
Chapter 5

Conclusions

In this thesis, polarization effects occurring in VCSELs have been investigated for the soli-
tary devices as well as for devices exposed to isotropic optical feedback. The experimental
investigations were restricted to the regime of operation in the fundamental transverse
mode. Thus, spatial effects can be neglected and only two orthogonally polarized modes
have to be considered.

For the solitary devices, the comprehensive experimental investigations have delivered
strong indications for the importance of non-linear mechanisms and effects that are related
to the phases of the optical fields in the selection of the state of polarization in VCSELs.

The importance of non-linear mechanisms is evident from the observation of a polar-
ization switching with a drop of the output power, if the injection current is increased,
whereas the slope of the output power versus current characteristic is not affected. This
switching is interpreted as polarization switching to the mode that is disfavoured by the
linear, i.e., unsaturated net gain anisotropy (the “gain disfavoured mode”). The above
switching exists for the case of switching from the mode with higher optical frequency to
the mode with lower optical frequency as well as for the opposite case.

Evidence for the importance of effects that are related to the phases of the optical
fields – and also for the importance of non-linear effects – is found in the destabilization
process of the steady state that corresponds to the mode with lower optical frequency:
There, elliptically polarized dynamical states with an imperfect degree of polarization –
i.e., a state of polarization that is not a ‘pure’ one – are observed in the experiments.
These states appear in single and double polarization switching transitions as well as in a
transition to a regime where they do not disappear. The latter is interpreted as a regime
of instability of both of the orthogonally polarized steady states. The properties of the
dynamical states have been characterized in detail.

Besides the phenomena discussed above, which are observed well above the lasing
threshold, the polarization dynamics in the immediate vicinity of the lasing threshold has
been investigated in detail. The dynamics is dominated by the relaxation oscillations.
On the time scale of these oscillations, the dynamics of the two polarization modes is
correlated. As it was found also in earlier works on the dynamics far above threshold,
the dynamics at low frequencies is anti-correlated. If the linear net gain anisotropy is
small enough (but not necessarily zero), both of the polarization modes are oscillating
close to threshold. If the current is increased, the mode with the higher optical frequency
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is continuously depleted. This dynamical regime has been termed two-frequency emis-
sion (TFE). The regime of TFE is regarded as the manifestation of bistability at and
in the vicinity of the lasing threshold. It was shown that – unlike in cases of bistability
well above threshold – a description of the dynamics in the TFE regime in terms of mode
hopping and dwell times is not appropriate. This is attributed to the strong impact of
the relaxation oscillations close to the lasing threshold.

All of the experimental observations discussed above could be reproduced qualitatively
within the framework of the extended spin-flip model in simulations including spontaneous
emission noise. This model accounts explicitly for the spin degrees of freedom of the
carriers in the semiconductor quantum wells and for the complex nature of the light field.
Furthermore, it contains phase-amplitude coupling as an important non-linear mechanism.
A necessary condition for a qualitative reproduction of the experimental results is the
assumption that the spin relaxation rate is low.

Within the latter model, changes of the linear amplitude anisotropy in dependency
on current do not occur. Therefore, the polarization switchings that occur in a single
switching scenario are switchings to the gain disfavoured mode by definition. For the case
of switching from the mode with higher frequency to the mode with lower frequency and
in the presence of spontaneous emission noise of sufficient, but reasonable magnitude, a
minimum of the effective dichroism is observed at the switching point due to the fact that
the laser switches to the “more stable” mode. This meets also the experimental observa-
tions. The “more stable” mode is the mode of which the most dangerous perturbations
are damped faster than the perturbations to the other mode. In addition, the existence
of a “more stable” mode explains also why the mode with higher optical frequency is
depleted in the regime of TFE, although both of the linearly polarized modes are linearly
stable.

The experimentally observed destabilization and switching scenarios invoking dynami-
cal states could be reproduced. Within the extended spin-flip model, the dynamical states
correspond to a temporal oscillation of the characteristic angles that describe the state of
polarization. The oscillation of these angles is the origin of the decrease of the degree of
polarization.

The good qualitative agreement between the predictions of the extended spin-flip
model and the experiments as well as the lack of another model that can reproduce or
explain, respectively, more than only a part of the experiments are a strong – though
indirect – indication that spin dynamics and saturable dispersion can play an important
role in the selection of the state of polarization of VCSELs.

On summary, the investigations performed on the polarization dynamics of solitary
VCSELs have contributed to the understanding of the polarization properties of these
lasers. Since some of the treated effects have been and are discussed also for other types
of lasers, especially gas lasers, the results obtained here are likely to provide insight also
in general laser physics. Furthermore, the obtained indications for the importance of non-
linear mechanisms are encouraging from the point of view of possible applications like,
e.g., message encryption or all optical routing.

In the experiments on the polarization dynamics with isotropic optical feedback the inter-
play of feedback dynamics and polarization degrees of freedom in a VCSEL has been eluci-
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dated. The investigations were concentrated on the so-called long-cavity regime. Depend-
ing on the magnitude of the linear amplitude anisotropy, different types of low-frequency
fluctuations (LFF) are observed: If the amplitude anisotropy is small, synchronous LFF
of both polarization modes are observed. If the amplitude anisotropy is large enough, the
dominant mode displays LFF without the excitation of the second mode. In the case of
an anisotropy of medium magnitude, LFF of one mode that are accompanied by bursts
of the second mode after a dropout event are observed. The properties of the LFF of
the mode that is favoured by the linear net amplitude anisotropy were shown to be in-
dependent of the magnitude of this anisotropy. Furthermore, the transition from LFF to
coherence collapse was demonstrated to be a robust feature of the dynamics of VCSELs
with isotropic feedback, i.e., the occurrence of this dynamical regime is not linked to po-
larization effects. Therefore, it is concluded that the excitation of polarization degrees of
freedom and thus multi-mode dynamics is not a necessary prerequisite to observe LFF
and coherence collapse in VCSELs.

Special attention has been on the correlation properties of the two polarization modes
in the presence of feedback, which have turned out to be very sophisticated: At the lower
frequency of a doublet that is found at the harmonics of the inverse of the external cavity
round-trip time, the dynamics is anti-correlated, whereas it is correlated at the higher
frequency. The component with the lower frequency is at the exact harmonics of the
inverse of the external cavity round-trip time. The experiments have provided evidence
that the component with the higher frequency is due to an interaction of external cavity
dynamics and relaxation oscillations. However, the exact mechanism remains unclear and
demands a further, especially theoretical, treatment.

Furthermore, the dynamics in the presence of feedback was found to exhibit a drift
phenomenon that is typical for dynamical systems with long delay. This drift was found to
occur in the correlation functions as well as in the time series themselves. Strong evidence
has been found that, in this specific case, the drift is related to the presence of the two
slightly different time scales that are associated with the two spectral components of the
doublets in the power spectra.

The above results were obtained thanks to the occurrence of polarization effects on the
one side and thanks to the restriction of the multi-mode case to a two-mode case on the
other side. Thus, VCSELs with isotropic optical feedback have proven to be exemplary
dynamical systems whose two-mode dynamics facilitates an easier interpretation of the
experimental observations.

Finally, evidence has been found that the dynamics of a VCSEL with isotropic optical
feedback are driven by a deterministic mechanism. This poses the question for future
studies whether the irregular dynamics that is observed is related to a chaotic attractor,
as it is commonly believed in the case of LFF and coherence collapse in edge-emitting
semiconductor lasers with feedback. There, communication schemes utilizing encryption
based on chaotic synchronization are discussed and explored. Since VCSELs are used
in an increasing number of applications in the field of communication, it is tempting to
realize such communication schemes also with VCSELs with optical feedback.

The question whether the dynamics is chaotic or not is also interesting in the case
of the solitary VCSELs, namely in the regime of the dynamical states. If it can be
shown in experiments that the associated dynamics is chaotic, stand-alone VCSELs with
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appropriate device parameters could be used as emitters for chaotic encryption as well.
This would open the door to communication concepts that are much simpler than the
ones based on lasers with optical or opto-electronic feedback.


