
Chapter 2

Scope of this thesis

2.1 Basics of lasers

Nowadays, lasers have become devices that are highly indispensable in many areas of
industry, research, or entertainment. Especially semiconductor lasers have also become
important in every day’s private life by being the core of such devices as compact disc and
DVD players or CD-ROM drives of home computers. Maybe one of the best indicators
for the relevance of lasers in the modern society is the fact that the original acronym
LASER (light amplification by stimulated emission of radiation) has entered vocabulary
as a regular word.

The principle of amplified stimulated emission is roughly as follows (see, e.g., [45]):
Consider a photon that is incident on matter that contains, e.g., atoms with two energy
states whose energy difference matches the photon energy. If one of the atoms is in the
upper one of these two energy states, the photon can stimulate the emission of a photon
with the same quantum state by the cost of putting the atom into the lower energy state.
Thus, the number of photons is increased or, in other words, the radiation is amplified.
However, usually the atoms have to be “pumped” in order to put them into the higher
energy state, i.e., one has to create “inversion” in order to enable amplification.

Since a system of atoms can usually absorb or emit more than one photon species,
it is surrounded by a cavity with an appropriate resonance frequency in order to select
radiation with the desired frequency. Furthermore, a preferred direction of propagation
of the amplified light is chosen by the cavity, and the (partial) back reflection of the light
by the mirrors helps to exploit the inversion more efficiently.

In reality, there are also losses (e.g., absorption, scattering losses or outcoupling losses
through the mirrors of the resonator). Therefore, a certain level of pumping has to be
surpassed in order to achieve that more photons are created than absorbed and lost
through the mirrors, i.e., one has to achieve net amplification. This certain level of
pumping is called lasing threshold.

Lasers are commonly described theoretically by the so-called Maxwell-Bloch equations
(for a brief introduction, the reader is referred to [34]). These consist of a set of coupled
non-linear differential equations describing the spatio-temporal evolution of the optical
field, of the inversion, and of the dielectric polarization of the medium. Depending on the
time scales on which these three variables evolve, lasers are divided into three classes [34,
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Figure 2.1: Schematic drawing of a gain guided VCSEL (a) and of an edge-emitter (b). For
further explanations see text.

46]: If all three time scales are of the same order of magnitude, one speaks of a class-C
laser. For example, far infrared NH3-lasers belong this class. If the characteristic time
scale of the evolution of the dielectric polarization is much faster than the ones of the
electric field and the inversion, the dielectric polarization is able to follow adiabatically the
evolution of the other two variables. Hence it can be eliminated from the set of equations,
which results in a simpler description of the laser dynamics. If in addition the inversion
can be adiabatically eliminated from the set of equations, one speaks of a class-A laser.
This is the case for, e.g., He-Ne lasers. Otherwise, on speaks of a class-B laser. Class-B
lasers are, e.g., ruby lasers, CO2-lasers and semiconductor lasers. Hence, VCSELs also
belong to this class.

Although semiconductor lasers do not belong to the ‘simplest’ class of lasers and
although their dynamics is not completely understood, they are the ones used most often
in applications, especially in the field of communication and data transmission [1,2]. This
extensive use is on the one hand due to the small size of semiconductor lasers, which
ranges down to a few micrometers. Hence a semiconductor laser can be placed almost
everywhere where a laser is needed. On the other hand, semiconductor lasers can be mass
produced at a rather reasonable price in comparison to other lasers. In the next section,
some properties of semiconductor lasers will be explained in more detail. Since they are
the subject of this thesis, the discussion will be mainly focussed on VCSELs.

2.2 Vertical-cavity surface-emitting lasers

In semiconductor lasers, the photons are generated by recombination of electrons from
the conduction band with holes (i.e., missing electrons) in one of the valence bands. The
injection of carriers is usually accomplished by electrical pumping [1, 2, 47]. To enable
electrical pumping, semiconductor lasers have a n-doped and a p-doped layer, which form
a diode that has to be biased in forward direction. Hence, semiconductor lasers are also
often called diode lasers.
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Semiconductor lasers are fabricated in two primary ways, which are distinguished by
the direction of light emission with respect to the axis of crystal growth. In case of
the so-called edge-emitters, which were the first type of semiconductor lasers that were
fabricated, the light is emitted perpendicular to the crystal growth axis (Fig. 2.1b). The
region in which the photons are generated, the active region, is placed between the p-
and n-doped layers. It is of a strongly asymmetric shape in the plane orthogonal to the
direction of light emission, i.e., in the plane of the vector of the electric field. Furthermore,
in edge-emitters with quantum wells (these are used in most of the modern semiconductor
lasers) the transition matrix elements that describe the interaction of linearly polarized
light with the gain material are different for electric field vectors in the plane of the
quantum wells and for vectors with an orthogonal orientation (e.g., [47]). In most cases,
these circumstances result in emission of light with the electric field vector lying in the
plane of the active region. The mirrors of the resonator are formed by the polished
output facets in the simplest case. The length of this resonator is typically some hundred
micrometers. The quantity that describes the amount of amplification or gain that light
will experience as a function of the light frequency and the inversion is the so-called gain
curve. Since the width of the gain curve is much broader than the frequency defined by
the free spectral range of the resonator, an edge-emitter can oscillate in many longitudinal
modes (see, e.g., [47]). However, several methods have been developed to achieve single
longitudinal mode operation [47].

Whereas laser operation of an edge-emitter was first demonstrated in 1962, the first
vertical-cavity semiconductor laser was realized not before 1979 (see [1] and references
therein). The term ’vertical-cavity’ indicates that the propagation of the light wave is not
in the plane of the active region but in the direction perpendicular to it (see Fig. 2.1a).
This fundamental change of the device architecture has several important consequences.
With respect to the topic of this thesis, the most important one is related to the fact that
the active region of a VCSEL is rotationally symmetric with respect to the propagation
direction of the light. This symmetry property is maintained for the whole device if also
the aperture and the current contacts are rotationally symmetric. Hence, there is no
preference for a certain direction of the electric field vector. A detailed introduction to
the possible effects that are related to this degree of freedom will be given in the next
section.

In the case of vertical-cavity lasers, one is able to build cavities as short as one wave-
length in the desired material. For the case of near infrared light, for example with a
wavelength of approximately 1 µm, the free spectral range of the resonator is roughly
estimated to be of the order of 100 THz. A typical width of a semiconductor gain curve
is approximately 10 THz. Thus, only one longitudinal resonator mode can be located
within the frequency range where light experiences gain, i.e., VCSELs are single longitu-
dinal mode lasers.

Besides the benefit mentioned above, the short cavity length results also in some
disadvantages. Due to the short resonator length, a light wave experiences less gain per
round trip than in an edge-emitter. Therefore, VCSELs are built with highly reflecting
mirrors, which are realized as distributed Bragg reflectors (DBRs) [1, 2]. DBRs consist
of layers of alternating material with an optical length of a quarter wavelength. The
refractive index changes from a lower to a higher value and vice versa for each new
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layer. If the number of layer pairs with low and high refractive index is sufficiently high,
reflectivities of more than 99% can be achieved.

Furthermore, the DBRs are doped in order to build a diode, i.e., one mirror is p-doped
and the other n-doped. The most common way to supply VCSELs with electric current is
to attach a metal layer on top of each DBR. On the side of the light output, this contact
has an aperture through which the photons are emitted. Most common are circular
apertures, but also square and rectangular apertures have been realized [8,11,14,48]. The
other mirror is usually completely covered by the metal current contact. If the light is
coupled out of the cavity through the n-doped mirror and the substrate, the VCSEL is
called a “bottom emitter”. In the opposite case of emission through the p-doped mirror
the VCSEL is called a “top emitter”. All lasers that are investigated in this thesis are
top emitters with a circular aperture.

The low single round trip gain mentioned above is further counteracted by the concept
of periodic resonant gain [1, 49]. This means that the gain material inside the resonator
is located in the antinodes of the standing wave of the optical field. In the ideal case of
a distribution of the gain material as a delta function, the gain is enhanced by a factor
of two. In reality, the gain material is arranged in one or more quantum wells with a
finite well width of approximately 10 nm. This results in gain enhancement factors of
slightly less than two for real devices [49]. In the case of a one wavelength long cavity,
the quantum wells are placed in the middle of the resonator. The active region which
contains the quantum well(s) is surrounded by spacer layers with a thickness of half of
the desired operation wavelength. The material used for the active region of the lasers
studied in this thesis is GaAs, i.e., the wavelengths of operations are about 845 nm.

It is obvious that the transverse profile of the output light of a VCSEL is subjected
to the limitations that are given by the output aperture that is etched into the current
contact. Carrier guiding and wave guiding is accomplished in different ways in VCSELs [1,
2, 49, 50]. In case of the so-called gain guided devices, H+-ions are deposited inside one
of the mirrors, except in a region close to the longitudinal resonator axis (see Fig. 2.1a).
At the locations with H+-implantation, the Ohmic resistance is strongly increased. This
forces charge carriers to flow inside the central region around the resonator axis. The
regions where electrical current flows are heated. This heat induces a change of the
refractive index, since the refractive index of semiconductors is temperature dependent. In
the centre the device is hottest and hence the refractive index is largest. With increasing
distance from the resonator axis the temperature decreases and so does the refractive
index. Thus a waveguide is developed [2, 49]. This effect is also called thermal lensing.

Another method to achieve wave guiding is the so-called index guiding [1, 49, 50].
There exist several methods of index guiding. One method is to simply etch away the
wafer around the active region and create a pillar or mesa. The index step from the
remaining semiconductor material to air provides strong wave guiding. A second method
is to deposit oxidized material with a central aperture directly above the upper spacer
layer. The typical width of such an oxidized layer is some tens of nanometres [49]. Since
the oxidized material has a lower refractive index than the unoxidized material, it forms
an effective index guide [49, 51]. Carrier guiding is also provided by the oxide layer [49].
The devices investigated in this thesis are gain guided devices. The choice of gain guided
devices will be justified in more detail later.
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In contrast to edge-emitters, VCSELs are also a perfect tool to study quasi two-
dimensional transverse effects in lasers. This is on the one hand due to the nominal
symmetry of the active region in the plane perpendicular to the direction of propagation
of the emitted light. On the other hand, due to the short cavity VCSELs have a rather high
Fresnel number (see, e.g., [45] for a definition). This number quantifies the ratio of the
transverse extent of a laser to the length of its resonator. The higher the Fresnel number,
the more likely is the observation of transverse effects including pattern formation [52].
In VCSELs, the diameter of the output aperture varies from several micrometers in the
smallest devices to more than 100 µm in broad area devices. Whereas in the smaller
devices higher order transverse Gaussian modes are usually excited not too far above
threshold (see, e.g., [8, 9, 53]), in devices with aperture diameters larger than some tens
of micrometers also non-Gaussian modes can be observed, including Fourier modes in
devices with square apertures [8, 11], vector vortex patterns [14] and quantum billiard
wave functions [48] (also both in square devices), and stripe patterns and flower-like modes
in circular devices [12, 54]. Furthermore, in VCSELs that are electrically pumped below
threshold hexagonal patterns have been observed with optical injection [55]. Very recently,
cavity solitons have been observed in VCSELs under similar experimental conditions [13].
However, since the primary aim of this thesis is the investigation of polarization effects in
VCSELs, the experiments will be performed in parameter regions where transverse spatial
degrees of freedom can be neglected.

2.3 Polarization effects in VCSELs

In this section, an introduction to the various polarization effects that may occur in
VCSELs will be given and previous experimental as well as theoretical works will be
reviewed. At the end of the section, the aims of this thesis regarding polarization effects
in VCSELs will be formulated.

2.3.1 Basic phenomena

Due to the nominally rotational symmetry of VCSELs with respect to the longitudinal
resonator axis, there should be no preference for a distinct state of polarization (SOP) of
the emitted optical field. In reality, most VCSELs emit in a well defined linear SOP at
the lasing threshold [56–59]. The electric field is mostly found to be oriented along one
of the wafer axes (the [110]- and the [110]-axis for structures grown on a [100]-substrate,
see, e.g., [60]).

The selection of a well defined linear SOP at threshold is due to linear anisotropies
that are induced by the linear electro-optic and the elasto-optic effect [59–67]. The lin-
ear electro-optic effect describes the occurrence of a voltage-induced difference in index
of refraction for electromagnetic waves with orthogonal linear polarization [60, 68]. This
effect appears in VCSELs due to their finite series resistance. The difference in index
of refraction results in slightly different resonance frequencies for same transverse modes
but with an orthogonal linear polarization. A second origin of a frequency splitting of
orthogonal polarization states is the elasto-optic effect (see, e.g., [65, 67]). Unintended
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mechanical stress results from the fabrication process [23, 69]. This stress induces a fre-
quency splitting [66]. Due to its importance for the experimental setup used there, it
will be described in more detail in the next chapter. In the literature related to VCSELs
the net frequency splitting that results from all linear effects is commonly called (linear)
birefringence. The presence of a finite linear birefringence is the reason why the SOP in
most VCSELs is linear with a preferred orientation and not random [27].

A direct consequence of the frequency splitting of two orthogonally polarized modes
is a different material gain for these modes, since the material gain in semiconductors
is strongly frequency dependent (see, e.g., [70] for an introduction to gain calculations).
Another source of a gain anisotropy is thermal lensing [71], which occurs due to the
Ohmic heating during cw-operation. The creation of different waveguides for orthogonally
polarized modes, which are frequency split due to the birefringence, results in different
modal gains. But there are also contributions to the gain difference that do not arise
from the frequency splitting alone. As a consequence of anisotropic mechanical stress,
orthogonally linear polarized waves can experience different material gain, even if they
oscillate at the same frequency [67, 72].

The losses can be anisotropic with respect to polarization, too. For example, the ab-
sorption in the p-doped DBR-mirrors is known to depend on photon energy [24]. Once the
orthogonally polarized modes are frequency split, they experience different losses. How-
ever, from an experimental point of view one can hardly distinguish among these various
contributions to gain and absorption anisotropies. Therefore, it has become common to
use a single quantity for the description of the resulting linear, i.e., unsaturated net gain
anisotropy. This quantity is called (linear) dichroism in literature (see, e.g., [56,73]). It is
the difference of all linear gain sources and all linear loss sources for orthogonally linear po-
larized modes. In presence of a finite linear dichroism, usually a single polarization mode
is lasing at threshold [23,24,56]. There have also been some reports in literature of cases
where both of the orthogonally polarized modes are oscillating close to threshold [74,75].
However, this case has not been investigated in detail in previous investigations, but it
will be treated in detail in this thesis.

Despite the inherent anisotropies which break the circular symmetry of the VCSEL
resonator and the gain medium, the SOP that is selected at the lasing threshold does
not always remain unchanged if the injection current is increased. The most prominent
effect is the so-called polarization switching (PS), which was first observed for VCSELs
in 1991 [16]. The term PS describes the phenomenon of a sudden change from one
polarization mode to a mode with orthogonal polarization, if the current is changed.
Figure 2.2 displays a typical PS. For simplicity, the term ’PS’ will be used to denote
switching in the regime of fundamental transverse mode operation if not stated otherwise.

Since the first report on PS, there have been numerous further observations (see,
e.g., [23, 24, 27, 56, 58, 59, 69, 76–78]). One can divide the observed polarization switching
into types of two classes. In this thesis, the terminology proposed in [24] will be followed.
If the PS is from the mode with higher frequency (smaller wavelength) to the mode with
lower frequency (larger wavelength), it will be called type I PS. The opposite type of PS
will be referred to as type II PS. Also a type I PS followed by a type II PS at higher
current values, i.e., a double PS, has been observed [24, 69, 78].

Which one of the two possible polarization modes is lasing can be determined by spec-
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Figure 2.2: Polarization resolved power against current (LI-curve) of a gain guided VCSEL.
The red and blue line denote the power in orthogonal polarization directions, which correspond
to the eigen directions of the two linearly polarized fundamental transverse modes. The green
line denotes the total power. It is shifted vertically for a better visualization. A polarization
switching occurs at a current level of 4.59 mA, if the current is increased. If the current is
decreased, the polarization switching occurs at 4.5 mA.

tral measurements. Due to the fact that the net gain anisotropy, i.e., the dichroism, is
rather weak, the optical spectrum above the lasing threshold exhibits two peaks in the fun-
damental transverse mode regime (see, e.g., [56]). One peak corresponds to the dominant
polarization mode, which is lasing. The second peak, which is typically several orders of
magnitude smaller than the dominant one, corresponds to the second polarization mode
and can be regarded as a perturbation to the lasing mode that is driven by spontaneous
emission [56]. This perturbation will be called “non-lasing mode” in the following.

The experimentally observed PS have been found to be accompanied by a variety of
effects. In [79] the PS was found to be accompanied by a current interval of bistability,
which manifests itself by a hysteresis loop (see also the exemplary PS displayed in Fig. 2.2).
This means that the PS for increasing current occurs at a higher current level than the
PS for decreasing current. Bistability of polarization modes can also result in random
mode hopping from one polarization mode to the orthogonally polarized one at constant
current in the vicinity of a PS, as observed in [58, 80, 81]. In [77] so-called dynamical
states were observed in the vicinity of a type II PS. These states are strongly elliptically
polarized and manifest themselves as sidebands in the optical spectrum. Furthermore,
these states result in a decrease of the fractional polarization, which is a measure of the
time averaged polarization purity [82].

Also in the cases where VCSELs emit in both of the two orthogonal linear polarizations
at threshold, the SOP is changed, if the current is increased [74, 75]. One of the two
polarization modes is continuously depleted for increasing current. The power of the other
mode increases as in the case of selection of only one mode. However, these experimental
observations have not been commented in detail in the references cited above.

Although the steady state emission from a VCSEL is commonly stated in literature to
be linearly polarized, this is only approximately true. Detailed measurements that were
performed in [56] have shown that the emission from most devices is slightly elliptically
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polarized. The ellipticity is measured by the ellipticity angle (for a definition see, e.g., [27]
and Sec. 3.1.6). An angle of 0◦ indicates linearly polarized light and an angle of ±45◦

indicates circularly polarized light, respectively. The average residual ellipticity angle
found in [56] was about 1◦ or less. This low value, however, justifies the assumption of
linearly polarized light. The origin of a residual ellipticity will be explained in detail
in Sec. 3.1.6.

2.3.2 Existing models on polarization selection and switching

There have been several attempts to explain the polarization selection in VCSELs and
the related phenomena, especially PS. The models that have been developed so far can
be divided in two classes.

The first class of models tries to explain changes of the SOP by changes of the linear
amplitude anisotropy, i.e., by changes of the linear dichroism as it has been defined above.
These changes can be caused by changes of the lattice temperature, which are induced
by Ohmic heating under cw-operation [23, 69]. Ohmic heating of the active region, i.e.,
of the quantum wells, can occur despite a constant temperature of the substrate. This
is due to the circumstance that the temperature of the active region cannot be probed
and controlled directly. Models that rely on temperature induced changes of the linear
dichroism will be referred to as “thermal models” in the following. In the simplest case,
the temperature change only results in changes of the gain properties alone. If other
effects are neglected, the mode that is selected at threshold as the lasing mode is the
one that is closer to the gain maximum. If the current and thus the lattice temperature
of the VCSEL materials is increased, the frequency of the maximum of the gain curve
and the cavity resonances shift to lower values. Due to the different magnitudes of these
redshifts, the relative spectral alignment of the cavity resonances and the gain maximum
may change and reverse the sign of the linear dichroism [23]. This results in the selection
of the mode that is now closer to the gain maximum, i.e., a PS occurs. However, due to
the fixed sign of the frequency shift with increasing temperature this mechanism can only
explain type I PS.

This shortcoming has been fixed successfully by inclusion of frequency dependent
losses [24]. In this more refined treatment, the mode that is lasing is the mode that has
the higher linear net gain (or linear dichroism, as it is defined above). This model was able
to explain experimentally observed PS of type I, type II, and double PS. The explanations
made within the above two models rely on qualitative arguments. In [25, 83] simulations
were performed on the basis of a system of rate equations for the intensities of the modes
and the inversion. The rate equations were supplemented by gain terms that depend on
current. Within these rather simple model a single PS was observed in the simulations.
However, double PS has not been shown in simulations based on a simple rate equation
model until now.

The models that rely solely on changes of the linear dichroism have also failed to ex-
plain the experimentally observed hysteretic PS. Since hysteresis in the switching process
cannot be explained by linear effects alone [25], non-linear effects have to be taken into
account. In [25, 83] gain saturation (also called gain suppression), i.e., a reduction of the
gain with increasing photon density, has been taken into account in order to produce a
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non-linearity. More specifically, self and cross saturation terms have been introduced,
where the cross saturation describes a reduction of the gain of one polarization mode due
to photons of the orthogonally polarized mode. Within this model, hysteresis was shown
to occur, if the cross saturation coefficients are larger than the self saturation coefficients.
In a recent publication also polarization dependent saturable absorption in the p-doped
DBR has been taken into account [84]. This anisotropic absorption also results in hys-
teretic switching behaviour. However, an emergence of elliptically polarized dynamical
states with a highly undefined time averaged SOP was not reported for any of the simple
rate equation models.

An alternative approach to model the polarization properties of VCSELs has been
introduced with the so-called spin-flip model (SFM) [26]. This model explicitly takes into
account the linear anisotropies, phase relationships of the participating electrical fields,
phase-amplitude coupling, and spin degrees of freedom of the charge carrier populations
and photons. Due to angular momentum selection rules only transitions are allowed
in which left and right circularly polarized photons are created. This implies that two
inversion reservoirs must be treated, each of which produces one of the two photon species.
One important point of the SFM is that these two inversion populations are coupled by
processes that tend to equalize both populations with a finite coupling rate, which is
called spin-flip rate or spin relaxation rate.

Another important ingredient of the SFM is the phase-amplitude coupling that is
associated with the α- or linewidth-enhancement factor [85]. These factor describes the
ratio of the changes of the real and imaginary part of the semiconductor susceptibility
(i.e., of the refractive index and the gain) that are induced by changes of the inversion. In
combination with the finite birefringence, the α-factor leads to saturable dispersion [15].

The gain material is modelled by a two-level, Zeeman-degenerated susceptibility [26].
Adiabatical elimination of the dielectric polarization results in a gain that does not de-
pend on frequency [15]. The α-factor acts like a normalized detuning between the cavity
resonance and the frequency that corresponds to the band gap energy [15]. The α-factor
has to be set ’by hand’ to values that are usual for VCSELs (1 ≤ α ≤ 6, see, e.g., [2] and
references therein).

It has been shown that the SFM can predict type I PS, type II PS, and bistability
and hysteresis [27]. Within the framework of the SFM, PS occurs as an instability of
the relative phase with which the left- and right-handed circularly polarized fields lock
to constitute the linear polarized fields. For type II PS, the possibility of a transition via
elliptically polarized steady states and dynamical states with a time-dependent SOP has
been predicted. In a recent publication, in which the SFM is extended by gain saturation
terms, also the possibility of double PS was demonstrated [86]. Double PS can also occur
in the ‘original’ model. However, the second PS occurs at current values that are far
beyond the range of fundamental transverse mode operation of most real devices, if gain
saturation is disregarded [86].

To be able to model spin dynamics as well as the influence of thermal shifts, the SFM
was extended in [87] by a frequency dependent complex susceptibility [88]. Due to the use
of this susceptibility, one is able to mimic temperature induced changes of the detuning
between the cavity resonances and the gain peak. Thus, the extended SFM is able to model
the combined non-linear dynamics of the complex fields, inversions with opposite spin and
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detuning dependent gain properties. The susceptibility established in [88] further takes
into account the logarithmic form of the dependency of the semiconductor susceptibilities
on the carrier density. Due to its importance for the interpretation of the experimental
results that are obtained in this thesis, the extended SFM will be discussed in detail in
Sec. 3.4.1.

Compared to other models, the SFM is of a larger complexity even in its unextended
version, since two complex and two real variables have to be treated. Analytical ex-
pressions are hard to obtain. Therefore, there have been several attempts to simplify
it [73, 89–91]. In [73, 90] the spin dynamics have been adiabatically eliminated. This
elimination is based on the assumption that the spin relaxation rate is large compared to
the birefringence and the relaxation oscillation frequency [73] (the term “relaxation oscil-
lations” describes coupled damped oscillations of the intensity and inversion of a class-B
laser which is perturbed from its steady state [34, 47]). After elimination of the spin dy-
namics, analytical expressions for the eigenvalues, which describe the linear stability of
the polarization modes, were obtained. These expressions predict a redshift and damping
– both proportional to the current – of the non-lasing mode. The combinations of the
linear anisotropies and the additional non-linear ones were termed effective dichroism and
effective birefringence [73].

These effective anisotropies were predicted to be measurable either in optical spectra
or in noise spectra that are obtained by projecting the VCSEL emission onto a suitable
SOP. Since the methods of obtaining the effective anisotropies are also of importance in
this thesis, they will be explained in detail in Sec. 3.1.7. From suitable noise spectra also
the relative magnitude of fluctuations of the ellipticity and of the orientation of the state of
polarization can be obtained [56]. Furthermore, for the optical spectrum after projection
onto the non-lasing polarization mode a peak that results from non-linear wave mixing of
the lasing and non-lasing mode was predicted [56, 90]. This peak was predicted to occur
at a frequency ν = νl + νl − νnl, where νl and νnl are the frequency of the lasing and the
non-lasing mode, respectively. Due to the similarity with other wave mixing processes in
non-linear optics (see, e.g., [92]), the peak was termed “four-wave mixing peak”.

However, in this reduced model a type I PS does not occur for constant linear dichro-
ism. This is due to the fact that the non-lasing mode is always damped within the above
model, i.e., the effective dichroism is predicted to increase with increasing distance to
the lasing threshold [56]. The only possibility for a destabilization of the lasing mode
is the coincidence of its frequency with the one of the non-lasing perturbation. Since
this perturbation is continuously redshifted, the lasing and the non-lasing mode can only
coincide in frequency if the mode with lower frequency is lasing [56, 73]. In the opposite
case, the frequency splitting of lasing and non-lasing mode grows with increasing distance
to threshold.

The same analytical expressions that have been obtained in [73] were also derived
in [89] by starting with the full model equations and making the assumption of relatively
large spin-flip rates while performing a linear stability analysis.

The loss of the possibility of type I PS motivated a different approach of simplifying
the SFM [91]. In this approach a multiple scales analysis and averaging techniques were
used. The resulting rate equations for the polarization mode intensities and one common
inversion for spin-up and spin-down transitions still yielded type I PS. However, type II
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PS with dynamical states cannot be obtained within the model established in [91].

2.3.3 Experimental attempts to identify responsible mechanisms

Since the proposals of the above models, there have been several experimental attempts
to find out whether an observed PS was of thermal or non-thermal origin [23, 57, 71, 93].
Here, the term “thermal” is restricted to changes of the lattice temperature alone. A first
indication for a PS that is caused by temperature induced changes of the linear dichroism
was found in [23]. There, type I PS was observed only for device temperatures that
were slightly below the temperature for which the mode with lower frequency is lasing at
threshold. The latter temperature was also the temperature of the threshold minimum.
These observations are in good agreement with a change of the relative alignment of
the gain peak and the cavity resonances. However, it does not explicitly exclude the
possibility of other mechanisms. In [57] type I PS was demonstrated to occur for DC-
current excitation as well as for current pulses of 100 ns length, which is an order of
magnitude below the thermal response time of the materials in the VCSEL structure [1,
94]. Furthermore, in [57] the measurements where performed over a large range of ambient
temperatures of the VCSEL, revealing a constant behaviour over the whole investigated
temperature interval. The observed PS was interpreted as PS at constant active region
temperature and hence as PS that was not induced by changes of the linear dichroism.

A contrary result was obtained in [71]. The type I PS observed there for cw-operation
was not observed under pulsed excitation. The PS under cw-operation was interpreted as
PS induced by thermal lensing.

Finally, in [93] VCSELs that exhibit a PS have been operated with a sinusoidal current
modulation around the switching current. The frequency of the modulation was varied
over several orders of magnitude. For each frequency it was tested if the PS occurs, i.e.,
if the SOP was able to follow the current modulation. The results that were obtained
included thermally limited type II PS as well as type I PS of non-thermal nature.

However, these experiments can only show whether the lattice temperature is impor-
tant or not. It was shown in [95], that although the lattice temperature may be constant,
the gain curve may redshift. This redshift was shown to be due to the heating of the
electron and hole plasma. Heating of the charge carrier plasma is also possible under
excitation with (sub-)nanosecond pulses, since the thermal relaxation times of the plasma
are of the order of picoseconds [95].

Furthermore, the fact that a PS is non-thermal with respect to lattice temperature
does not automatically show whether the PS is induced by, e.g., spin dynamics or not.
Therefore, it is necessary to look for “fingerprints” of certain models.

One of the characteristic features of the SFM are the non-linear anisotropies that
were predicted in [73, 89]. The principal existence of the non-linear contributions to the
anisotropies and the four-wave mixing peak were demonstrated experimentally in [56,96].
However, in the experiments that were performed in [56] all VCSELs that exhibited a
type I PS upon increasing current showed a monotonic decrease of the effective dichroism
towards the PS and an increase after the PS, i.e., the effective dichroism exhibited a
minimum at the PS. Since the investigated devices were believed to have large enough spin
relaxation rates to justify adiabatic elimination of the spin dynamics, this phenomenon
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could not be explained by non-linear dynamics. As a consequence, the PS was explained
by a current dependence of the linear dichroism [56], which was supposed to change its
sign at the PS. This means that the linear dichroism is zero at the PS. The origin of
the current dependence of the linear dichroism was not identified. The results obtained
in [56] suggest that the SFM gives important contributions to the polarization dynamics,
but not to the selection of the steady state of the polarization.

The validity of the adiabatic elimination of the spin dynamics was supported further
by measurements in [58]. There, the mode hopping that occurs often at constant current
at the PS was investigated in detail. This mode hopping was interpreted as the motion
in a Kramers potential with two wells, which correspond to the two polarization modes
of the VCSEL. The time the VCSEL stays in one of the wells (or states of polarization),
the so-called dwell time, was shown to increase exponentially with increasing distance
to the lasing threshold. On the theoretical side, it was predicted that the dwell time
depends exponentially on the effective dichroism. The latter was also associated with the
height of the potential barrier between the two wells. Based on the results of [56], it was
conjectured that the effective dichroism at the switching point is completely determined
by the non-linear dichroism, which depends linearly on current in the limit of adiabatic
elimination of the spin dynamics. The effective dichroism at the PS and thus the non-
linear dichroism was experimentally found to depend linearly on the switching current,
i.e., the assumptions made in [56] were justified.

The influence of the non-linear anisotropies on the transient behaviour during the
switching process was demonstrated experimentally in [76]. There, it was shown with
streak camera measurements that during a PS transition oscillations occur, whose fre-
quency changes within the boundaries that are set by the sum and the difference of the
linear and the non-linear birefringence.

Another characteristic feature that is predicted by the SFM (and also its extensions) is
the possibility of the occurrence of dynamical states in the vicinity of a type II PS. Such a
type II PS (not every type II PS in general) is accompanied by a drastic drop of the degree
of polarization. The existence of a scenario with strong similarities to the predicted one
has been demonstrated experimentally in [77, 97]. The comparison of the latter results
with the SFM was complicated by the fact that the SOP observed at threshold was already
elliptical. This is probably due to strain effects [65] and will be discussed in more detail
in the next chapter.

However, at the beginning of the investigations of this thesis it was unclear whether
the SFM and non-linear dynamics in general is of importance in the selection of the steady
state of the polarization.

It should be already remarked right here that due to the parameter variations from
VCSEL device to VCSEL device the results obtained in previous investigations, as well as
the results that will be presented here, do not describe the behaviour of every device. This
is to a large extent due to the fact that the mechanical stress applied to the devices during
the fabrication process is to a huge amount unintentionally, which means uncontrolled.
Hence, the linear anisotropies can change from device to device. Also the spin relaxation
rate obviously varies [96, 98–103]. On the one hand, these parameter fluctuations could
be regarded as hindering. On the other hand, there is the possibility to investigate a huge
parameter region with lots of interesting phenomena.
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2.3.4 Polarization effects in other laser types

The occurrence of polarization effects is not restricted to VCSELs alone. Especially in gas
lasers, the phenomena that are related to the state of polarization of the output light have
been investigated intensively in the past and are still a topic of research. The number
of related publications is immense. Therefore, only some of the obtained results will be
discussed in a very brief manner.

For a review on investigations made before 1980 the reader is referred to [104] and
the references therein. The latter paper also provides an extensive discussion on the
theoretical modelling of the polarization dynamics of gas lasers. A very early important
theoretical study is published in [105], where the laser field of a class-A laser is described
in terms of its intensity, its ellipticity, and its polarization orientation angle. The spin
degrees of freedom of the gaseous lasing material are explicitly accounted for in [106,107].

As it is the case for VCSELs, the importance of spin degrees of freedom have been
discussed intensely. The effects that have been predicted in different contributions are
also very similar to the predictions made for VCSELs by the SFM. In [108] the occurrence
of dynamical polarization states has been predicted to occur during the transition from
a circular to a linear SOP if the pump strength of the laser is increased. The dynamical
states are characterized by a constant ellipticity and a time varying ellipticity. In [107]
the steady SOP that is selected at threshold has been predicted to become unstable in
favour of a pulsating SOP, if the pump is increased. The transition has been predicted for
linear polarization as well as for circular polarization at threshold. PS between linearly
polarized modes occurring if the detuning between the cavity and the atomic resonance
of the gain material is changed is treated in [106].

On the experimental side, PS of circularly polarized modes was reported in [109]. PS of
linearly polarized modes occurring if the detuning is changed was observed in experiments
in, e.g., [110, 111]. In both of the latter publications, the PS has been observed to be
accompanied by a hysteresis loop. Also the temporal dynamics of gas lasers have been
investigated. For example, in [112] the linear polarization components of a HeNe-laser with
a static and an oscillating axial magnetic field were shown to exhibit quasi-periodicity,
period doubling and erratic dynamics. In the latter publication and in [113] also the
existence of Arnold tongues has been demonstrated. The transition between PS between
static polarization modes and the occurrence of time dependent states of polarization
was shown to depend on the magnitude of an applied axial magnetic field in [111]. For
some very recent works on the polarization dynamics of gas lasers the reader is referred
to [114, 115]. It should be stressed once more that the above list of publications is only
a very brief overview on the research performed on the polarization effects in gas lasers
and far from being complete.

Polarization effects have also been investigated in solid-state lasers (e.g., [116,117]) and
in some types of edge-emitting semiconductor lasers (e.g., [118–121]). But the number of
publications is by far less numerous than it is the case for VCSELs or gas lasers. However,
from a point of view of fundamental research, the comparison of polarization dynamics
in different laser types highlights differences and similarities and can therefore reveal the
general features that are related to the interplay of polarization modes in lasers.
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2.3.5 Aims of this thesis regarding polarization dynamics

The experimental investigations performed so far have seldom delivered conclusive hints
for mechanisms that are responsible for the polarization instabilities in VCSELs. In
the work performed in [56, 58, 76] the influence of the spin dynamics on the effective
anisotropies and the transient behaviour was demonstrated on the one side, but the spin
dynamics was shown not to be responsible for the type I PS, i.e., for the steady state
selection, observed for the devices used there [56]. The very mechanism that induces the
PS was not identified. However, an identification of responsible mechanisms for type I PS
beyond the question of importance of changes of the lattice temperature is hindered by
the fact that most of the models that are available and well established at the moment
do not predict characteristic features for type I PS.

An exception is the SFM. In this model the mode that is lasing after the PS is the
mode with the lower linear, i.e., unsaturated net gain, provided that the linear part of the
dichroism does not change. It will be shown in this thesis, that such a PS can be identified
in experiments by a drop of the output power and the relaxation oscillation frequency.
Furthermore, it will be shown that such a drop can exist for type I PS simultaneously
with a minimum of the effective dichroism. This thesis will deliver an explanation of a
minimum of the effective dichroism within the framework of the full, i.e., not simplified
SFM.

The characteristic feature predicted by the spin flip model for type II PS – the dy-
namical states with an elliptical SOP that fluctuates in time – will be investigated exper-
imentally in greater detail. Using the investigations performed in [77,78,97] as a starting
point, it will be shown that the occurrence of the dynamical states at a type II PS does not
depend on the ellipticity of the SOP at threshold. Furthermore, it will be demonstrated
experimentally by investigations of the dynamics in the time domain that the elliptically
polarized sidebands in the optical spectrum correspond to a locked state and not to dif-
ferent modes. It will also be shown that the dynamical states can occur for scenarios
that differ from a single type II PS, i.e., for the second PS of a double switching and
for a scenario where the VCSEL does not switch polarization at all. The experimental
observations on type II PS will be explained within the extended SFM.

As mentioned earlier, the polarization effects in VCSELs close to threshold (say less
than approximately 10% above threshold) have not been investigated in detail. The few
available investigations have been focussed mainly on the time averaged steady state
characteristics, which is the case as well for experimental works [74,75] as for theoretical
ones [27]. Common to these works is the observation that there exist conditions, under
which both of the orthogonal linear polarizations are excited close to threshold and that
one polarization is depleted, if the current is increased. In this thesis, this regime will be
investigated in detail. The selection of both modes at threshold will be shown to occur,
if the ambient temperature of the laser is scanned from a region where the mode with
lower frequency is lasing to a region where the mode with higher frequency is lasing at
threshold. The temporal dynamics and the correlation properties will be investigated
in detail. The differences of the polarization dynamics close to threshold to the ones
higher above threshold will be highlighted. The observations will be compared with the
predictions of the extended SFM [87]. Within the framework of this model, an explanation
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will be given why one of the two modes that are selected at threshold is depleted, if the
current is increased.

There remains the question why the extended SFM is chosen for a comparison. This
choice will be motivated by the experimental results that will be obtained. Together with
the findings of [77] the results of this thesis will indicate the need for a model that treats the
complex fields, i.e., that accounts for phase relationships, and a non-linear mechanism. To
the best knowledge of the author, the SFM is the only model for the polarization dynamics
of VCSELs published so far that satisfies both requirements. For the same reasons, also
the simplifications of the SFM are not considered in the comparison of experiment and
theory. The rate equation model derived from the SFM in [91] does not reproduce type II
PS with dynamical states. The adiabatic elimination of the SFM [73, 122] preserves this
feature, but it cannot explain type I PS. Since the latter will be shown to be induced by a
non-linear mechanism in the experiments, the model of [73,122] is obviously not sufficient
to explain all of the experimental results that will be presented.

Furthermore, the experiments on the polarization dynamics at threshold and the re-
sults of [77] will show the necessity of covering a two-dimensional parameter space (con-
stituted by injection current and temperature) in the theoretical investigations. This can
be done conveniently by use of the extended SFM since it enables one to investigate si-
multaneously the effects treated in the “original” SFM and the influence of changes in
the detuning between the band gap and the cavity resonances [87]. The latter detuning
quantity is directly influenced by temperature [23, 87].

2.4 Optical feedback

In this section, a short introduction to the dynamics of semiconductor lasers in the pres-
ence of isotropic optical feedback will be given. The term “optical” indicates that a part
of the light that is emitted by the laser re-enters the laser cavity. The term “isotropic”
indicates that the feedback has no spectral selectivity, does not influence the state of
polarization of the light that is fed back into the laser, and that the feedback has no
transverse spatial dependence. For simplicity, the terms “isotropic” and “optical” will be
omitted in the following. Furthermore, the feedback is delayed. This is due to the finite
speed of light. Hence, there is a finite time in which the light travels to the source of
feedback and back to the laser cavity. The laser in the absence of feedback will be called
“solitary laser” or “free-running laser” in the following.

First, the most important results on edge emitters will be discussed with a strong
emphasis on temporal dynamics. This discussion will be followed by a report on feedback
experiments in VCSELs and related theoretical investigations. This section will be finished
with an explanation of the aims of this thesis regarding feedback dynamics of VCSELs.
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Figure 2.3: Exemplary time trace displaying low frequency fluctuations of a semiconductor
laser with optical feedback. The signal as it is detected with 1 GHz bandwidth is indicated by
the black line. The red line represents the signal as it is seen with a low bandwidth detection
system (250 MHz bandwidth).

2.4.1 Delayed optical feedback in edge-emitting semiconductor

lasers

Due to phase amplitude coupling, semiconductor lasers are very vulnerable to optical
feedback and instabilities do typically occur. In many applications, for example fibre cou-
pling, a non-negligible amount of feedback is produced nearly inevitably [35]. Hence, the
understanding of semiconductor lasers under the influence of optical feedback is of great
importance from a point of view of applications. Depending on the feedback strength,
i.e., on the amount of light that is reflected back into the laser cavity, different types of
behaviour are known to occur [35,123]. Below a certain feedback strength, the emission of
the semiconductor laser can be stabilized and the linewidth can be narrowed [35, 123]. If
the strength of the feedback exceeds a certain level, the semiconductor can be destabilized
and a variety of interesting dynamical behaviours can be observed [35, 124]. Therefore,
a semiconductor laser exposed to optical feedback is also a system of interest from the
point of view of fundamental research.

The output mirror of the laser and the external source of reflection, which is in the
simplest case a mirror, constitute the so called external cavity. Modes that are resonant in
this cavity are called external cavity modes (see, e.g., [28]). The (equidistant) frequency
spacing of these modes will be called “external cavity frequency” throughout the text.

There is a general discrimination between different external cavity lengths, i.e., be-
tween long and short external cavity lengths. Short external cavities are characterized by
a mode spacing of the external cavity modes that is larger than the relaxation oscillation
frequencies of the laser without feedback [125, 126]. The most investigations so far have
been restricted to the case of a long cavity. It is a typical issue of this regime that the oc-
curring dynamics are qualitatively independent of small variations of the feedback phase,
i.e., the phase with which the reflected light enters back into the laser cavity [125]. For
the remainder of this section, the discussion will be mainly focussed on the latter regime.

One of the most intensely studied phenomena in the case of a long cavity are the
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so-called low-frequency fluctuations (LFF), observed first by Risch et al. [127]. These
fluctuations manifest themselves as sudden dropouts followed by continuous, slow recov-
eries in the output power of a semiconductor laser with feedback at constant current.
The term ‘low-frequency’ is hinting to the fact that the frequency of these fluctuations is
slow compared to the characteristic time scales of the semiconductor laser material and
the round-trip time of the light in the external cavity. LFF are typically observed in the
vicinity of the solitary laser threshold (see, e.g., [124] and references therein).

The underlying structure of the slow dynamics has been shown to consist of fast pul-
sations on the timescale of the external cavity round-trip time and of irregular pulsations
on a picosecond timescale [36, 37, 128–130]. Figure 2.3 displays a time trace with typical
LFF.

Closely related to the LFF is the phenomenon of coherence collapse (CC) [36, 124].
This phrase describes the circumstance that the linewidth of a semiconductor laser with
feedback can reach extraordinary large values of several tens of gigahertz or more [35,
124, 131], i.e., the coherence length of the output light shrinks drastically. The temporal
dynamics in this regime are characterized by irregular pulsations [36].

The LFF have often been modelled using the Lang-Kobayashi equations [132–134],
which describe the coupled dynamics of the carrier density and a single mode laser field
that is subjected to delayed optical feedback from an external mirror. In edge-emitting
lasers, it has been shown experimentally that many of the longitudinal modes of the
solitary laser are excited when LFF occur [37, 135]. The authors concluded that the de-
scription of LFF by a single mode model is not appropriate. But also the observation of
LFF of only one longitudinal mode has been reported if the dynamics was restricted to
a single longitudinal mode by inserting an etalon into the external cavity [130,136] or by
using a distributed-feedback laser [137]. The above investigations motivated theoretical
studies yielding the possibility of in-phase as well as out-of-phase dynamics of the in-
volved longitudinal modes [130,138]. The importance of this question was experimentally
highlighted before by the observation of a synchronization of the oscillation of several
longitudinal modes before a dropout [37].

Furthermore, a semiconductor laser with optical feedback – especially in the LFF-
regime – has been shown to behave like an excitable system in experiments reported
in [139] (for an introduction into the phenomenon of excitability with a special empha-
sis on laser dynamics the reader is referred to [140]). Recently, stochastic resonance
and coherence resonance – phenomena that also occur in other excitable systems – were
demonstrated experimentally in an edge-emitting laser with feedback [30,141]. The obser-
vation of excitability was taken as an argument against the ability of the Lang-Kobayashi
model to explain LFF [139]. In [142] it was shown theoretically for the short cavity regime
that also the Lang-Kobayashi model can exhibit excitability. However, to the best knowl-
edge of the author there are no reports on the experimental observation of LFF in the
short-cavity regime.

In an edge-emitter the situation is very complicated, since many longitudinal modes
might become active. In a VCSEL, the situation is much simpler due to the fact that the
VCSEL is a single longitudinal mode laser by nature. As long as the operation regime is
restricted to fundamental transverse modes, only the two polarization modes may play a
role. Hence, VCSELs seem to be promising to elucidate the interplay of feedback dynamics
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and multi-mode excitation.
Beyond this specific question related to semiconductor lasers, a VCSEL (and also any

other type of semiconductor laser) with optical feedback is a paradigmatic tool for studies
on non-linear dynamical systems with delay. Hence, similarities with other delay systems
can be expected (the drift phenomenon that is discussed in Chapt. 4 is one example).

As another aspect, it has been reported that the dynamics of a semiconductor laser
with optical feedback can exhibit signatures of deterministic chaos (see, e.g., [133, 143–
145]). Besides the ongoing interest in chaotic systems as objects of fundamental research,
also possible applications based on chaotic dynamics are discussed. One of these are
communication schemes based on “chaos synchronization” of semiconductor lasers with
optical feedback (e.g., [146–150]).

2.4.2 Previous work related to VCSELs

In earlier contributions to the behaviour of VCSELs with optical feedback it was argued
that VCSELs are less sensitive to optical feedback due to the high reflectivity of their
output mirror [151]. Indeed some reduction of feedback sensitivity was demonstrated [151].
However, in tendency the reduction in feedback rate due to the low coupling factor to
the external cavity is compensated by the small cavity length of a VCSEL, which results
in a sensitivity to feedback-induced instabilities being roughly equal to the one of edge-
emitting lasers [28, 38]. Correspondingly, typical feedback-induced phenomena like the
destabilization of single-frequency operation, an enhancement of relative intensity noise
and CC are observed also in VCSELs [38–43]. These studies, especially the one dealing
with coherence collapse [43], have been mainly focussed on radio frequency spectra and
on optical spectra.

An interesting question is how the SOP of a VCSEL is affected by feedback. Although
some polarization effects were noticed in [39], nearly all early works on VCSELs with
feedback do not mention polarization effects [38,40–42] and actually it is unclear to what
extent the reflection properties of the external resonator were polarization dependent.
Experiments in which the external cavity breaks the polarization symmetry strongly were
reported soon afterwards. For example, with a quarter-wave plate high-frequency po-
larization self-modulation can be achieved [152–154]. In presence of a polarizer in the
feedback loop, switching between states of orthogonal polarization takes place [155, 156].
Very recently, LFF in a VCSEL with polarized feedback have been demonstrated in ex-
periments [157].

To the knowledge of the author, the first reports on experiments, which were explicitly
designed for implementing the case of isotropic feedback, are in [44, 102]. In the latter
work, also the existence of the phenomenon of the LFF was established in VCSELs. LFF
were demonstrated experimentally below the solitary laser threshold. One of the two
orthogonal field components was dominant and dropouts in its power were accompanied by
bursts in the power of the depressed polarization mode after the dropout of the dominant
mode. However, in the theoretical treatment that was also performed in [44] LFF-like
behaviour was only found above the solitary laser threshold. A transition to CC, if
the laser is biased above the LFF regime, was predicted theoretically but not found
experimentally. In addition, the experiments in [44] were performed with a rather low
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bandwidth. Hence, no detailed insight into the dynamics on fast time scales was obtained.
The dynamics of VCSELs exposed to isotropic feedback were studied theoretically

also in [158]. There, simultaneous LFF of both polarization modes were predicted for
low linear dichroism of the solitary laser. However, this scenario has not been observed
experimentally so far, since in [44] the parameters of the laser (the linear anisotropies)
were not varied. In a very recent publication the transition from LFF of both modes
to LFF of one mode with bursts in the other polarization component were predicted
theoretically for a change of the linear anisotropies [159]. Both of the latter theoretical
contributions do not predict a transition from LFF to CC, if the current is increased, or
do not investigate this case, respectively.

2.4.3 Aims of this thesis regarding isotropic optical feedback

The temporal dynamics of VCSELs exposed to isotropic feedback have been investigated
experimentally only to a small extent. Hence, this thesis tries to give a detailed experi-
mental study of the possible scenarios that can occur within the regime of fundamental
transverse mode operation. The parameter regimes of the occurrence of LFF and CC
will be identified, where the intrinsic amplitude anisotropy – the linear dichroism – will
be shown to be a key parameter in determining the amount of excitation of polarization
degrees of freedom in the presence of isotropic feedback. Special emphasis will be on
studying the correlation properties of the two polarization modes.

The investigations mentioned above are surely interesting from the point of view of
understanding and exploring VCSEL dynamics. But they are also meant as a contribution
to the understanding of feedback dynamics of semiconductor lasers in general. Since (in
the regime of fundamental transverse mode operation) not more than two modes are
involved, VCSELs might provide a simpler system for studying multi-mode dynamics in
lasers with feedback. Therefore, it is also the aim to investigate if the occurrence of
LFF and CC is independent of the number of excited polarization modes. However, it
should be mentioned that there cannot be a 1:1 correspondence between the two cases of
polarization and of longitudinal modes, since the coupling mechanisms are different.
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