agreement with the experimental data is
achieved assuming 𝐸lh = 1.7005 eV and 𝐸hh = 1.6825 eV, as shown by the dashed
curves in Figure 9.5. The value of longitudinal-transverse splitting used is ℏ𝜔LT =
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Figure 9.7: Angle resolved TMOKE spectrum in the exciton spectral range measured in the weak
coupling regime at 𝐵 = 580 mT and 𝑇 = 10 K on Sample 3b. The dotted line marks the zero crossing
of the TMOKE spectrum.

0.65 meV, the linewidth of both resonances is 𝛤lh = 𝛤hh = 2.4 meV and the Zeeman
splitting is 𝛥X,hh = 1.2 meV and 𝛥X,lh = 4.3 meV. Thus, in the case of 580 mT
external magnetic field, 𝛥 and 𝛤 are on the same order of magnitude and consequently
the measurements shown in Figure 9.5b and 9.6 can be described within the weak
coupling regime (see also Subsection 9.1.3).

9.2.2 Influence of the Cap Layer Thickness

Usually TMOKE is considered as a surface sensitive effect, which allows to analyse
the upper layer of a magnetic material. Interestingly, confined quantum states can
be formed not only near the sample surface, but also at some region in the bulk.
In our case for example the states originate from the magnetic QW that is located
inside a semiconductor structure covered by a cap layer. We now want to discuss
also the influence of this cap layer thickness on the resulting TMOKE spectrum,
which is why we study here another similar structure (Sample 3b) which differs from
Sample 1b solely by the thickness of the cap layer. As a reminder, the cap layer
thickness is only ℎd = 30 nm in Sample 3b whereas it is 250 nm in Sample 1b. This
structure is Sample 3b, which differs mostly in the more narrow cap layer thickness
ℎd = 30 nm as compared to Sample 1b with 250 nm. The resulting angle resolved
TMOKE spectrum is shown in Figure 9.7. Please note that the TMOKE resonances
appear not only at virtually the same position as compared to Figure 9.6, but also
the sign of the resonances is the same. More precisely, the two S-shaped TMOKE
resonances enclose the energy range showing negative TMOKE signal (i.e. the red
domain around 1.69 eV). This indeed is to be expected as the composition and
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Figure 9.8: Angle resolved TMOKE spectrum in the exciton spectral range measured in the weak
coupling regime at 𝐵 = 580 mT and 𝑇 = 10 K on (a) Sample 1 and (b) Sample 3 with plasmonic
gratings of period 250 nm and 560 nm, respectively. The dotted lines represent the zero crossing of
TMOKE 𝛿 = 0 on the bare semiconductor structure (Sample 1b, 3b) for better orientation. The
dashed line in (a) follows the Wood’s anomaly (see also Figure 8.10), while the dash-dotted line in
(b) is meant to guide the eye along the Au / air SPP resonance.

thickness of the (Cd,Mn)Te quantum well is approximately the same and thus also
the light-heavy hole splitting remains unchanged. Interestingly, the variation of the
cap layer thickness modifies the shape of the TMOKE resonance. While in the case of
Sample 1b the positive TMOKE signal was clearly observed in the spectrum around
1.67 eV, this is not the case in this structure. Simulations reported by Borovkova
et al. [Bor19] show how the TMOKE spectrum changes depending on the cap layer
thickness, which may explain this surprising feature. Here it was shown that the
shape of the TMOKE spectrum varies periodically with a period of half the light’s
wavelength in the cap layer (around 120 nm in this structure) and can even have a
fully antisymmetric S-shape.

9.2.3 TMOKE and Evanescent Optical Fields

There is one more intriguing direction of our current research. In Chapter 8 we
discussed how the exciton emission into the evanescent surface modes allows to
control the direction of emission, due to their coupled transverse spin. For this
reason it is interesting to study how these evanescent modes influence the TMOKE
spectrum, when they cross the light and heavy-hole exciton spectral line. This is
shown in Figure 9.8 for the two structures for which we already discussed the bare
semiconductor TMOKE.
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9.2 Angular Resolved TMOKE Spectra at the Excitonic Resonances

Let us begin with Sample 1 which is shown in Figure 9.8a, a structure patterned
with a 250 nm plasmonic grating coupler. The additional dotted lines in the figure
represent the TMOKE zero crossing 𝛿 = 0 observed on Sample 1b (i.e. the same bare
semiconductor) that was shown in Figure 9.6. If we recall the TMOKE pattern in the
bare structure, we remember a TMOKE pattern which was nearly linearly increasing
with the incidence angle without changing its shape and it showed a TMOKE pattern
that was positive (blue) outside the dotted lines and negative (red) in between the
TMOKE zero crossings. For low angles of reflection this is the case also on the
patterned structure. For angles above 10°, the TMOKE drastically changes its shape.
The dashed line in Figure 9.8a follows the Wood’s anomaly that was already shown
in the TMRLE measurements on the same sample in Figure 8.10. The experimental
data seems to indicate that this Wood’s anomaly is the origin of the altered TMOKE
pattern. Note that above the Wood’s anomaly around 𝜃 = 20° the TMOKE pattern
is negative for higher (1.7 eV) and lower energies (red range around 1.66 eV) while
it is positive for intermediate energies. Thus it appears that the TMOKE S-shape
has changed its overall sign and also shifted to lower energies as seen from the right
dotted line which is now located near the negative extremum of the TMOKE instead
of its zero crossing. Also the overall TMOKE intensity decreased by roughly a factor
of two.

A similarly rich behaviour is observed on Sample 3 with a 560 nm plasmonic grating
as shown in Figure 9.8b. Again at lower angle of reflection, in between the TMOKE
𝛿 = 0 zero crossing of light and heavy-hole resonances, the effect sign is the same
as in the bare semiconductor Figure 9.7. In this case it is not the Wood’s anomaly
at which the TMOKE spectrum begins to change, but the Au / air SPP resonance
shown as a guide to the eye by the dash-dotted line. In contrast to the case of the
Wood’s anomaly discussed above, immediately at the Au / air SPP resonance the
TMOKE fully vanishes. For larger 𝜃 it seems to arise with the opposite sign, even
though due to the resonances shift observed here as well, it is quite difficult to follow
accurately. The TMOKE intensity in this case is also decreased by roughly a factor
of two as observed on Sample 1. Gaining a deeper understanding of the processes
which are involved near the crossing of evanescent optical fields and the excitonic
resonances is one of the directions of our current experiments and calculations.

9.2.4 Strong Coupling Regime

Now we will proceed with the discussion of the strong coupling regime in Sample 1b,
which is already reachable in magnetic fields of several Tesla, due to the quite narrow
exciton resonances. For a sample temperature of 𝑇 < 2 K the ratio 𝛥/𝛤 exceeds 5 at
around 𝐵 = 2 T and is about 10 at 𝐵 = 5 T, thus granting the description within the
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Figure 9.9: Exciton mediated TMOKE in the strong coupling regime 𝛥/𝛤 > 1. Here (a) shows
the measured and (b) the calculated TMOKE spectrum at fixed 𝜃 = 5° angle of reflection. The
TMOKE is shown spectrally and magnetic field resolved at 𝑇 = 1.6 K on Sample 1b.

strong coupling regime. This is shown in Figure 9.9, where the dependence of the
TMOKE spectrum on the external magnetic field is shown for field strength of up to
5 T at a fixed 𝜃 = 5° angle of reflection on Sample 1b. While at 𝐵 = 0 two TMOKE
resonances are present corresponding to heavy and light-hole excitons, for 𝛥/𝛤 ≫ 1
both resonant TMOKE features split into two resonances each. Remarkably, the
TMOKE extrema are saturated already at 𝐵 = 1 T and remain constant afterwards
in higher magnetic fields. Thus, in this regime the magnetic field influences only
the shape of the TMOKE spectrum while the value of 𝛿 ≈ 0.5 % is not further
increased.

For the interpretation of the four branches in the TMOKE spectrum observed in
higher magnetic fields, we should recall once again the details of giant Zeeman
splitting in Voigt geometry (see especially Figure 4.3). Note that the weak and
strong magnetic field cases are fundamentally different: At magnetic fields higher
than 1 T the Zeeman splitting overcomes the light-heavy hole splitting (𝒵 ≫ 1)
and a simple qualitative picture can be considered which is realized also in a bulk
(Cd,Mn)Te crystal. The Zeeman-split electron states in Voigt configuration (𝑩 ∥ 𝒙)
are characterized by the spin projection 𝑆e,x = ±1/2, thus representing a doublet.
The valence band states in contrast are split into a quartet with the Zeeman split
energy governed by the total angular momentum projection on the magnetic field
direction 𝐽h,x = ±1/2, ±3/2. In the weak magnetic field case on the other hand, the
quantization axis is given by the QW confinement potential. Therefore, the energies
of the valence band states are mainly determined by the normal projection of the
angular momentum 𝐽h,z = ±1/2, ±3/2 for light and heavy holes, respectively.
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9.3 Summary of TMOKE in Weak and Strong Coupling Regime

Let us discuss the splittings of conduction and valence band states when neglecting
confinement. In this case the splittings are given by 𝛥e = 2𝑁0𝛼𝑥 ∣𝑆e,x∣ 𝐵𝑆 and 𝛥h =
−2

3𝑁0𝛽𝑥 ∣𝐽e,x∣ 𝐵𝑆, respectively and we obtain four 𝜎 polarized exciton transitions.
The largest energy splitting is achieved between the outer heavy-hole like components
𝛥out = 𝛥ℎ + 𝛥𝑒, corresponding to the excitonic states | ± 3/2, ±1/2⟩ written in the
|𝐽h,x, 𝑆e,x⟩ notation. For the inner components the splitting is smaller and can be
described by 𝛥in = 𝛥h/3−𝛥e corresponding to the exciton resonances |±1/2, ∓1/2⟩
which are light-hole like. More precisely, the outer splitting 𝛥out ≈ 70 meV is about
8 times larger than 𝛥in at 𝐵 = 5 T, as follows from Figure 9.9.

Considering the 𝑠 − 𝑑 and 𝑝 − 𝑑 exchange constants in bulk (Cd,Mn)Te leads to
the conclusion that the relation 𝛥out > 𝛥in > 0 holds [Gaj10]. In this case the
two optical transitions with lower energy | − 3/2, −1/2⟩ and | − 1/2, +1/2⟩ are 𝜎+

polarized in the yz-plane, while the higher energy transitions | + 3/2, +1/2⟩ and
| + 1/2, −1/2⟩ have opposite 𝜎− polarization (see also Figure 4.3). As the TMOKE is
sensitive to the transverse spin component, we expect the TMOKE shape to change
along with the transverse spin of the studied transition. This agrees well with the
form of the S-shaped TMOKE spectrum at large magnetic field: For the low energy
exciton transitions at 1.666 and 1.688 eV it has a rising slope with increasing energy
and it changes to falling for the higher energy resonances at 1.696 and 1.733 eV. This
does also explain the opposite sign of the light and heavy-hole TMOKE resonances,
which are already observed in the weak coupling regime (Figure 9.6).

As shown by Borovkova et al. [Bor19, Supplement B], the susceptibilities in this
𝛥 ≫ 𝛤 regime can be simplified to a compact antisymmetric form reading

𝜒ℎℎ = ℏ𝜔LT
6

( 𝑈hh −i𝑊hh
i𝑊hh 𝑈hh

) and 𝜒𝑙ℎ = ℏ𝜔LT
2

( 𝑈lh i𝑊lh
−i𝑊lh 𝑈lh

) . (9.8)

We introduced the diagonal term 𝑈𝜈 = 1
𝐷𝜈,+

+ 1
𝐷𝜈,−

and the off diagonal term
𝑊𝜈 = 1

𝐷𝜈,+
− 1

𝐷𝜈,−
where 𝜈 = lh, hh. This allows to calculate the resonance position

of the four exciton states versus the magnetic field as shown by the dashed curves in
Figure 9.9 and satisfactorily describes the experimental TMOKE spectra for large
magnetic fields. Please note that the TMOKE also experiences saturation within
this model at higher magnetic fields.

9.3 Summary of TMOKE in Weak and Strong Coupling
Regime

In conclusion, in this chapter we have studied the TMOKE in the vicinity of narrow
optical resonances. For the first time, two distinct regimes of the TMOKE were
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introduced and demonstrated. The regimes are distinguished by the ratio of the
Zeeman splitting with respect to the resonance linewidth. On the one hand, in the
weak coupling regime (𝛥 < 𝛤) we observe a linearly increasing TMOKE magnitude
with respect to the Zeeman splitting and the S-shaped TMOKE spectrum does not
change. In the strong coupling regime (𝛥 > 𝛤) on the other hand the TMOKE
magnitude experiences saturation and its spectrum is strongly modified due to the
Zeeman splitting, which results in the appearance of two separate TMOKE peaks
for both the light and the heavy-hole resonance. One can extract rich information
on the energy structure and selection rules for optical transitions from the spectral
dependence of the TMOKE peaks and the sign of 𝛿. The second regime was accessible
due to the narrow line width of the excitonic resonance in combination with the giant
Zeeman splitting in diluted magnetic semiconductor nanostructures. Furthermore
the change of the TMOKE spectrum in the vicinity of the surface plasmon polariton
resonance and the Wood’s anomaly was presented.
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Chapter 10

Conclusions

In this thesis the transverse magnetic routing of light emission (TMRLE) was intro-
duced and experimentally demonstrated as a fundamentally new magneto-optical
effect. Also a so far unstudied regime of the transverse magneto-optical Kerr ef-
fect (TMOKE) was investigated at narrow optical resonances. Both presented
magneto-optical effects result in a modification of the emitted / reflected intensity
of light, which is controlled by the magnetic field. The studies were performed on
excitons in 10 nm-thick diluted magnetic semiconductor quantum well structures
as the model system, consisting of a (Cd,Mn)Te quantum well and a (Cd,Mg)Te
barrier.

The TMRLE was introduced in Chapter 8 and describes the routing of exciton emis-
sion, controlled by a transverse magnetic field. Here, the magnetic field modifies the
optical selection rules and induces an elliptical polarization of the exciton transitions
perpendicular to the quantum well plane. With increasing magnetic field a transverse
spin angular momentum of the emission arises and the emission becomes directional.
We were able to observe three different mechanisms that give rise to this directionality,
which are shown in Figure 10.1. All three mechanisms require a non-mirror symmetric
sample structure in the growth direction. We distinguish between the near-field effect
described in Section 8.2 and the far-field effects studied in Section 8.3. The first
far-field effect (Figure 10.1a) occurs even in a bare quantum well, where the directional
emission of 𝐶 ≈ 0.1 % is attributable to the interference of directly emitted light
and the light reflected at the substrate. In the second far field effect (Figure 10.1b)
a structure covered with a plasmonic grating and relatively large quantum well to
grating distance is studied. A directionality of 𝐶 ≈ 1 % is induced by interference
of the zeroth and first diffraction order. The strongest directionality is observed
due to the near-field effect (Figure 10.1c), which takes place in similar structures
with a smaller spacer thickness separating the quantum well (QW) and plasmonic
grating. In this case the directionality of the emission is stronger with 𝐶 ≈ 5 % and
it takes place due to strong spin-momentum locking of the emission and the surface
waves. We were able to further increase the directionality of emission in the near
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be accurately probed, providing that it is properly positioned within the hybrid
plasmonic semiconductor crystal. In a final step, magnetically-tunable chiral quantum
networks might be realized which are required for applications in quantum optical
devices [Lod17].

In Chapter 9 the TMOKE at narrow optical resonances was discussed, which describes
the influence of a transverse magnetic field on the intensity of light reflected from
a structure. The studied optical resonances originate from quantum well excitons
and possess a relatively narrow linewidth 𝛤 as compared to other optical resonances
like the surface plasmon polariton for example. The quantum well structure consists
of a diluted magnetic semiconductor and therefore allows to achieve large values of
exciton Zeeman splitting 𝛥 already in moderate magnetic fields. For the first time the
combination of a narrow linewidth 𝛤 and a large splitting 𝛥 allowed to experimentally
observe the TMOKE in two distinct regimes. The two regimes are distinguished by
the ratio of the Zeeman splitting with respect to the resonance linewidth: First, the
weak coupling regime where 𝛥 < 𝛤 is introduced in Subsection 9.2.1. In this regime
the Zeeman splitting cannot be seen in the reflectivity spectrum, as it is smaller
compared to the damping. The TMOKE spectrum shows two S-shaped resonances in
this regime, corresponding to the light and heavy hole exciton. Due to the opposite
transverse spin of these two resonances, also the TMOKE has opposite sign. In the
weak coupling regime, the TMOKE intensity increases linearly with the Zeeman
splitting 𝛥, while the distance of the extrema is given by the resonance linewidth 𝛤
for each of the two resonances. Also, the influence of evanescent optical fields on the
TMOKE spectrum was studied, which seems to invert the TMOKE sign and causes
a spectral resonance shift. Second, the so far unstudied strong coupling regime was
introduced in Subsection 9.2.4 where 𝛥 > 𝛤. Here, the spin precession in a magnetic
field is faster than the exciton damping 𝛤 and the Zeeman splitting overcomes the
exciton resonance linewidth. Thus, the exciton Zeeman splitting may be observed in
reflectivity within the strong coupling regime. The TMOKE intensity experiences
saturation and thus no longer depends on the Zeeman splitting 𝛥 in this regime.
Instead it defines the TMOKE resonance position and thus the spectral dependence
that comprises two separate TMOKE resonances each for the light and the heavy
hole transition.

The presented results have several implications in fundamental and applied optics.
First of all, the resonant TMOKE in the strong coupling regime may be utilized as
a spectroscopic tool enabling the investigation of the energy structure of electronic
states involved in optical transitions. We could also show that the TMOKE does
not only depend on the surface properties of a structure, but can also be used to
study confined resonances in a layer buried below the surface and in this context
may even be tailored by varying the thickness of the cap layer. We experimentally
demonstrated the phenomena in this thesis at the exciton resonances in a 10 nm-thick
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(Cd,Mn)Te / (Cd,Mg)Te diluted magnetic semiconductor quantum well structure.
However the observations are not restricted to this very system but can be transferred
to different material systems. To take a single example, the optical resonances of rare-
earth ions in dielectric materials are quite narrow as well so that 𝛤 ≤ 𝛥 is achieved
already in moderate magnetic fields. The rare-earth ions in orthoborates for instance
provide lines with 𝛥/𝛤 ≈ 1 in 𝐵 ≈ 1 T [Fuk01; Kan11; Yag16]. Further narrow lines
in the visible and infrared spectra were also demonstrated in other magnetical and
non-magnetical systems [Dig01; Vin03; Agr08; Pop09; Bor15]. Finally, the resonant
TMOKE allows to read out the system’s in-plane magnetization and thus may be used
for possible applications in quantum information and sensing technologies[Web10;
Dya17]. Usually the polarization rotation observed for the Faraday effect or polar
magneto-optical Kerr effect (PMOKE) are used to assess the spin dynamics in
semiconductors [Bud94]. These however allow to observe only the spin component
which is oriented parallel to the direction of light propagation (𝑩 ∥ 𝒌). The TMOKE,
on the other hand, grants access to the perpendicular component of the magnetization
and thus the combination of TMOKE and PMOKE may provide the possibility for
performing spin tomography.

All in all, the results presented in this thesis could pave the way for controllable
directional emission both for classical and quantum emitters with temporal and
spatial resolution, which is of fundamental significance for nanoscale optics.
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SiO2 silicon dioxide

S-matrix scattering matrix

SPP surface plasmon polariton

TE transverse electric polarization

TM transverse magnetic polarization

TMOKE transverse magneto-optical Kerr effect

TMRLE transverse magnetic routing of light emission

WL white light
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