
Chapter 3

Polarization dynamics in solitary

small area VCSELs

3.1 Experimental setup

This section describes the setup that was used to conduct the experiments on the polar-
ization dynamics of solitary VCSELs. A schematic version of the setup is displayed in
Fig. 3.1. The actual realization differs between various runs of the experiment in details
like the number of mirrors used, distance of detectors from the laser, etc. The obtained
results were checked to be independent of the specific realization of the setup.

3.1.1 VCSEL devices used in the experiments

The VCSELs that were investigated in this thesis were proton implanted, i.e., gain guided
devices. They were fabricated by EMCORE Corp. (serial numbers 8085-2010 and 8085-
2100). Both models are delivered in a standard TO-46 package. The specifications of
both models are nominally the same. Each package comprises two lasers that are placed
on the same wafer. Their emission apertures have diameters of 8 µm and 15 µm. The
electrical contacting is done through the pins of the TO-46-package. The different lasers
share a common cathode. The operating device is selected by choosing the corresponding
anode pin.

The main aim of this thesis is to improve the understanding of the polarization dynam-
ics of VCSELs in the simplest situation, i.e., in the fundamental transverse mode regime.
Hence, for the majority of the investigations the devices with the smaller aperture have
been chosen, since they have the largest current interval of fundamental transverse mode
operation and are specified as single-mode devices. Their threshold currents vary between
3 mA and 5 mA. Higher order transverse modes usually start to oscillate at current levels
about two times the fundamental mode threshold. The threshold currents of the devices
with the larger aperture are only slightly higher (approximately 1 mA) than the ones of
the smaller devices, but the emission of higher order transverse modes starts already close
to the lasing threshold of the fundamental mode (within current intervals of less then
2 mA).

The devices in the TO-46 packages are covered by a metal cap with a protective
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Figure 3.1: Scheme of the setup that was used for the experiments on the polarization dy-
namics of the solitary VCSELs. The abbreviations in the figure denote the different elements
of the setup as follows: CL, collimation lens; λ/4, quarter-wave plate; λ/2, half-wave plate;
WP, Wollaston prism; L, lenses; APD, avalanche photo-diode (1.8 GHz bandwidth); D, low-
bandwidth detector; ISO, optical isolator; FPD, fast photo detectors of different types (10 GHz
and 26 GHz bandwidth, respectively); FPI, scanning Fabry-Perot interferometer; NDF, neutral
density filters; CCD, charge-coupled device camera. Mirrors and removable mirrors are denoted
by thick solid lines. The beam path is indicated by a dashed line. Further explanations are
given in the text.

window. This window is a possible source of unintended (and uncontrollable) optical
feedback. Therefore, the cap has been removed using a commercially available tool.

The emission wavelengths of the investigated VCSELs range roughly from 840 nm to
850 nm, depending on the device and also on the operating current and the substrate
temperature.

3.1.2 Mounting and control of the devices

The VCSELs are mounted in a copper holder. This copper holder is designed to exert
as little stress as possible on the devices. For the investigations in which the application
of stress is intended another mount with a special design was used (see Sec. 3.1.6). The
copper mount is attached onto a thermo-electric element for temperature control. The
rear panel of the thermo-electric element is attached to a cooling element with milled ribs
for an efficient heat removal. The temperature of the copper mount is controlled by an
electronic feedback loop. The sensor of this feedback loop is a thermistor that is placed
in a drilled hole as close as possible to the VCSEL package. A detailed description of the
feedback loop can be found in [160]. The absolute value of the temperature is measured by
a thermo coupler that is placed in another hole of the mount close to the VCSEL package.
The absolute value of the temperature can be measured with an accuracy of 0.1 K. The
stability of the temperature control is better than 0.01 K. The temperature can be set to
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values between 6◦C and 70◦C. The upper limit is set by the maximum allowed operating
temperature of the investigated VCSELs.

The injection current is supplied by different current sources. Two types of DC-
current source were used, one of them being self-made and the other being a commercial
one. The self-made current sources have maximum operating currents of 20 mA. They
are supplemented with a low-pass filter (670 Hz cut-off frequency) in order to protect
the lasers from high-frequency current transients and noise. One of the self-made current
sources is battery driven. With this current source the experimental results are checked to
be independent of possible fluctuations which might have been induced by the power line.
The operating principle of the self-made current sources is explained in detail in [160]. The
commercial current source is from Profile (model LDC 201) with a maximum operating
current of 100 mA and noise less than 3 µA rms. The current provided by the non-battery
driven sources can be modulated and set by application of computer controlled external
voltages.

In some of the experiments the lasers are driven with short current pulses. For this pur-
pose, a pulsed current source was built by use of a commercially available microchip pulse
driver (HYTEK HY 6110). The maximum modulation rate of this chip is 622 Mbit/s.
By application of external voltages to the chip, bias and pulse currents up to 40 mA and
200 mA can be chosen, respectively. The pulsed current source is explained in detail
in [161].

3.1.3 Polarisation optics

The emission of the VCSELs is focussed by an aspheric, anti-reflection coated lens (Thor-
labs C240TMB, focal length 8 mm, working distance 6 mm, numerical aperture 0.5). By
combination of a rotatable half-wave plate and a Wollaston prism the VCSEL emission
is projected onto orthogonally polarized linear components. The linear polarization com-
ponents with polarization directions parallel and perpendicular to the optical table are
separated by the Wollaston prism by an angle of 10◦. As half-wave plates Fresnel-rhombs
(B. Halle und Nachf., EKSMA) as well as zero-order retardation plates (EKSMA) are
used, which are both anti-reflection coated.

In some of the experiments the circularly polarized components of the VCSEL emission
are investigated. For this purpose a quarter-wave plate is inserted in the beam path before
the half wave-plate. As quarter-wave plates a Babinet compensator (B. Halle und Nachf.)
or a zero-order retardation plate (EKSMA) are used.

3.1.4 Detection system

The temporal evolution of the VCSEL emission is measured by different detectors. For
a simultaneous investigation of both orthogonally polarized components an exemplar of
each kind of detector is placed in both of the beam paths that emerge from the Wollaston
prism. For time averaged measurements low-bandwidth detectors with a built-in amplifier
are used. The amplification factor is adjustable in discrete steps.

Polarization resolved time series are obtained by means of avalanche photo diodes
(APD, Silicon Sensor SSO-AD-230) and a digital oscilloscope (Lecroy Wavepro 960, 2 GHz
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analogue bandwidth, sampling interval 125 ps). The analogue bandwidth of the APDs
was determined to be 1.8 GHz by measuring noise spectra of the VCSEL emission below
the lasing threshold. The spectral responsivity of the APDs at 850 nm is 0.4 A/W without
amplification. The maximum DC-output voltage of the APDs has to be limited to 13 mV
in order to prevent permanent damage of these diodes. Hence, the oscilloscope has to
be used on the 5 mV/div scale to reach sufficient vertical resolution. On this scale the
bandwidth of the oscilloscope is only 1.1 GHz.

Radio frequency (RF) spectra are measured with a power spectrum analyzer (Anritsu
MS2665C, bandwidth 9 kHz to 21.2 GHz). The RF spectra are recorded with the APDs
or with other fast photo detectors (FPDs). The FPDs used for the investigations are
pin-diodes with 10 GHz bandwidth (Antel AR-S2, 0.2 A/W spectral responsivity) and a
metal-semiconductor-metal diode with 20 GHz bandwidth (Advanced Photonic Systems,
Allegro MM 20, 0.18 A/W spectral responsivity). The FPDs need to be amplified. A 20 db
(40 dB) amplification is achieved by one (two) microwave amplifiers with a bandwidth of
10 MHz to 26.5 GHz (Agilent 83006A). These amplifiers do not transmit low frequencies
so that the DC-information is lost.

For a very limited set of experiments a digitizing oscilloscope with a bandwidth of
6 GHz (Lecroy WaveMaster 8600A and Tektronix TDS6604, sampling interval 50 ps) was
available. In order to exploit the full bandwidth of these oscilloscopes, the FPDs have to
be used in combination with the amplifiers. Hence, also in this case the DC-information
is not available simultaneously with the fast dynamics.

Due to the smallness of the sensitive area of the FPDs, the light has to be tightly
focussed by use of a lens. This results in a certain amount of feedback into the VCSELs.
In order to protect the VCSELs against the feedback, tunable optical isolators are used
(Gsänger DL-1, 60 dB isolation).

The transverse mode profile of the VCSEL output is measured by use of a charge-
coupled device camera.

3.1.5 Spectral measurements

The optical spectrum of the VCSELs is measured with a scanning Fabry-Perot interfer-
ometer (FPI). The mirrors (EKSMA) that are used in the FPI have a reflectivity of more
than 99%. In order to avoid parasitic reflections, the mirror substrates have a wedged
form and are anti-reflection coated on the side that faces outwards of the FPI cavity. The
FPI has a free spectral range of 46 GHz and a finesse of more than 160. Back reflections
from the FPI into the lasers are avoided by use of an optical isolator.

3.1.6 Mechanical stress and device properties

The linear anisotropies of VCSEL structures are known to depend on mechanical stress
(e.g., [59, 66]). This opens the opportunity to control them. Since this possibility will be
of importance in this chapter, a brief review of the method of applying mechanical stress
to VCSELs with the intention of modifying the linear anisotropies is given in this section.

The elastic and elasto-optic properties of a solid can be described by appropriate
tensors [66]. The VCSELs emitting at wavelengths about 850 nm – such VCSELs are
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investigated in this thesis – consist of GaxAl1−xAs alloys [1]. These solids are cubic
crystals that are usually optically isotropic [66, 100]. However, this anisotropy is broken
for quantum wells (see [100] and references therein). The elastic tensor of the above
materials is generally anisotropic [66]. This anisotropy is expressed by the so-called elastic
anisotropy factor, which is a function of the independent components of the elastic tensor
and equal to 1 in the case of isotropy [66]. If stress is applied with a certain orientation,
the elastic anisotropy factor determines the deviation of the orientation of the resulting
strain from the orientation of the initial stress [66]. The elastic anisotropy factor for
AlAs and GaAs is 1.86 and 1.83, respectively (see citations in [66]). The elasto-optic
tensor describes how the strain translates into the orientation of the principal axes (called
orientation below for simplicity) and the magnitude of a “birefringence”. The anisotropy
of the latter tensor is described by the elasto-optic anisotropy factor, which has to be
determined experimentally [66]. The investigation of the elasto-optic effect itself is not a
goal of this thesis. An experimental determination of the elasto-optic anisotropy factor will
therefore not be performed. From the point of view taken here, it is only important that
applying stress to a VCSEL results in general in a change of magnitude and orientation of
the birefringence, as it was shown in [64,66]. There, it was also highlighted that both the
orientation and the magnitude of the stress are decisive. For devices which are similar to
the ones investigated in this work the elasto-optic anisotropy factor has been determined
in [66] to be of the order of 5.

Application of stress does not only result in changes of the birefringence but also
in changes of the linear dichroism which is acting on the two polarization modes of a
VCSEL [65]. The orientation of the principal axes of the dichroism will be called “ori-
entation of the dichroism” in the following. In this section, the term “dichroism” is not
understood as it has been introduced in the previous chapter. Instead, it will denote only
linear gain and loss differences that result from stress. Contributions to the gain difference
that stem from the frequency splitting of the polarization modes are disregarded.

Since the polarization axes of the eigenmodes of the laser cavity are aligned along and
perpendicular to the orientation of the birefringence, one has to consider the dichroism
that acts in these directions [56, 65]. It was shown in [65] that the (linear) dichroism
strongly depends on the orientation of the birefringence. It was concluded that the prin-
cipal axis of the dichroism is oriented along a fixed direction and that the measured
dichroism depends on the misalignment between the orientation of the birefringence and
the dichroism. The principal axis of the latter one was found to be oriented roughly along
the wafer axes for different devices and operating conditions [65]. The above discussion
implies that there is a residual dichroism present without applying intentional stress.

The change of the relative alignment of dichroism and birefringence does not only
result in a change of the amount of dichroism that effectively acts on the two polarization
modes. The relative alignment of the anisotropies also influences the SOP of the lasing
device [65, 162–164]. As proven experimentally in [65], the SOP becomes elliptical if
birefringence and dichroism are misaligned. It was shown theoretically in [163] that modes
with a finite ellipticity are the only stable modes in this case. The ellipticity of the SOP
is measured in terms of the ellipticity angle χ (see also Fig. 3.2). This angle is determined
by the arc tangent of the ratio of the principal axes of the polarization ellipse. The second
angle that characterizes the SOP is the orientation φ, which is a measure for the tilting
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Figure 3.2: Coordinate system and characteristic angles for the description of the state of
polarization. The axes labelled x and y denote two orthogonal directions in space. The angle
φ denotes the angle that is enclosed by the x-axis and the long axis of the polarization ellipse.
It is referred to as the orientation of the state of polarization. The angle χ is a measure for
the ellipticity of the state of polarization and is defined as the arc tangent of the ratio of the
principal axes of the polarization ellipse.
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Figure 3.3: Scheme of the mount that was used in the experiments in which strain was applied
to the VCSELs. Hidden (parts of) elements are denoted by dashed lines. The mount was
designed in the manner of [59, 168].

of the long axis of the polarization ellipse with respect to some reference direction. As
stated above, this axis coincides with the orientation of the birefringence.

Moreover, the eigenmodes of the cavity do not form an orthogonal basis set anymore
in case of a misalignment of the linear anisotropies [65, 164], i.e., the scalar product of
the corresponding eigenvectors does not vanish in general. In this case, the eigenmodes,
i.e., the two polarization modes of the cavity, have the same ellipticity angle and helicity
but orthogonal polarization orientation. Non-orthogonal eigenmodes were also shown to
exist for gas lasers [164–167] and for VCSELs with an axial magnetic field, which induces
circular anisotropies [65, 164].

To summarize the above findings, the magnitude and orientation of the birefringence,
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the dichroism and the ellipticity can be manipulated by applying stress to the VCSEL.
Several methods have been proposed to achieve this purpose. The one used in [63,65,66]
utilizes the beam of a Ti:Sapphire laser, which is tightly focussed onto the surface of the
VCSEL wafer. Thus, a ‘hot spot’ is created that acts as a point heat source and leads to
thermal expansion of the VCSEL material. The thermal expansion is a source of stress.
By use of this method one can precisely control the anisotropies and the ellipticity.

However, in this thesis another method will be used that is easier to implement. This
method has been established in [59,168]. It utilizes the special form of the TO-46 package,
in which most commercially available small-area VCSELs are obtainable. The mount used
to implement this method is depicted in Fig. 3.3. The TO-46 package is placed between
the plates of the mount. Both plates comprise a drilled hole. The package is positioned
in the mount with the contact pins pointing through the back plate. In order to apply
stress, a needle is placed between the base plate of the VCSEL package and the back
plate of the mount. By turning the screws of the mount the TO-46 package and hence
the VCSEL wafer is bent in the direction perpendicular to the long axis of the needle. A
variation of the tightness of the screws and the alignment of the needle results in a change
of the stress and thus in a change of the anisotropies.

This method is less precise than the ‘hot spot’ technique, but it is sufficient to change
the anisotropies to the order of magnitude that is desired. A severe disadvantage of
this method is the fact that the stress relaxes on time scales of several hours. It is
unclear, whether this relaxation is only due to properties of the mount alone or also due
to relaxation processes inside the VCSEL package. This stability problem exists for the
mount used in the experiments in Münster as well as for the original mount that was used
in [59]. Some of the experimental results presented in this chapter were obtained by using
the latter mount during a visit at the Vrije Universiteit in Brussels. The rather short stress
relaxation time makes it necessary to perform the experiments with a certain speed. It
is also very difficult to match exactly the same stress conditions in repetitive runs of the
experiment. Hence, the measurements cannot be as complete as for devices which exhibit
the desired anisotropies without application of additional stress. For example, the stress
relaxation time is too short to perform detailed measurements over a large interval of
substrate temperatures. Furthermore, a change of the temperature of the mount results
in a change of the strain properties of the mount itself.

3.1.7 Measurement of the effective anisotropies

In [56] two different methods have been established to measure the effective anisotropies.
The effective anisotropies determine the temporal evolution of a perturbation with or-
thogonal polarization to the lasing mode [56, 89, 90, 96, 169]. Since such a perturbation,
which is driven by spontaneous emission noise, appears as the non-lasing mode in the op-
tical spectrum, one possibility of measuring the effective anisotropies is an examination of
optical spectra. The frequencies and the widths of the peaks that correspond to the lasing
and the non-lasing mode are related to the effective birefringence and dichroism, respec-
tively, as follows: The difference in frequency corresponds to the effective birefringence.
The difference in linewidth (HWHM) of the lasing and the non-lasing mode corresponds
to the effective dichroism [56].
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A second method is the analysis of polarization fluctuations in RF-spectra [56]. For
this purpose, it is convenient to express the state of polarization in terms of the so-called
Stokes parameters. After normalization to the total intensity, they are determined by the
polarization angles as [82]

S1 = cos 2χ · cos 2φ , (3.1)

S2 = cos 2χ · sin 2φ , (3.2)

S3 = sin 2χ , (3.3)

where χ and φ are the polarization angles as introduced above (see Fig. 3.2). S1,2,3 are
the fractions of the light which are linearly polarized in the direction of a reference axis,
linearly polarized along a direction that is tilted by 45◦ with respect to this axis, and which
are circularly polarized, respectively. The (normalized) Stokes parameters can range from
-1 to 1. For example, two states of polarization with S2,3 = 0 but S1 = 1 and S1 = -1,
respectively, have orthogonal linear polarization. In general, the Stokes parameters are
time dependent, i.e., the polarization angles are time dependent. The Stokes parameters
are often presented on a unit sphere, the so-called Poincare sphere (see, e.g., [73]). On
this sphere, the poles represent circular polarization. The corresponding polarization
angles are χ = ±π/4 and an arbitrary φ. Linear states of polarization are assembled
on the equator of the sphere with χ = 0 and φ determining the orientation of the linear
polarization. All other states represent elliptical polarization.

For the following discussion, it is assumed that the stationary steady state of polar-
ization is linear with an orientation φs. Perturbations to the state of polarization can
be understood as fluctuations of the polarization angles [56]. These fluctuations appear
as a ‘jitter’ on the Poincare sphere. By means of a properly aligned quarter-wave plate,
the SOP and the fluctuations are rotated on the Poincare sphere in such a way that the
SOP is located on one of the poles, i.e., the SOP is made circular. If now the light is
projected onto the equatorial plane of the sphere by means of a linear polarizer, a mea-
surement of the intensity noise reveals the fluctuations of the polarization angles. For
orientation of the polarizer along φs, one obtains the fluctuations of the ellipticity. For a
polarizer angle of φs+45◦ one obtains the fluctuations of the polarization orientation. The
central frequency of the respective peaks corresponds to the oscillation frequency of the
perturbations to the steady state of polarization (effective birefringence) and the HWHM
corresponds to the damping of these perturbations (effective dichroism) [56]. This method
is more precise than the method based on optical spectra since there is no limitation set
by the finite finesse of a FPI.

For completeness, it should be noted that a peak at the frequency difference of the
lasing and the non-lasing mode – i.e., at the effective birefringence – can also be found
in noise spectra measured through a linear polarizer with 45◦ orientation to the lasing
polarization. This peak corresponds to a beating signal of the lasing and the non-lasing
mode. The HWHM of this peak is the difference of the linewidths of both modes, i.e.,
the effective dichroism. Contrary to the procedure involving a circular SOP, this method
does not reveal the relative strength of fluctuations of the ellipticity and the orientation.

However, the strength of the corresponding peaks depends on the magnitude of the
effective birefringence [56]. This results in the fact that the detection of these peaks
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Figure 3.4: Polarization resolved output power as a function of injection current and substrate
temperature. The power of the mode with lower (higher) optical frequency is denoted by a red
(blue) line. Panel (b) is a magnified view of a part of (a).

becomes increasingly difficult with increasing birefringence. This constitutes practical
limitations for some of the measurements.

3.2 Polarization dynamics close to the lasing thresh-

old

In this chapter, the polarization properties close to the lasing threshold will be investi-
gated. First, the polarization selection on time average will be discussed and its relation
with the substrate temperature and the linear dichroism will be highlighted. This discus-
sion is followed by an investigation of the temporal dynamics.

3.2.1 Time averaged polarization properties

3.2.1.1 Influence of the device temperature

In Fig. 3.4 the polarization resolved output power of one of the devices under study is
displayed as a function of the injection current and the substrate temperature of the
device. At about room temperature, the lasing emission at threshold takes place only in
the polarization direction corresponding to the mode with higher optical frequency (HF-
mode), i.e., the lasing emission is purely linearly polarized. If the current is increased, a
PS to the mode with lower optical frequency (LF-mode) is observed (type I PS). A similar
behaviour has often been reported in literature. If the substrate temperature of the device
is increased, the current value of the PS moves closer to threshold. At about 60◦C the
point of excitation of the LF-mode coincides with the lasing threshold. This leads to



38 Chapter 3. Polarization dynamics in solitary small area VCSELs

0

0.1

0.2

0.3

10 20 30 40 50 60

di
ch

ro
is

m
 (

G
H

z)

substrate temperature (oC)

Figure 3.5: Dichroism at threshold versus substrate temperature for the device investigated in
Fig. 3.4. The data points at 44◦C and 46.1◦C (denoted by circles) stem from a different run of
the experiment than the rest of the data (squares). The data are obtained from RF-spectra (see
Sec. 3.1.7).

emission of both polarizations at threshold. On an increase of the current the HF-mode
is depleted continuously until only the LF-mode is lasing. If the substrate temperature
is increased even further, the relative fraction of power of the LF-mode (HF-mode) at
threshold increases (decreases). This is depicted in Fig. 3.4(b). As evident from the
figure, there is a finite temperature interval in which there is emission in both modes at
threshold. If the substrate temperature is increased even more, the emission at threshold
is dominated by the LF-mode.

The approach of the current value of the PS to threshold with increasing substrate
temperature is accompanied by a decrease of the dichroism at threshold (see Fig. 3.5).
In the regime of excitation of both polarizations at threshold the absolute value of the
dichroism is small but finite.

In subsequent realizations of the experiment the centre of the region with emission of
both polarizations at threshold is found to fluctuate by a few degrees. Some fluctuations
in polarization behaviour of VCSEL devices were reported before [56, 170]. The origin of
these fluctuations is not completely clear but it is probably related to minute changes of
the stress and strain exercised by the mounting on the VCSEL [59, 64, 171]. The latter
explanation is supported by the observation that the linear dichroism fluctuates slightly
for different runs of the experiment (see Fig. 3.5).

3.2.1.2 Two-frequency emission at the lasing threshold

Figure 3.6 shows in greater detail the polarization resolved power as a function of the
injection current (LI-curve) with the substrate temperature set to the regime in which
the laser emits in both modes with equal power at threshold (61◦C). At threshold, both
of the orthogonal polarization modes start lasing with equal time averaged power. Up to
approximately 4% above threshold the power increases equally for both modes. Then a
preference for the LF-mode is observed, although the power in the HF-mode still increases.
The power of the HF-mode reaches a maximum at slightly higher current values. On a
further increase of the current the power in this mode continuously decreases until it
reaches the spontaneous emission level.
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Figure 3.6: Polarization resolved, time averaged power for the device investigated in Fig. 3.4
at a substrate temperature of 61◦C. Red (blue) lines denote the power of the polarization mode
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Figure 3.7: Polarization resolved optical spectrum at a current level of 3.28 mA, i.e., slightly
above the lasing threshold at a substrate temperature of 61◦C. Red (blue) lines denote the
spectrum measured after projection onto the polarization direction corresponding to the mode
with lower (higher) optical frequency.

The optical spectrum at threshold (see Fig. 3.7) shows two peaks of similar magnitude
with orthogonal linear polarizations corresponding to the two modes, i.e., the presence of
power in both polarization directions cannot be attributed to a single elliptically polarized
lasing mode. In the following, the parameter region in which both modes are lasing will
be called two-frequency emission (TFE) regime.

Furthermore, the RF-spectra after projection onto the polarization directions of the
two modes have been examined. For current levels close to the lasing threshold, the RF-
spectra of both modes exhibit pronounced peaks. Since the squared frequency of these
peaks displays an approximately linear dependence on the injection current (see Fig. 3.8)
and since a linear increase of the square of the frequency is a typical characteristic of ROs
(see, e.g., [47]), it can be concluded that these peaks correspond to relaxation oscillations
(ROs).

This is a confirmation that both modes are lasing. If the current is increased above
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Figure 3.8: Square of the frequency of the relaxation oscillations at a substrate temperature of
61◦C. Circles (triangles) denote the frequency observed in the RF-spectrum after projection onto
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3.35 mA, the RO frequency of the LF-mode is slightly larger than the RO-frequency of
the HF-mode. This is the current level at which the depletion of the HF-mode starts (see
inset in Fig. 3.6). After depletion of the HF-mode to the spontaneous emission level, a
RO peak is not observed anymore in the RF-spectra of this mode.

Apparently, the square of the RO frequency deviates from a linear dependence on
current close to threshold (for current values less than 3.4 mA in the case of Fig. 3.8). It
should be stressed that this is not an issue that is inherent to the TFE regime. The RO
frequency displays this behaviour also at lower substrate temperatures, where only one
mode is lasing at threshold. Furthermore, this observation is made for all other devices
that have been investigated, regardless if polarization effects occur or not (see also [172]).

3.2.2 Dynamics

3.2.2.1 Time traces and correlation properties

Figure 3.9 displays the typical temporal dynamics at constant current in the region of
TFE. Part (a) shows the dynamics at the lasing threshold. In both polarization direc-
tions bursts starting from the spontaneous emission level are observed. The bursts have
amplitudes of an equal order of magnitude for both polarization components and appear
with the same probability in a fixed time interval. This corresponds to the fact that the
time averaged power is equal for both polarization modes. However, the amplitude of the
fluctuations in each polarization direction changes in time. There are intervals where the
amplitude of the fluctuations is larger for the LF-mode (e.g., the interval from 25 ns to
30 ns), where the amplitude is larger for the HF-mode (e.g., 30 ns to 35 ns), and intervals
with a comparable amplitude of the fluctuations for both polarization modes (e.g., 50 ns
to 55 ns).

Up to 4% above the threshold, the dynamics do not change qualitatively [Fig. 3.9(b)].
The amplitude of the fluctuations in both components is of the same order of magnitude
as the average power. If the current is increased to values of more than 4% above the
threshold value, the bursts in the polarization direction corresponding to the HF-mode
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Figure 3.9: Polarization resolved time traces in the regime of two-frequency emission (61◦C
substrate temperature): 1% above lasing threshold (a), at the point of maximum power of the
mode with higher optical frequency (4% above threshold) (b), and 8% above threshold (c). Red
(blue) lines denote the power of the polarization mode with lower (higher) optical frequency
(bandwidth 1.1 GHz).

appear less frequently than for the other mode and their amplitude decreases [Fig. 3.9(c)].
In the LF-mode the power fluctuates around a finite DC level. In the whole regime of
emission of both polarization modes in the vicinity of the lasing threshold, mode hopping
(i.e., square-wave-like signals due to an abrupt alternation between the two polarizations
states) as reported in literature for PS higher above threshold (e.g., [58, 80]) is not ob-
served.

In Fig. 3.10 the correlation properties of the time series displayed in Fig. 3.9(b) are
shown. The correlation functions have been calculated from the time traces by use of
the Wiener-Khintchine theorem (see, e.g., [173]). The auto correlation functions of both
modes exhibit a distinct modulation with the frequency of the modulation being the same
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Figure 3.10: Correlation properties of the dynamics displayed in Fig. 3.9(b): the red (blue)
line displays the auto correlation function of the mode with lower (higher) optical frequency, the
black line represents the cross correlation function of the two modes.
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Figure 3.11: Minimum of the cross correlation function of the temporal dynamics of the two
polarization modes in dependence on the injection current. The operating conditions are the
same as in Fig. 3.6.

for both modes. This modulation is also present in the cross correlation function of the
dynamics. Furthermore, the cross correlation function reveals a clear anti-correlation of
the dynamics in the two polarization directions and is slightly asymmetric with respect
to zero time delay. The (anti)correlation decays to zero within a few nanoseconds.

The investigations of Fig. 3.10 have been repeated for other values of the injection
current in the TFE regime. Also there, the dynamics of the two polarization modes has
been found to be anti-correlated. The minimum of the cross correlation functions as
a function of the injection current is displayed in Fig. 3.11. The modulus of the anti-
correlation is continuously increasing in the current interval where both modes are lasing
with equal power (see Fig. 3.6). When the power of the HF-mode reaches its maximum
value, the modulus of the anti-correlation reaches a maximum and decreases afterwards.

In order to identify the origin of the modulation in the cross correlation functions (see
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Figure 3.13: Normalized cross spectral density of the two time traces displayed in Fig. 3.9(b).
The length of the investigated time series is 50 µs. The fluctuations visible for frequencies less
than 150 MHz are induced by perturbations due to broadcast radio signals. They have been
checked to enter into the APDs and to appear also if the output of the VCSEL is blocked. The
operating conditions are the same as in Fig. 3.6.

Fig. 3.10), the square of the frequency of this modulation has been plotted as a function
of current in Fig. 3.12. It has an approximate linear dependence on current which is
characteristic for ROs (see the discussion above). For comparison, the square of the RO
frequencies measured in the spectral domain is also plotted in Fig. 3.12. Within some
small deviations, the modulations of the cross correlation functions agree with the RO
frequencies and show the same characteristic dependence on current. Hence, it can be
concluded that the modulation appearing in the correlation functions in Fig. 3.10 is due
to the ROs.

In order to clarify the influence of the different frequency components on the dynamics,
the normalized cross spectral density (NCSD) of the two time traces of Fig. 3.9(b) has
been computed. The NCSD is obtained from the two time traces Ix,y(t) by Fourier
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transformation (denoted in the formula below by a tilde) and use of the relationship

C(f) =
Ĩx(f) · Ĩy

?
(f)

√

|Ĩx(f)|2|Ĩy(f)|2
, (3.4)

where for each frequency of modulus f the contributions from frequencies f and −f have
been added. This results in a real number for C(f). A derivation of Eq. (3.4) can be
found in, e.g., [174].

The NCSD contains information about the amount of (anti-)correlation at a certain
frequency. The results are given in Fig. 3.13. At low frequencies, the dynamics is almost
perfectly anti-correlated (the features observed for frequencies less than 150 MHz are due
to broadcast radio signals captured by the setup and they appear even when the output
of the VCSEL is blocked). This behaviour corresponds to the overall anti-correlation
found at zero time lag in the cross correlation function in the time domain (see Fig. 3.10)
and the rather slow decay of the envelop of the cross correlation function for larger time
lags. Anti-correlation at low frequencies has been shown to be a robust feature of the
polarization dynamics of VCSELs in previous investigations [175, 176]. If the frequency
increases, the correlation increases (i.e., the modulus of the anti-correlation decreases)
until the NCSD reaches a maximum at 0.6 GHz with a normalized correlation value of
about 0.3. At higher frequencies, the NCSD decays towards zero. The frequency of the
maximum corresponds to the RO frequency of the total power [47,56]. Since the RO are
a process that acts on the total inversion and both polarization modes are lasing in the
regime under study, they have to be influenced simultaneously.

This observation explains why the anti-correlation shown in Fig. 3.10 is not complete
(i.e., -1) although the NCSD at low frequencies is perfect: At zero time lag there is
a contribution from all the frequency components that appear in the NCSD, the high-
frequency components reducing the anti-correlation due to the low-frequency ones.

3.2.2.2 Comparison with other regimes

In the following the dynamics observed in the regime of TFE will be compared to other
regimes of operation. First, the dynamics slightly above threshold for the case of the
selection of only one polarization mode at threshold, followed by a PS if the current is
increased, will be discussed. This is, for example, the case at a substrate temperature
of 21◦C (see Fig. 3.4). The correlation properties of this regime well below the PS are
displayed in Fig. 3.14. As expected, in the auto correlation function of the lasing mode,
which is now the HF-mode, a modulation at the RO frequency is observed. In the auto
correlation function of the non-lasing mode this modulation is almost not detectable. In
the time domain, only few bursts that originate from the noise level are observed for the
non-lasing mode. The dynamics in this regime is comparable to the dynamics in the
regime of TFE far above threshold, where the major fraction of the total power is emitted
in one mode. Nevertheless, a modulation at the RO frequency is also observed in the
cross correlation function. Correspondingly, the NCSD shows weak correlation (≤ 0.25)
in the vicinity of the RO frequency of 0.8 GHz. In the time domain, the minimum
of the cross correlation function is about -0.17. In accordance with this lower value, the
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Figure 3.14: Dynamics and corresponding correlation properties at 21◦C and 4% above the
lasing threshold: polarization resolved power (a), correlation functions in the time domain (b),
and normalized cross spectral density (c). The lines in (b) denote the same properties as in
Fig. 3.10. The length of the analyzed time series is 50 µs. The analogue bandwidth is 1.1 GHz.

anti-correlation at low frequencies in the NCSD is about -0.5, i.e., the modulus of the anti-
correlation at low frequencies has drastically decreased with respect to the TFE regime.
To summarize the above findings, also in the regime of selection of only one lasing mode
at threshold the dynamics close to threshold are characterized by correlated fluctuations
at the RO frequency. The magnitude of the correlation at this frequency is approximately
the same as in the TFE regime, whereas the amount of anti-correlation at low frequencies
is significantly decreased.

If the current is now increased to the point of PS, the dynamics at low frequencies
becomes again almost completely anti-correlated. The NCSD at low frequencies is only
slightly larger than -1, as it has been reported for PS also in [175]. In the time domain,
mode hopping of the two polarization modes at the PS is observed, as it has also been
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Figure 3.15: Same as Fig. 3.14, but for a substrate temperature of 40.8◦C and 3% above
threshold.

reported in literature before [58,81,177]. Since the RO frequency has left the bandwidth of
the oscilloscope at the current level of the PS, the correlation present at the RO frequency
cannot be determined experimentally.

Corresponding to the continuous transition from the selection of one mode at threshold
and a type I PS at higher currents for low temperatures to the TFE at high temperatures,
the correlation properties change continuously with substrate temperature, too. This is
demonstrated for a substrate temperature of 40.8◦C in Fig. 3.15. At and slightly above
threshold, only the HF-mode is lasing, but there are more bursts in the polarization
direction corresponding to the LF-mode than for a lower temperature. Also the amplitude
of the fluctuations in the weaker mode is stronger. This is presumingly due to the fact
that the dichroism is lower. However, the fluctuations are less pronounced than in the
case of TFE.

The cross correlation function exhibits a modulation at the RO frequency and a min-
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Figure 3.16: Same as Fig. 3.14, but for a substrate temperature of 40.8◦C and at the PS
occurring at 11% above threshold.

imum value of -0.26. As for the lower temperature, only the auto correlation function of
the lasing mode is modulated with the RO frequency. In agreement with the increased
modulus of the anti-correlation in the time domain, the NCSD at low frequencies is de-
creased and has a value of about -0.7. The correlation at the RO frequency (0.65 GHz)
is about 0.3.

If the current is increased to 11% above threshold at this substrate temperature, a PS
to the LF-mode occurs. The corresponding dynamics are presented in Fig. 3.16. In the
temporal domain, square-wave-like mode hopping is observed as in the case of a lower
substrate temperature. However, at this substrate temperature the frequency of the max-
imum of the RO peak at the PS (1.25 GHz, measured with a spectrum analyzer) is only
slightly larger than the bandwidth of the oscilloscope. Hence, some fluctuations due to
the ROs are observable in the time domain. Furthermore, there are anti-correlated fluc-
tuations within one hopping interval. These fluctuations might correspond to incomplete,
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Figure 3.17: Same as Fig. 3.16(b), but for a smaller interval around zero time delay.

i.e., ‘unsuccessful’ mode hops. Correspondingly, the cross correlation function exhibits a
strong anti-correlation at zero time delay. The anti-correlation is almost perfect with a
normalized value of -0.97. This is in good agreement with the observation that the NCSD
is close to -1 at low frequencies. Compared with the observations made close to threshold,
the (anti-)correlation decays much slower [note the different scales of the corresponding
axes in, e.g., Figs. 3.10 and 3.16(b)]. This presence of a relatively long time scale is related
to the mode hopping. Although some slight modulation with a frequency close to the one
of the ROs is observed in the auto correlation functions of the modes, this modulation
is almost not detectable in the cross correlation function (see Fig. 3.17). The NCSD is
about zero at the frequency of the ROs.

The TFE regime has also been investigated in detail for another device. The corre-
lation properties found there exhibit the same qualitative characteristics and the same
dependencies on current as found for the device investigated here.

Summary

In this section, the polarization dynamics at and slightly above the lasing threshold has
been analyzed. If the substrate temperature of the VCSEL is changed, a continuous
transition from the selection of one mode at threshold – the mode with higher optical
frequency – followed by a type I PS at increasing current to the selection of both polariza-
tion modes at threshold is observed (two-frequency emission). If the current is increased,
the mode with higher optical frequency is continuously depleted towards the spontaneous
emission level. The observed transition between both scenarios coincides with a decrease
of the linear dichroism. In the case of emission of two modes at threshold, the dichroism
is small but finite.

The dynamics at constant current in this regime are governed by intensity fluctuations
that are of the same order of magnitude as the average intensity. The dynamics of the
two modes are strongly anti-correlated at low frequencies and correlated at the frequency
of the relaxation oscillations. The latter ones are detectable as a modulation in the cross
correlation function. The cross correlation function is asymmetric with respect to zero
time delay. The minimum of the cross correlation function exhibits a striking current
dependence, revealing strongest anti-correlation when the mode with higher optical fre-
quency is lasing with maximum power. The polarization selection and the correlation
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Figure 3.18: Polarization resolved output power against current for the same device that is
investigated in Fig. 3.4. The substrate temperature is set to 10◦C. Red (blue) lines denote
the power in the polarization direction corresponding to the mode with lower (higher) optical
frequency. The inset displays a magnification of the total output power in the vicinity of the
PS, measured without polarization sensitive optics.

properties close to threshold change in a continuous way. If only one mode is selected at
threshold, the correlation properties are qualitatively the same but the anti-correlation at
low frequencies is less pronounced.

It is a particularly interesting question, why one of the two lasing modes is depleted in
the case of the TFE, if the current is increased. One possible mechanism will be proposed
in Sec. 3.4.

3.3 Polarization dynamics above threshold

3.3.1 Polarization switching to the gain disfavoured mode

In this section, the PS that is observed at low substrate temperatures in Sec. 3.2 will be
investigated in greater detail. The investigations will reveal a ‘new’ type of PS, i.e., a PS
with a drop of the output power and a minimum of the effective dichroism.

3.3.1.1 Dependence of output power on the injection current

Figure 3.18 displays the polarization resolved output power as a function of the injection
current (LI-curve) under cw-operation for the same device that is investigated in Fig. 3.4.
The substrate temperature is set to 10◦C. At the lasing threshold the light is emitted in
the HF-mode. The optical spectrum reveals a frequency splitting of the two modes at
threshold of approximately 6 GHz. The linear dichroism is approximately 0.25 GHz. A
PS to the LF-mode is observed at 11% above the threshold current. At the PS a small
decrease of the output power of approximately 3% is observed, i.e., the LF-mode has a
lower emission power than the orthogonally polarized mode at the point of the PS. In
different runs of the experiment the PS current as well as the drop of the output power
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Figure 3.19: Same as Fig. 3.18, including the measurement for decreasing current. The ar-
rows indicate the direction of the polarization switching. The scanning time for the complete
measurement is 160 seconds.

fluctuate slightly, but the effect itself is robust. A linear interpolation of the power of
the mode with lower optical frequency intersects the current axis at a current value that
is higher than the lasing threshold, which is the threshold of the HF-mode. The linear
interpolation is repeated for the power of the HF-mode in the vicinity of the PS. The
resulting line indicates a lower threshold of the HF-mode.

In order to ensure that the observed decrease of power is not due to a residual
anisotropy of the analysing polarization optics, a low bandwidth detector has been placed
directly after the collimation lens. The total output power obtained from this measure-
ment exhibits an abrupt decrease at the PS in accordance with the polarization resolved
experiments (see inset in Fig. 3.18). The data before and after the PS have been linearly
interpolated. The slopes of the resulting lines obtained from the data set before and after
the PS, respectively, are the same within the error of the fitting procedure.

The observed PS exhibits a robust hysteretic behaviour. This is demonstrated in
Fig. 3.19. If the current is scanned downwards, the PS is at a lower current level than
for increasing current. Furthermore, an abrupt increase of power is observed for the
downward current scan. This indicates that the polarization modes are bistable in the
vicinity of the PS, as it has been shown also in past investigations (see, e.g., [79]).

3.3.1.2 Dependence of the relaxation oscillation frequency on the injection

current

An additional tool to visualize the observed decrease in power is a measurement of the
RO frequencies for the orthogonally polarized modes. The advantage of this method
from the experimental point of view is that the frequency of the RO is not changed by
potential polarization anisotropies in the experimental detection system. The square of
the RO frequency is – in linear approximation – expected to be proportional to the output
power or the injection current rescaled to the threshold current, respectively (see [47] and
Sec. 3.2).

In Fig. 3.20 the square of the measured RO frequency is plotted as a function of the
current. At the point of the PS the square of the frequency decreases stepwise. At this
current level, a relaxation oscillation peak can be measured for both polarization modes.



3.3. Polarization dynamics above threshold 51

0

1

2

3

4

5

1 1.04 1.08 1.12 1.16

sq
ua

re
d 

fr
eq

ue
nc

y 
(G

H
z2 )

current norm. to threshold

Figure 3.20: Square of relaxation oscillation frequency versus the injection current. The
parameters are the same as in Fig. 3.18. Circles (squares) denote the relaxation oscillation
frequency before (after) the PS. The red and blue lines are the results of linear fits applied to
the two datasets.

This is due to the fact that mode hopping is observed at the PS (see Sec. 3.2.2.2), i.e.,
both modes are lasing on time average. In addition, the results of linear fits applied to
the data before and after the PS intersect the current axis at different currents. This is
a further indication that the thresholds of the two modes are different, i.e., the threshold
of the LF-mode is higher.

As apparent from Fig. 3.20, the square of the RO frequency has no strict linear depen-
dence on the current close to threshold (see also the corresponding discussion in Sec. 3.2.1).
The origin of the deviation is not understood but might be due to the fact that in gain-
guided devices the modal parameters and modal volume depend on current due to thermal
lensing. It is also obvious from Fig. 3.20 that the intersection of the linear interpolation
for the data of the HF-mode with the current axis is not at the threshold current. This
observation does not depend on the current interval that is used for interpolation. A
similar observation is reported for edge emitters in [178]. There, the RO frequency was
measured as a function of output power. A linear interpolation to the square of the RO
frequency was found to intersect the power axis at a positive value above the threshold
condition. The deviation was connected to the fact that a non-negligible amount of power
is present in other, non-lasing longitudinal modes.

Due to the complications discussed above, the range of data points included in the
fitting procedure has been restricted to the linear part, i.e., to current values larger than
6% above threshold. Despite these complications, it is obvious from the drop of the RO
frequency that the drop of power observed in the LI-curves is not due to anisotropies in
the optical components of the experimental setup.

3.3.1.3 Dependence of the effective dichroism on the injection current

Type I PS has often been shown to be accompanied by a minimum of the effective dichro-
ism (see, e.g., [56,97,179]). In the following, it is tested if this is the case also for the PS
observed here. The results obtained from measurements of polarization noise spectra (see
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Figure 3.21: Effective dichroism in dependence on the injection current. The blue (red) lines
are linear fits applied to the data before (after) the polarization switching. The parameters are
the same as in Fig. 3.18.

Sec. 3.1.7) for the device under study are displayed in Fig. 3.21. The effective dichroism
exhibits a minimum at the point of the PS. Linear fits applied to the data before and after
the PS reveal that the modulus of the slope of the effective dichroism after the PS is larger
than the one before the PS. Similar experimental results are displayed in [56, Fig. 10].

3.3.1.4 Influence of the substrate temperature

The scenario described up to now is observed for substrate temperatures of the VCSEL
ranging from 6◦C to 55◦C. The latter value is in the vicinity of the threshold minimum
of the studied device. Thus, the PS is observed in a temperature range of almost 50◦C.
The increase of the active zone temperature with current varies from 3◦C to 4◦C per mA.
These values have been obtained by a comparison of the redshift of the lasing mode
for increasing current at constant substrate temperature and the redshift for increasing
temperature at constant injection current [172]. The observed PS occurs at current values
less than 1 mA above the lasing threshold. This is an indication that the PS observed in
this VCSEL is not primarily driven by temperature changes.

As already presented in Fig. 3.4, the PS current decreases if the substrate temperature
is increased. If the PS current moves towards the lasing threshold, the current interval for
which mode-hopping occurs increases. This results in a ‘smoother’ switching transition,
i.e., the drop of the output power cannot be measured directly.

For the temperatures at which the drop of the output power could be measured directly,
the dependence of the drop on the substrate temperature is plotted in Fig. 3.22(a). With
increasing temperature the absolute magnitude of the drop decreases, whereas the drop
of the output power relative to the power before the PS increases [Fig. 3.22(b)]. For
the two data points at 20◦C and 25◦ a deviation from the global trend is visible. The
reason for this deviation is unknown. The observation that the absolute drop decreases
with increasing temperature is in good agreement with the observation of a decreasing
linear dichroism (see Fig. 3.5), since the latter quantity sets the difference of the threshold
currents for the two polarization modes. The increase of relative magnitude of the drop
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Figure 3.22: Quantitative properties of the polarization switching with a drop of the output
power in dependence of the substrate temperature. The absolute and relative magnitude of the
drop of the output power are presented in (a) and (b), respectively. The errors result from
limitations in the resolution of the detection system.

can be explained by the decrease of the absolute power at which the PS occurs, since the
PS moves to lower current values if the substrate temperature is increased.

3.3.1.5 Polarization switching under pulsed current excitation

In order to test whether the occurrence of the PS depends on a change of the lattice
temperature, the device investigated in Fig. 3.18 is operated with pulsed current exci-
tation. For this purpose, it is necessary to mount the device in a different holder that
is designed to supply the laser with short current pulses. However, after mounting the
device in this holder the linear anisotropies have changed significantly. For example, for a
substrate temperature of 35◦C the linear birefringence has increased by a factor of about 4
to 22 GHz at threshold. The linear dichroism has increased by a similar factor to a value
of 0.64 GHz at threshold.

Despite the change of the linear anisotropies, the type I PS and the drop of the
total output power at the PS are still observed. This is demonstrated in Fig. 3.23 for
several substrate temperatures. The relative drop of the output power still increases with
increasing substrate temperature, i.e., with decreasing switching current. The current
value for which the PS occurs has increased significantly with respect to Fig. 3.4 (about
a factor of two in units relative to the threshold current). Correspondingly, the regime
of TFE has moved beyond the recommended temperature interval of operation for the
device under study.
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Figure 3.23: Total output power against current for DC-current operation. The substrate
temperature of the device is 35◦C (a), 51.5◦C (b), and 60◦C (c). Polarization switching occurs
at the current value where the total power exhibits a sudden drop. The displayed part of the
power-current characteristic is limited to the vicinity of the polarization switching for a better
visualization of the power drop.

Figure 3.24 displays the polarization resolved output power in dependence of the total
injection current for pulsed current excitation. The total injection current consists of a
DC-bias and a pulsed component that is added to the bias. The bias current is set to a
value slightly below the threshold for DC-current excitation. For example, the threshold
at 35◦C is at 3.42 mA under DC-operation. The bias current under pulsed operation is set
to 3.40 mA in this case. The lowest pulse current is chosen such that it takes the VCSEL
above lasing threshold. The height of the pulses is then increased in steps of 0.08 mA.

The response of the VCSEL to the pulsed excitation is measured with the APDs and
the oscilloscope with 1.1 GHz bandwidth. The power that is emitted at a certain current
level is determined by the power of the respective mode at the end of the current pulse.
The VCSEL is considered to have switched polarization if the polarization mode that
emits with more power changes. For some current levels mode hopping occurs within
one current pulse. In this cases the mode that emits with more power at the end of the
pulse may change for repetitive pulses. Hence, for each current level the response of the
VCSEL is averaged over 500 repetitive pulses. The power emitted at a certain current
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Figure 3.24: Polarization resolved output power against current for pulsed current operation.
The substrate temperature of the devices is 35◦C (a), 51.5◦C (b), and 60◦C (c). The power of
the mode with lower (higher) optical frequency is denoted by a red (blue) line. The bias current
is set to a value slightly below the threshold for DC-current operation, whereas the strength of
the current pulses has been continuously increased. The length of the current pulses is 50 ns.
They occur with a repetition rate of 1 kHz (5 × 10−5 duty cycle).

level is then determined from the averaged response. The number of 500 repetitions is
sufficient, since the statistical properties of the results do not change significantly, if the
number of repetitions exceeds about 100.

In Fig. 3.24, 50 ns long pulses are applied to the VCSEL with a repetition rate of 1 kHz.
As in the DC-experiments, the HF-mode is lasing at threshold. The power of the LF-mode
remains on the spontaneous emission level. If the current is increased beyond a certain
level [e.g., 6.5 mA in Fig. 3.24(b)] the power of the LF-mode increases. Simultaneously,
the power of the HF-mode decreases. This development continues, until both modes emit
with equal power [e.g., 7.5 mA in Fig. 3.24(b)]. If the current is increased further, the
power of the HF-mode decreases, until it reaches the spontaneous emission level, i.e., the
dominant mode changes. These observations show that the type I PS also occurs if the
investigated device is operated with current pulses that are shorter than the relaxation
time of the lattice temperature [57, 71]. The excitation of the non-dominant mode in a
finite interval around the PS is due to mode hopping at constant current. As reported,
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Figure 3.25: Same as Fig. 3.24(c), but for current pulses with a length of 30 ns (a) and
10 ns (b), respectively.

mode hopping occurs also in the experiments with DC-operation of the VCSEL. In the
latter case, the mode hopping is observed only in a very tiny current interval around
the PS and the switching transition is less ‘smooth’ than in Fig. 3.24. This difference is
probably due to a stronger current noise of the pulse current driver.

Also other features of the PS are changed. It is apparent by comparing Figs. 3.23
and 3.24 that the current level of PS is significantly higher in the case of pulsed operation
than for DC-operation. This has also been reported for the type I PS investigated in [57].
Here, the increase of the switching current is about 5.7 mA, 3.6 mA, and 2.4 mA for
substrate temperatures of 35◦C, 51.5◦C, and 60◦C, respectively. The difference of the PS
currents for the two modes of operation can be explained to some extent by the fact that
under DC-operation the (lattice) temperature of the active region increases with increasing
current (see, e.g., [23]). Thus, under DC-operation the active region temperature at the
point of the PS is larger than the temperature of the substrate. Since the PS current
decreases with increasing substrate temperature (see Figs. 3.23, 3.4 and 3.24), it is to be
expected that under pulsed excitation the PS occurs at larger current levels, because in
the latter case the additional Ohmic heating is absent.

Finally, the observations made in Fig. 3.24 are tested to be robust against varia-
tions of the length of the current pulses. For this purpose, the measurement reported in
Fig. 3.24(c) has been repeated for pulses of 30 ns and 10 ns duration, respectively. As
obvious from Fig. 3.25, the PS occurs also for these parameters. The pulse length does
not influence the PS qualitatively, but the PS current decreases slightly with decreasing
pulse length. The physical origin of the latter observation is unknown at the moment,
but this observation can be regarded as a further argument against the responsibility of
thermal mechanisms in inducing the PS.
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Figure 3.26: Polarization resolved power (a) and effective dichroism (b) against current for
another device. The red (blue) lines in (a) denote the power in the polarization component
corresponding to the mode with lower (higher) optical frequency. The data in (b) are obtained
from optical spectra. The linear birefringence is approximately 18 GHz. The linear dichroism
is approximately 1.7 GHz. The substrate temperature is 20◦C. The observed scenario has been
obtained by applying mechanical stress to the VCSEL package. The small deviation between the
switching current in (a) and the current of the minimum effective dichroism in (b) is attributed
to a drift of the stress conditions (see Sec. 3.1.6).

3.3.1.6 Results for other devices

The device investigated in the previous sections is not the only one for which a type I PS
with a drop of the output power and a minimum of the effective dichroism is observed.
Results obtained for other devices are presented in Figs. 3.26 and 3.27. These devices did
not exhibit polarization effects without the application of additional mechanical stress.
This can be explained by the very large inherent linear anisotropies of the investigated
devices. After a treatment with the method explained in Sec. 3.1.6, the device anisotropies
could be tuned to lower values (given in the respective figure captions).

For the results presented in Fig. 3.26(b) measurements of optical spectra had to be
performed, since a peak that corresponds to polarization fluctuations could not be detected
in RF-spectra for current values outside a small interval in the vicinity of the PS. It is
conjectured that this is due to the large linear birefringence of 18 GHz which results in
decrease of the magnitude of the corresponding peak in the RF-spectra (see Sec. 3.1.7).
Close to the PS, mode-hopping is observed, which is also evident from the rather smooth
switching transition that is observed in Fig. 3.26(a). In the mode-hopping regime, the
damping of the non-lasing mode is sufficiently weak to enable the detection of a beating
signal of the two polarization modes in the RF-spectra. The values extracted from RF-
and optical spectra agree within the measurement uncertainties.

A PS with a drop of the output power has also been observed for type II PS, i.e., for
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Figure 3.27: Same as Fig. 3.26, but for another device. The data in (b) are obtained from
RF-spectra. The linear birefringence is approximately 3.5 GHz. The linear dichroism is approx-
imately 0.6 GHz. The observed scenario has been obtained by applying mechanical stress to
the VCSEL package. The small deviation between the switching current in (a) and the current
of the minimum effective dichroism in (b) is attributed to a drift of the stress conditions (see
Sec. 3.1.6).
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Figure 3.28: Same as Fig. 3.27, but for different mechanical stress conditions. The data in (b)
are obtained from RF-spectra. The linear birefringence is approximately 0.65 GHz. The linear
dichroism is approximately 0.1 GHz. The lines represent the results of linear interpolations to
successive current intervals. They are solely intended as a guide for the eye. The observed
scenario has been obtained by applying mechanical stress to the VCSEL package.
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switching from the LF-mode to the HF-mode (see Fig. 3.28). Also in this case the effective
dichroism exhibits a minimum at the PS. However, there is a pronounced difference to
the type I PS investigated before. The observed minimum in the case of type I PS is
a global minimum in the sense that the minimum dichroism value observed at the PS
is smaller than the value at threshold. This is not the case in Fig. 3.28(b). There, the
minimum value is not smaller than the threshold value. A possible explanation for the
observed differences will be discussed in Sec. 3.4. For completeness, it should be noted
that a minimum of the effective dichroism was not detected for other type II switchings
than the one discussed in this section.

Summary

In this section, PS with a drop of the output power at the point of the PS has been
investigated in detail. To the best knowledge of the author, this is unprecedented in
literature for current driven VCSELs (very recently, a PS with a drop of the output
power has been observed for optically pumped long wavelength VCSELs [103], but has
not been investigated in detail). The drop of output power is also evident from a drop of
the RO frequency. Linear interpolations of the investigated LI-curves and the square of
the RO frequency as a function of current reveal that the mode that is lasing after the PS
is the mode with the higher lasing threshold. Hence, the observed PS can be interpreted
as a PS to the mode that is disfavoured by the linear net gain. Despite the fact that
the PS is a PS to the mode with larger threshold, a minimum of the effective dichroism
is observed at the PS. The observations that (i) the PS occurs over a huge interval of
substrate temperatures and that (ii) the PS occurs also for operation with short current
pulses indicate that the PS is not due to effects related to the lattice temperature of the
VCSEL structure. A drop of the output power has been observed for type I as well as
type II PS.

3.3.2 Destabilization of the mode with lower frequency and dy-

namical states

This section gives an investigation of the dynamical states (see, e.g., [27]) that have been
observed in an experiment for the first time in [77]. However, the interpretation of the
results obtained in [77] is complicated by the fact that the VCSEL studied there was
already emitting in an elliptical but well defined stationary SOP at the lasing threshold.
In this section, it is investigated first, whether the occurrence of the dynamical states (DS)
is independent of the ellipticity of the SOP at threshold. It will thereby be demonstrated
that DS can occur also in other scenarios than a single type II PS. Further investigations
are aimed at a characterization of the DS, especially of the temporal dynamics. The
investigated devices have been subjected to mechanical stress in order to tune the linear
anisotropies.



60 Chapter 3. Polarization dynamics in solitary small area VCSELs

0

0.2

0.4

0.6

0.8

4 5 6 7 8

po
w

er
 (

ar
b.

 u
ni

ts
)

current (mA)

-20 -10 0 10 20sp
ec

tr
al

 d
en

si
ty

 (
ar

b.
 u

ni
ts

)
frequency (GHz)

Figure 3.29: Polarization resolved output power against current for projection onto the main
axes of the state of polarization at threshold. The ellipticity angle at threshold is 5◦. The red
(blue) line corresponds to the power measured after projection onto the main axis of the SOP
of the mode with lower (higher) optical frequency. The arrows indicate the current interval in
which dynamical states are observed. The inset shows the optical spectrum for a current level
of 8.02 mA after projection onto the linear polarization minimizing the main peak. The largest
peak is cut off for a better visualization of the smaller peaks. The amplitude of the highest peak
is approximately 3.3 times larger than the amplitude of the largest side peak. The substrate
temperature is set to 25◦C. The relative poor suppression ratio between the two polarization
components after the PS is to some part due to the finite ellipticity (10◦ after the PS) and due
to the fact that the principal axis of the polarization ellipse changed by 20◦ between threshold
and the PS.

3.3.2.1 Dependence of the occurrence of the dynamical states on the state

of polarization at threshold

In Fig. 3.29 the polarization resolved power after projection onto the eigen directions
of the polarization ellipse of the SOP at threshold is displayed for a device with an
ellipticity angle of 5◦. At threshold only the LF-mode is lasing. As observed in [77], the
power increases in both polarization components with increasing current due to the finite
ellipticity. Simultaneously, the ellipticity angle increases with increasing current (such a
behaviour has been predicted for steady states with nonzero ellipticity in [163]). First,
this increase takes place rather slowly and with an approximately constant slope. At a
current value of 7.4 mA (χ = 15◦) the slope of the ellipticity angle versus current increases
drastically. In LI-curves measured by projection on linear polarization states, this increase
of ellipticity manifests itself by an increase of the slope of the power in the weaker linear
polarization component, i.e., by strong – though still continuous – increase in power (see
Fig. 3.29). The ellipticity angle reaches its maximum value of 24◦ at 7.95 mA. At an
injection current of 7.89 mA sidebands emerge in the optical spectrum (see left arrow in
Fig. 3.29). They indicate the onset of dynamical states. The emergence of the sidebands
coincides with a decrease of the fractional polarization (see Fig. 3.30). The fractional
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Figure 3.30: Fractional polarization corresponding to the scenario of Fig. 3.29. The arrow
labelled “PS” indicates the point of polarization switching.

polarization is defined as [82]

F.P. =
√

< S1 >2 + < S2 >2 + < S3 >2 (3.5)

and measures the purity of the state of polarization (also often called “degree of polar-
ization”), where S1,2,3 are the normalized Stokes parameters defined in Eqs. (3.1)-(3.3)
and < · > denotes temporal averaging. Since the Stokes parameters are measured in the
experiment with low-bandwidth detectors (bandwidth < 1 MHz), a temporal average over
the fast time scales of the optical field is readily performed.

So far the observations match the results of [77,78]. In contrast to the latter work, in
this laser the sidebands disappear directly at the point of the PS (8.05 mA, right arrow in
Fig. 3.29). After the PS, the fractional polarization increases again. The ellipticity angle
drops down to 10◦ directly after the PS.

By application of the strain method introduced in [59] to another device the scenario
depicted in Fig. 3.31 has been encountered. At threshold, the lasing mode is the HF-mode.
It can be completely suppressed by means of a linear polarizer within the limits of our
experimental setup. The ellipticity angle is smaller than 1◦ (the ‘background’ contribution
due to imperfections in the setup is about 0.6◦) , i.e., the SOP can be regarded as linearly
polarized (see also [56] and Sec. 2.3). If the current is increased, at first a PS to the LF-
mode occurs. This type I PS is discussed in more detail in Sec. 3.3.1.6 (see also Fig. 3.27).
Dynamical states do not appear at the first PS.

Up to a current of 6.5 mA – i.e., in a current range extending beyond the first PS – the
ellipticity stays below 4◦. If the current is increased further (beyond 6.5 mA), the ellipticity
angle strongly increases (see also the increase of power in the weak linear polarization
component) and reaches about 22◦ before the second PS. At a current value of 6.55 mA
sidebands appear in the optical spectrum and the fractional polarization decreases strongly
(the minimum value is about 0.6, see Fig. 3.32). The sidebands disappear at the second
PS, which is a switching back to the HF-mode. The fractional polarization increases again
after the PS and the ellipticity drastically decreases. Hence, it can be concluded that the
scenario reported here is qualitatively similar to the one observed for a single PS from the
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Figure 3.31: Same as Fig. 3.29 but for a different device with an ellipticity angle ≤1◦ at
threshold. The inset shows the optical spectrum for a current of 6.66 mA after projection onto
linear polarization. The largest peak is cut off for a better visualization of the smaller peaks.
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Figure 3.32: Fractional polarization corresponding to the scenario of Fig. 3.31. The arrows
labelled “PS1,2” indicate the points of polarization switching. Due to relaxation of the stress
properties, the PS currents are slightly changed with respect to Fig. 3.31.

LF- to the HF-mode, i.e., there exists a robust switching transition in which the LF-mode
can be destabilized. This transition is as follows:

1. an approximately linearly or weakly elliptically polarized LF-mode that corresponds
to a pure SOP,

2. a purely elliptically polarized steady state, which has still the lower optical frequency
but a larger ellipticity than the preceding SOP,

3. elliptically polarized dynamical states with a low fractional polarization,

4. PS to the (approximately) linearly polarized HF-mode.
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Figure 3.33: (a) Same as Fig. 3.29 for the same device, but for slightly different stress condi-
tions, i.e., slightly larger birefringence (ellipticity angle of 2◦ at threshold). The corresponding
current dependence of the fractional polarization is displayed in (b). The inset shows the optical
spectrum at 9 mA for projection onto the linear polarization state minimizing the main peak.
High order modes are excited for currents larger then 9 mA, however, their frequency is not
in the spectral window displayed. First, the ellipticity angle slightly decreases with increasing
current and then increases to 5◦ at about 8 mA.

3.3.2.2 Instability regime

The occurrence regime of the dynamical states is not necessarily restricted to the vicinity
of a PS. This is demonstrated in Fig. 3.33. As depicted in part (a), the LF-mode is lasing
at threshold. If the current is increased, this mode remains lasing until a current value of
about 8 mA. At this current level, a strong increase of power in the orthogonal polarization
direction is observed. At the same time, for current values larger than 8 mA sidebands
in the optical spectrum are observed [see inset in Fig. 3.33(b)]. Fig. 3.33(b) shows the
fractional polarization that corresponds to part (a) in dependency of the current. At
current levels close to the lasing threshold, the fractional polarization is reduced due to
the strong impact of the non-lasing mode that is driven by spontaneous emission. For
slightly higher current values, the fractional polarization reaches about 0.97 and remains
at first on that level. The latter value corresponds to an almost pure SOP. At about
8 mA, i.e., when the sidebands in the optical spectrum emerge, the fractional polarization
drops to lower values and remains approximately constant at 0.53 for increasing current.
A recovery of the fractional polarization to a value close to unity, as it occurs for PS, is
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Figure 3.34: Power spectra measured with a spectrum analyzer (a) and time series (b,c) of
the dynamics in the regime of the emission of dynamical states. The red (blue) line in (a)
represents the power spectrum after projection onto the linearly polarized state with maximum
(minimum) DC-output. The corresponding time trace is given in (b) and (c), respectively. All
data were measured after 40 dB amplification. The detection bandwidth is 20 GHz in (a) and
6 GHz in (b,c). Note that the two time traces have not been obtained simultaneously and that
the DC-information is lost due to the amplification.

not observed. Here, a different kind of polarization instability is observed, i.e., a large
current interval in which apparently none of the purely polarized steady states is stable. A
scenario like the one described here has been predicted in [27] but has not been observed
in experiments before.

3.3.2.3 Dynamical properties

In some of the experiments a fast digital oscilloscope was available, allowing for an investi-
gation of the temporal dynamics during the emission of the dynamical states. In Fig. 3.34
the dynamics are illustrated for the same device that is investigated in Fig. 3.31 but for a
different run of the experiment. The properties of the SOP at threshold and the switching
scenario are almost the same as in Fig. 3.31 but the PS occurs at slightly higher switching
currents. This is presumably due to slightly different linear anisotropies. As depicted
in Fig. 3.34(a), a strong peak at a frequency of about 2.1 GHz is observed in the power
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Figure 3.35: Temporal dynamics at 5.8 mA for the scenario reported in Fig. 3.28. The time
trace after projection onto the linearly polarized state with maximum (minimum) DC-output
is given in (a) and (b), respectively. The black lines are obtained by application of a low-pass
filter to the time series. The cut-off frequency of the filter is 2.5 GHz. All data were measured
after 40 dB amplification. Note that the two time traces have not been obtained simultaneously
and that the DC-information is lost due to the amplification.

spectrum for projection onto the linear polarization directions corresponding to maximum
and minimum time averaged power, i.e., onto the main axes of the polarization ellipse of
the time averaged SOP. This frequency corresponds to the distance of the sidebands in the
optical spectrum (in optical frequencies) and can therefore be interpreted as the beating
frequency between the different ‘modes’ which are oscillating at adjacent frequencies. In
accordance with the excitation of several sidebands in the optical spectrum (see also inset
of Fig. 3.31), also higher harmonics of the beating frequency are observed in the power
spectrum.

Corresponding to these frequencies, pronounced oscillations are observed in the time
domain [see Fig. 3.34(b) and (c)]. The oscillation at 2.1 GHz is observed for projection
onto both of the polarization main axes. However, the time traces have not been obtained
in a simultaneous measurement. Hence, they contain no information about the correlation
properties of the dynamics.

From these observations the following conclusions can be drawn: First, due to the
existence of a rather – but not completely – regular temporal oscillation at the frequency
that corresponds to the splitting of the sidebands in the optical spectrum, the sidebands
can be considered to belong to a (nearly) locked state and not as independent modes.
Second, the presence of these oscillations in both linear polarization components in com-
bination with the strongly decreased fractional polarization hints to an oscillation of the
characteristic polarization angles, i.e., ellipticity and orientation of the SOP. This issue is
discussed further in the theoretical section.
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Signatures of the dynamical states are also observed in the vicinity of the PS for the
scenario depicted in Fig. 3.28. Exemplary time traces for projection onto linear polar-
ization are presented in Fig. 3.35. The dominant frequency in the power spectrum (not
shown) is about 0.6 GHz. There are also faster oscillations present, which stem from RO at
frequencies about 4 GHz and detection noise. For projection onto maximum DC-power,
the optical spectrum (not shown) exhibits shoulder-like structures which are approxi-
mately separated from the main peak by the dominant frequency of the power spectrum.
But the corresponding signal is to weak for a detailed analysis. The small amplitude of
the shoulder-like structure is compatible with the observation that the ellipticity is rather
small [note the weak increase of power in the HF-component between 5.5 mA and the PS
in Fig. 3.28(a) in comparison to the other cases where DS are observed].

Summary

In this section, it has been shown that the occurrence of the dynamical states, which can
be observed in the vicinity of a type II PS, is independent of the state of polarization at
threshold. It has further been shown that the dynamical states can occur in a double PS
scenario and without a PS occurring at all. In all of the examined cases, the destabilization
of the purely polarized steady state of polarization with lower optical frequency occurs
via an elliptically polarized steady state with increased ellipticity that is replaced by
elliptically polarized dynamical states. The temporal dynamics during the emission of
the dynamical states has been shown to consist of oscillations at the frequency splitting
of the sidebands in the optical spectrum.

3.4 Comparison of the experimental results with the

extended spin-flip model

In this section the experimental results are compared with the predictions of an extended
version of the spin-flip model (ESFM). This choice is motivated by the fact that the
results of the preceding section (elliptical states of polarization, dynamical states) are not
reproducible if the phase degree of freedom of the optical fields is not taken into account.
Furthermore, already the results of Sec. 3.3.1 indicate the need for a non-linear coupling
mechanism of the polarization components. The ESFM supplies both ingredients (for a
further discussion, why other existing models will not be sufficient, see page 23).

It is the aim of this section to test whether the ESFM is able to qualitatively repro-
duce the experimental observations, i.e., the reproduction of the qualitative experimental
trends. It is beyond the scope of this thesis to achieve quantitative results like, for exam-
ple, the exact determination of device parameters.

As the original SFM (and all of its simplifications), the ESFM does not take into
account a misalignment of the linear anisotropies. Hence, elliptically polarized steady
states at the lasing threshold cannot occur 1. However, it was shown experimentally in

1An exception might be that the LF-mode is destabilized directly at threshold in favour of elliptically
polarized steady states which are followed by DS, if the current is increased. For finite linear birefringence
and a moderate dichroism this would imply an infinitesimally small spin flip rate (see, e.g., [27, Eq. 33]).
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the previous section that the elliptical SOP at threshold that was observed in some cases
is not a necessary prerequisite for the effects observed there. Furthermore, elliptical states
of polarization did not occur in the rest of the experiments. Hence, a misalignment of the
linear anisotropies is neglected in the following.

The theoretical investigations that are presented in this section were performed with
computer programs developed by J. Mulet from the “Instituto Mediterráneo de Estu-
dios Avanzados” (IMEDEA, Universitat de les Illes Balears, Palma de Mallorca, Spain).
The author is very grateful to him for the kind permission to use his programs for the
simulations and the linear stability analyses.

3.4.1 The extended spin-flip model

As in the original SFM, in the ESFM only the conduction band (angular momentum
J = 1/2) and the heavy-hole valence band (angular momentum J = 3/2, Jz = ±3/2)
are taken into account (see Fig. 3.36). The characteristic feature of these models is
that they account for two carrier populations with opposite spin and a coupling of these
populations. Due to selection rules, transitions for right (left) circularly polarized photons
are only possible for electrons with Jz = 1/2 (Jz = −1/2) that recombine with holes with
Jz = 3/2 (Jz = −3/2) [180]. The coupling rates of carrier populations with opposite
spin (the terms that are used more often are spin-flip rate or spin-relaxation rate) of the
electron and hole populations with opposite spin are different in magnitude [15]. Since the
relaxation processes among hole populations with opposite spin occur on much shorter
time scales, the rate at which the two spin sub-systems are effectively equalized is the
spin relaxation rate for the electrons. Some of the mechanisms that couple electrons with
opposite spin are spin-orbit interactions, exchange interactions between electrons and
holes and the lack of inversion symmetry in III-V semiconductors (see [15] and references
therein).

The original version of the SFM models the semiconductor material as a spin degen-
erated two-level medium [15,26]. The corresponding scheme of the energy levels is shown
by the dashed lines in Fig. 3.36. This is obviously a very strong simplification. A rather
realistic semiconductor susceptibility was introduced in [88]. The term “rather realistic”
is meant to indicate that the susceptibility is not as exact as within a fully microscopic
model that is based on first principles (see, e.g., [67]), but it reproduces many of the key
features that are known from a more refined treatment.

The analytical expression for the semiconductor susceptibility obtained in [88] depends
on the frequency of the light wave and on the number of charge carriers. Thanks to the
frequency dependence one is capable to account for changes in the detuning between
the frequency that corresponds to the band gap energy and the cavity resonances of the
laser. Hence, the thermal shift of resonances due to temperature changes as they often
occur in experiments can be modelled in a straightforward way. Another advantage of the
susceptibility introduced in [88] is the reduction of the number of free parameters that
are not a priori known and difficult to access in experiments. The linewidth enhancement
factor for semiconductor lasers [85] directly results from the susceptibility. In the original
SFM it has to be chosen separately. The other parameters that appear in the ESFM due
to the new susceptibility do not influence the dynamics qualitatively.
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Figure 3.36: Scheme of the energy levels that are taken into account in the (extended) spin-
flip model. Light hole and split-off valence bands are disregarded. E± denotes right and left
circularly polarized photons. γj and γj,h are the spin-flip rate for the conduction band and
valence band, respectively. γp,a denotes the linear birefringence and dichroism, respectively,
which couple the circularly polarized polarization components.

Under fundamental transverse mode operation, the evolution of the circularly polarized
components of the electric field E± (slowly-varying envelopes) and the electronic densities
D± with opposite spin (normalised to the transparency density Nt) are governed by [87,
180, 181]:

Ė±(t) = −κE± + i
aΓ

2
χ±

(

Ω + i
Ė±

E±
, D+, D−

)

E±

−(γa + iγp)E∓ +
√

βspD±ξ±(t) , (3.6)

Ḋ±(t) =
1

2
µ
It
eNt

− AD± −BD2
± ∓ γj(D+ −D−)

+a · Imχ±

(

Ω + i
Ė±

E±

, D+, D−

)

|E±|2 . (3.7)

The electronic densities with opposite spin interact with circularly polarized light with dif-
ferent helicity through the frequency dependent susceptibility χ± [87,88]. The analytical
expressions for χ± obtained in [88] are

χ±(ω±, D±) = −χ0

[

ln

(

1 − 2D±

u± + i

)

+ ln

(

1 − D+ +D−

u± + i

)

− ln

(

1 − b

u± + i

)]

, (3.8)

where

u± =
ω±

γ⊥
+ ∆ + σ(D+ +D−)1/3 , ∆ =

Ω − ωt
γ⊥

. (3.9)
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∆ is the detuning between the cavity resonance Ω and the nominal transition frequency
ωt of the band gap, normalized to the decay rate γ⊥ of the dielectric polarization. Thus,
the difference in thermal shift of the frequency of the gain maximum and of the cavity
resonance can be modelled by a variation of ∆. σ (fixed to 0.2 in the following) de-
scribes band-gap shrinkage and b (fixed to 104) is a background contribution to χ without
pumping. Spin-flip processes that reverse the electron spin directly couple the two carrier
reservoirs. This effect is phenomenologically accounted for by means of the spin-flip rate
γj. µ is the injection current normalized to the transparency current (It), e is the elemen-
tary charge. The linear contribution to the birefringence and dichroism are γp and γa,
respectively. In the framework of this model γa is a pure loss anisotropy. The differences
in material gain due to the frequency splitting between the modes are incorporated by
the optical susceptibility χ±. The rest of parameters are the cavity losses κ, the effective
gain constant a, the confinement factor Γ (fixed to 0.045), the non-radiative and bimolec-
ular recombination rates of the carriers A and B, and the spontaneous emission rate βsp.
Finally, ξ±(t) are white Gaussian random numbers with zero mean and delta correlated
in time that model spontaneous emission processes.

For convenience, the simulations have been performed in the circularly polarized basis.
To obtain expressions for the linearly polarized components one has to use the relations
E|| = (E+ + E−)/

√
2, E⊥ = (E+ − E−)/(i

√
2). The parameters used for the simulations

are given in the figure captions and can be considered to be typical VCSEL parameters.
The spin flip rate γj is taken as a fit parameter. It is found that the experimentally
observed dynamics can be reproduced best, if a γj of the order 20 ns−1 is used.

The Eqs. (3.6–3.7) have two orthogonal linearly polarized steady state solutions which
consist of the circularly polarized components [182]

E± = Qe−i(ω0t±ψ) , (3.10)

D± = D0 . (3.11)

Depending on which of the two linearly polarized fields is considered, the circularly po-
larized fields lock at a phase ψ = 0 or ψ = π/2, respectively. The amplitude Q of the
respective solution is given by the equation

Q2 =
ΓIt

4eNt

(

µ− µth
κ± γa

)

, (3.12)

where the threshold current is given by µth = 2(AD0 + BD2
0). Finally, the steady state

inversion D0 and the steady state frequency ω0 are determined by solving the equations

−Γ
a

2
Imχ±(ω0 + Ω, D0) = κ± γa , (3.13)

−Γ
a

2
Reχ±(ω0 + Ω, D0) = ω0 − (±γp) . (3.14)

In Eqs. (3.12)-(3.14) the + and − signs correspond to the solution with ψ = 0 and
ψ = π/2, respectively. The equations predict different frequencies and different steady
state inversions for the two orthogonal linear polarization modes. The different steady
state inversions result in different thresholds.
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Figure 3.37: Stability diagram of the linearly polarized solutions of Eqs. (3.6–3.7) as a function
of the detuning ∆ and the current normalised to its transparency value. The stability properties
were determined by a numerically performed linear stability analysis. In the area labelled HF
(LF) only the linearly polarized mode with higher (lower) optical frequency is stable. In the
area labelled with “bistability” both modes are stable. In areas without any label, none of
the two modes is stable. The lowest boundary indicates the lasing threshold. The parameters
are γa=0, γp=18 ns−1, γj=20 ns−1, A=0.5 ns−1, B=1 ns−1, κ=300 ns−1, a = 2.3 × 104 ns−1,
γ⊥ = 1 × 104 ns−1.

3.4.2 Polarization dynamics close to the lasing threshold

In the present section the predictions of the ESFM are compared to the experimental
results obtained especially in the regime of two-frequency emission (TFE). First, the re-
sults of a linear stability analysis are discussed. Next, simulations including spontaneous
emission noise will be performed and the resulting dynamics and their correlation prop-
erties will be analyzed. This section ends with a discussion of the influence of parameter
variations.

3.4.2.1 Linear stability analysis

As a first step, a linear stability analysis (LSA) of the steady state solutions with a linear
SOP is performed in dependence on the detuning and the current (see Fig. 3.37). As
outlined already in Sec. 2.3, a change of the detuning as defined by Eq. (3.9) corresponds
to a change of the temperature of the VCSEL structure. The linear stability is calculated
by adding small perturbations to the steady state solutions and determining the temporal
evolution of these perturbations, where an exponential decay (growth) of the perturbations
means linear stability (instability).

In the following, the lasing threshold is defined as the minimum of the thresholds of
the two polarization modes. The linear anisotropies used as parameters in Fig. 3.37 are
chosen such that they resemble the ones that are measured in the experiment of Fig. 3.4.
By choosing γa = 0 it is ensured that the two modes with orthogonal linear polarization
have equal thresholds at the threshold minimum (∆ ≈ 0.65). Both modes are stable at
the threshold of lasing emission. If the current is increased at ∆ ≈ 0.65, both modes
remain stable up to more than two times the threshold current. At even higher currents
only the HF-mode is stable. However, such current levels are beyond the experimental
range of fundamental transverse mode operation.
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Figure 3.38: Polarization resolved output power in dependence of the detuning ∆ and injection
current µ. Red (blue) lines denote the power of the mode with lower (higher) optical frequency.
The parameters are the same as in Fig. 3.37. Spontaneous emission noise has been added with
βsp =10−6 ns−1. The current is held constant in intervals of 100 ns.

If the detuning is decreased (increased), only the HF-mode (LF-mode) is stable. If
the current is increased on either side of the threshold minimum, a regime of bistability is
encountered. For ∆ < 0.3, first the HF-mode becomes unstable if the current is increased
and then the LF-mode loses stability. For ∆ > 0.3, the LF-mode becomes unstable if the
current is increased, but the HF-modes remains stable. Note that there is a non-trivial
region – i.e., not below the lasing threshold – in parameter space (about 0 ≤ ∆ ≤ 0.3 and
µ ≥ 4.5), where none of the two linearly polarized modes is stable.

From these predictions of the LSA one would expect to observe the following scenario
at fixed detuning and for current values less than two times the respective threshold
current: For ∆ ≤ 0.3 only the HF-mode is lasing at threshold. If the current is increased,
type I PS occurs as soon as the HF-mode becomes unstable well above threshold. For
0.3 < ∆ < 0.65 only the HF-mode is lasing at threshold, too. However, if the current is
increased, no PS occurs since the HF-mode does not become unstable. If ∆ >

∼ 0.65, only
the LF mode is lasing. For ∆ ≈ 0.65 none of the two modes should be favoured.

3.4.2.2 Polarization selection in the presence of noise

For a more detailed investigation, LI-curves for various detunings have been simulated,
where spontaneous emission noise has been included (see Fig. 3.38). The value that has
been chosen for βsp (see the figure caption) is within the range of values that are commonly
used in theoretical works on polarization effects in VCSELs (see, e.g., [122, 169]). The
current has been increased in 50 steps from 5% below to 20% above threshold within
5 µs. For the investigations presented here, the temporal integration step is 0.1 ps. The
resulting data in the time series are saved in intervals of 10 ps and 20 ps, respectively.
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Figure 3.39: Same as Fig. 3.38, but for a fixed detuning ∆ = 0.65.

A regime of TFE is found in the simulations in the vicinity of the threshold minimum at
∆ ≈ 0.65. Within a finite interval of detuning (about 0.5 ≤ ∆ ≤ 0.8), both polarizations
are excited at threshold in the simulations including noise, although only one mode is
linearly stable directly at threshold for ∆ 6= 0.65. However, within the interval mentioned
above the other mode reaches stability if the current is increased only slightly, i.e., it is
obviously only weakly unstable at threshold and can thus be easily excited by noise. This
matches the experimental observation that the TFE regime extends over a finite interval
of detuning or temperature, respectively. Outside this interval, the LF-mode is dominant
at threshold for higher detuning values, the HF-mode otherwise. For ∆ = 0.65 the LI-
curve is displayed in greater detail in Fig. 3.39. The qualitative features are the same as
in the experiment: Both modes have about equal power close to threshold. At a current
level of 4% the HF-mode reaches its maximum value and decays continuously afterwards.

If the detuning ∆ is decreased, a continuous transition from TFE to the selection
of the HF-mode at threshold and type I PS on an increase of current is observed (see
Fig. 3.38). If the detuning ∆ is increased, the excitation of the HF-mode at threshold
becomes weaker, until finally only the LF-mode is oscillating at threshold.

With the set of parameters used, a good qualitative agreement with the experimental
observations (Fig. 3.4) is obtained. The simulations reproduce the experimentally ob-
served polarization selection for variation of both the detuning and the current. If γa is
not zero but still small, the point at which the two polarization modes exchange stability
at threshold shifts away from the threshold minimum (see also [87, 182]). The direction
of the shift depends on the sign of γa. In the vicinity of this point there is still a TFE
regime. As reported in Sec. 3.2, in the experiments corresponding scenarios are observed,
in which the regime of TFE is observed at different temperatures relative to the one of
the threshold minimum.

An interesting question regarding the TFE is why one mode is depleted, if the current
is increased. Indeed, the LSA of the pure linearly polarized modes predicts that in the
current range considered here both modes are stable, and they remain so up to much
higher current values. Hence, one would expect to be able to observe them all over the
range of bistability. However, the stability of each of these pure linearly polarized modes
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Figure 3.40: Largest real parts of the complex conjugate eigenvalues obtained from an analysis
of the linear stability of the lasing solutions against orthogonally polarized perturbations for
parameters as in Fig. 3.39. The red (blue) line denotes the eigenvalue describing the stability of
the mode with lower (higher) optical frequency.

is determined by the eigenvalue with the largest real part in the LSA. For each pure
linearly polarized state, the LSA yields three eigenvalues, of which one is real and the
others form a complex conjugate pair. The real parts of these eigenvalues describe the
exponential decay or growth of a perturbation in time, depending on the sign of the real
part. In the parameter region considered here, the real eigenvalue is negative and of larger
modulus than the real part of the complex eigenvalues. Therefore it can be neglected in
the following discussion.

Figure 3.40 displays the results of the LSA of the lasing solutions against perturbations
with orthogonal polarization. As it is apparent from Fig. 3.40, both modes are stable up to
200% above threshold, i.e., the real parts of the eigenvalues of both modes are negative.
However, already slightly above threshold the modulus of the eigenvalue determining
the stability of the LF-mode increases stronger with current and is about an order of
magnitude larger than the real part of the eigenvalue for the HF-mode. This implies
that perturbations to the LF-mode are damped an order of magnitude faster. Thus, one
can call this mode ‘more stable’. As observed in the simulations, the system ‘chooses’
this mode and the other mode is depleted with increasing current or increasing difference
in stability, respectively, although the linear (unsaturated) net gain anisotropy does not
change with current.

The observations made in the simulations agree well with what can be expected in
a quasi-potential picture: Provided a quasi-potential U(x) exists (the applicability of
potential theory to the polarization dynamics of some VCSELs has been demonstrated
experimentally in [183]), the probability p to observe the system in a certain state x

is [174]

p(x) =
K

D
· e−U(x) , (3.15)

where K is a normalization constant and D is the strength of the noise, which is taken to
be independent of x for simplicity. Following the discussion in [56], where the polarization
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dynamics of a VCSEL was modelled as the one of a class-A laser, the variable x describes
the state of polarization [for example, the orientation angle of the polarization ellipse or
the first Stokes parameter defined in Eq. (3.1)]. In this picture the two stable orthogonal
states of polarization correspond to two minima or wells of the potential U(x). From
the potential given in [56] and the argumentation of [58] it is obvious that the height of
the barrier between the two minima is increasing with increasing effective dichroism. If
the effective dichroism is different for the two states of polarization, the barrier between
the two wells has a different height relative to the two minima. In other words, the
absolute value of the minimum that corresponds to the mode with the effective dichroism
of larger modulus is smaller than the value of the other minimum. This implies that the
probability to find the system in the ‘more stable’ mode is larger. If the difference in
effective dichroism of the two modes increases with increasing current (as it is the case in
the TFE regime), the probability to find the system in the ‘more stable’ mode relative to
the probability to find it in the ‘less stable’ mode increases exponentially with increasing
current. Thus, the ‘more stable’ mode has the larger power on time average.

Although it is tempting to argue within the framework of a quasi-potential picture,
for the set of parameters discussed here it is doubtful whether the elimination to a class-A
laser model in the manner of [56] and the straightforward application of potential theory
like in [56, 58] is justified.

3.4.2.3 Temporal dynamics and correlation properties

Examples of the temporal dynamics in the TFE regime are shown in Fig. 3.41. The
dynamics are dominated by burst-like fluctuations, i.e., they resemble the experimentally
obtained results. For increasing current, the probability and amplitude of a burst in the
polarization component corresponding to the HF-mode decreases continuously.

The correlation properties of the dynamics in the TFE in the simulations (Fig. 3.42)
agree in tendency with the experimentally obtained ones: The dynamics are anti-correlated
at low frequencies and correlated at the RO frequency (about 1.4 GHz for the parameters
in Fig. 3.42). The minimum value of the cross correlation function [-0.7, see Fig. 3.42(a)]
is rather close to the experimentally obtained one (-0.64).

Also the current dependence of the minimum of the cross correlation function shows the
same characteristics as observed in the experiments (see Fig. 3.43), i.e., the anti-correlation
is strongest when the power in the HF-mode is at its maximum value. However, the
minimum is somehow broader (plateau-like) in the simulations than in the experiments.

As mentioned above, at lower detunings the HF-mode is selected at threshold and a
PS occurs if the current is increased. In contrast to the experimental case, the bandwidth
of the ‘detection system’ in the simulations is only limited by the temporal step size.
This opens the possibility to study the influence of the RO at PS higher above threshold
without bandwidth limitations. This is done for exemplary parameters in Fig. 3.44. The
detuning is chosen to be ∆ = 0. PS occurs at 17% above threshold. Note that this
current value lies still in the region of bistability (this issue will be discussed in detail
in Sec. 3.4.3). If the current is increased to the point of PS, mode hopping is observed.
As in earlier publications (e.g., [175]), the cross correlation at low frequencies is close
to -1 [see Fig. 3.44(b)]. However, the minimum correlation found in the temporal cross
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Figure 3.41: Simulated polarization resolved time traces at ∆ = 0.65: at threshold (a), 4%
above threshold (b), and 8% above threshold (c). Red (blue) lines denote the power of the
polarization mode with lower (higher) optical frequency. All time traces have been obtained by
increasing the current from below threshold to the respective value. The displayed time intervals
are chosen such that initial transients are completely damped.

correlation function [Fig. 3.44(a)] is about -0.9. This is due to the fact that slightly cor-
related dynamics occur around the RO frequency (2.3 GHz in this case). The normalized
cross spectral density has a value of approximately 0.1. Consequently, also in this case a
modulation at the RO frequency is observed in the cross correlation function [see inset in
Fig. 3.44(a)]. The fact that the correlated contributions to the dynamics at the RO fre-
quency are significantly weaker than in the TFE regime can be attributed to the fact that
the damping of the ROs is much larger at currents high above threshold (see, e.g., [47]).
The correlation properties obtained here match qualitatively the ones observed in the
experiments at the point of the PS within the bandwidth limitations of the experimental
setup [cf. Figs. 3.16(b,c) and 3.17].
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Figure 3.42: Correlation properties of the dynamics displayed in Fig. 3.41b: correlation func-
tions in the time domain (a) and normalized cross spectral density (b). The lines in (a) denote
the same properties as in Fig. 3.10. The length of the analyzed time traces is 50 µs, which
matches the length of the experimental traces.
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Figure 3.43: Same as Fig. 3.11, but for simulated time traces for parameters as in Fig. 3.41.

A variation of the noise strength does not change the dynamics in the TFE regime
qualitatively. If βsp is decreased (increased), the current value of maximum output power
and the maximum power itself of the HF-mode decreases (increases). The fact that the
mode with higher optical frequency is depleted in a continuous way on an increase of
current is unchanged.
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Figure 3.44: Correlation properties of the dynamics at a PS occurring at ∆ = 0 and 17%
above threshold: cross correlation function in the time domain (a) and normalized cross spectral
density (b). The length of the analyzed time traces is 50 µs. All other parameters are as in
Fig. 3.42.

3.4.2.4 Influence of the spin-flip rate

In order to study the influence of the spin dynamics, the simulations are repeated for a
large value of the spin-flip rate (γj = 5000 ns−1). The latter value is practically equivalent
to a neglect of spin dynamics in the model discussed here (i.e., to assume D+ = D− or
γj → ∞ like in [102,158]). As it has been shown analytically in [73,122] for a reduction of
the original SFM by adiabatical elimination of the spin dynamics, perturbations to both
modes are equally damped in the case of bistability at threshold. Consequently, the two
modes should be equivalent and none of them should be depleted for increasing current
in the long-time limit.

The latter assumption has been tested for a current level of 10% above threshold
(Fig. 3.45). For a small spin relaxation rate, the mode with higher optical frequency is
almost completely depleted [see Fig. 3.45(a) and also the LI-curve in Fig. 3.39]. The cross
correlation function exhibits a rather small amount of anti-correlation (∼ -0.3) at zero time
delay and a pronounced modulation at the RO frequency [Fig 3.45(c)]. For γj = 5000 ns−1

the dynamics change dramatically and strong mode competition between the two polar-
ization modes is observed [Fig. 3.45(b)]. The HF-mode is not depleted anymore within the
investigated current range, which extends up to three times the threshold current. The
corresponding cross correlation function exhibits now a strong anti-correlation (-0.85),
which is due to the completely anticorrelated dynamics at low frequencies. Furthermore,
the cross correlation function is now symmetric (in contrast to the observations made for
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Figure 3.45: Polarization dynamics at ∆ = 0.65 and 10% above threshold for γj = 20 ns−1 (a),
and γj = 5000 ns−1 (b). Red (blue) lines denote the power of the mode with lower (higher) opti-
cal frequency. The corresponding cross correlation functions are displayed in (c), where a black
and green line represent the correlation function of the dynamics in (a) and (b), respectively.

the lower spin-flip rate), because both modes participate equally in the dynamics. The
correlation properties obtained here are similar to the ones observed at the PS at low
detuning and for small spin flip rates (see Fig. 3.44). This is due to the fact that also in
the latter case the real parts of the eigenvalues of the two modes differ only slightly (see
Sec. 3.4.3). The simulations for γj = 5000 ns−1 have been repeated for saving steps of
0.1 ps. The observations are qualitatively the same.

An increase of γj also influences the dynamics at other detuning values. For sufficiently
high γj the transition to PS with decreasing detuning is not observed anymore (see also
Sec. 3.4.3). The mode that is selected as the lasing mode at threshold (depending on
∆) remains lasing on an increase of current, whereas the other mode remains off at all
investigated current values. However, the damping of perturbations is strongly decreased
for large spin-flip rates. Therefore, the noise – i.e., the amount of power due to spontaneous
emission – that is observed in the non-lasing polarization component increases, if the spin-
flip rate increases.

Summary

In this section, the polarization selection and dynamics at threshold in dependence on the
detuning and injection current have been studied within the framework of the extended
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Figure 3.46: Same as Fig. 3.39, but for ∆ = 0. Circles (squares) denote the power in the mode
with higher (lower) optical frequency. The blue (red) lines are linear fits applied to the data
before (after) the PS. The integration time per point is 100 ns.

spin-flip model. As in the experiment, a regime of two-frequency emission occurs in the
detuning interval around the value for which the mode selected at threshold changes.
The dynamics and correlation properties have been found to be qualitatively the same
as in the experiment. If the detuning is decreased, the scenario continuously transforms
into type I PS at higher currents. Hence, the two-frequency emission can be regarded
as the manifestation of bistability of the two polarization modes at and/or very close to
threshold. As a possible mechanism behind the depletion of the HF-mode despite the fact
that it is linearly stable, it is proposed that the perturbations to this mode are damped
less strong than the perturbations to the LF-mode.

3.4.3 Polarization switching to the gain disfavoured mode

In this section the PS above threshold is investigated, as it occurs for low detuning values
in Fig. 3.38.

3.4.3.1 Simulations

In Fig. 3.46 the simulated LI-curve for a detuning value of ∆ = 0 is displayed. At threshold
the laser oscillates in the HF-mode, which is the one closer to the gain peak. If the current
is increased beyond a value of 17% above the lasing threshold, a PS to the LF-mode is
observed. The value of 17% is of the same order of magnitude as the one observed in
the experiment. An even better agreement can be obtained by decreasing γj by a small
amount or by choosing a value for the detuning closer to the minimum threshold condition.
However, a further fine tuning of parameters for achieving ‘perfect’ agreement does not
appear to be fruitful, since too many unknown parameters are involved. Therefore, it is
preferred to demonstrate only the robust features.
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Figure 3.47: Same as Fig. 3.46, but for increasing and decreasing current. The PS for decreas-
ing current occurs at 16% above threshold.
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Figure 3.48: Square of the frequency of the relaxation oscillations as a function of current.
The integration time is 1000 ns per point, where for each point the current has been increased
stepwise from below threshold to its final value. The blue (red) lines are linear fits applied to
the data before (after) the PS. The parameters are the same as in Fig. 3.46.

Linear fits have been applied to the data before and after the PS (see lines in Fig. 3.46).
The fitting results reveal, as expected from the solutions of Eqs. (3.12)-(3.14) for the steady
state characteristics, a drop of the output power at the PS and a higher threshold for the
LF-mode, i.e., the PS is to the mode with lower gain. The decrease of power at the PS is
of the order of 2%.

The simulation has been repeated also for decreasing current. As in the experiments,
a small hysteresis loop is observed, i.e., the PS for decreasing current occurs at lower
current values than the PS at increasing current.

As a next step, simulations of the polarization resolved output power at constant
current over a period of 1000 ns have been performed. The power spectra obtained by a
numerical Fourier transformation of the time traces of the output power have been fitted to
Lorentzian functions in order to obtain the RO frequencies. The results of this procedure
are displayed in Fig. 3.48. At the current of the PS, RO for both modes are observed,
since in the vicinity of the PS noise driven mode hopping occurs (see also [58, 81, 177]
and Fig. 3.44). Thus, both modes are lasing on time average. As it is evident from the
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Figure 3.49: Absolute (left axis) and relative drop of output power at the polarization switching
(right axis) as a function of the detuning. The rest of the parameters is the same as in Fig. 3.46.

figure, there is a drop of the squared RO frequency at the PS point. This matches the
experimental observation. The drop in RO frequency is due to the drop in intra-cavity
power (and correspondingly of the output power, of course).

Under typical experimental conditions, i.e., cw-operation of the VCSEL, the tem-
perature of the active zone increases with the injection current due to Ohmic heating.
Therefore, simulations with the same parameter set as it was used for the simulation in
Fig. 3.46 but with a linearly increasing detuning were performed. As long as the increase
of ∆ with current is moderate, i.e., the drift in ∆ does not significantly modify the thresh-
old current, the drop of the output power at the PS is still observed. For simplicity, the
investigations are restricted to the dynamics at constant detuning in the following.

The simulation of LI-curves has been repeated for different detuning values. The
absolute drop of output power is found to decrease, if the detuning is increased (see
Fig.3.49). This is consistent with the fact that the difference in threshold currents for the
two modes decreases and in qualitative agreement with the experimental observations.
However, in contrast to the experiment, the relative magnitude of the drop of power also
decreases. The origin of this discrepancy is unclear.

3.4.3.2 Interplay of linear stability and noise

In Fig. 3.50(a) the difference in linewidth (HWHM) of the peaks of the two polarization
modes in simulated optical spectra, i.e., the effective dichroism, is plotted as a function
of the injection current. For the case of lasing emission in the HF-mode a decrease of
the effective dichroism is observed, whereas it increases after the PS when the LF-mode
is lasing. Thus, the effective dichroism has a minimum at the PS in accordance with the
experimental observations. Moreover, the slope of the damping before and after the PS
exhibits the same characteristics as for the experimental data, i.e., the modulus of the
slope increases after the PS.

The results of the simulations are now compared with the predictions of a LSA describ-
ing the stability of the two linearly polarized steady state solutions against perturbations
with orthogonal polarization. As it was the case before in the TFE regime, the stability
of the two polarization modes is determined by the real part of the two complex conjugate
eigenvalues also for the parameters used here.



82 Chapter 3. Polarization dynamics in solitary small area VCSELs

0

0.1

0.2

0.3

0.4

1 1.1 1.2 1.3

ef
f. 

di
ch

ro
is

m
 (

G
H

z)

current norm. to threshold

(a)

-8

-6

-4

-2

0

1 1.2 1.4 1.6

da
m

pi
ng

 (
ns

-1
)

current norm. to threshold

(b)

Figure 3.50: Effective dichroism versus injection current obtained from simulated optical spec-
tra (a), and damping (in angular frequencies) of the perturbation orthogonally polarized to the
lasing mode, obtained from a linear stability analysis (b). The blue (red) lines in (b) denote
the damping of the perturbation orthogonally polarized to the mode with higher (lower) optical
frequency. The dotted lines indicate the current interval of linear bistability of the two polar-
ization modes. The lines in (a) represent the modulus of the corresponding data in (b), divided
by a scaling factor of 2π (transformation from angular to optical frequencies). The parameters
and numerical integration steps are the same as in Fig. 3.48.

In Fig. 3.50(b) the numerically obtained results of a LSA for the same parameter
set as used in the simulations are displayed. At threshold, only the solution for the
HF-mode is stable. For increasing current, the solution for the LF-mode gains linear
stability at approximately 10% above threshold. The HF-mode loses its stability at 50%
above the lasing threshold. This is the point at which the PS would be expected to
occur from the point of view of linear stability in a deterministic system, if the current
is increased continuously coming from lower values. Since the modulus of the damping
of the perturbations (the real part of the eigenvalue) determines the effective dichroism,
one would expect a continuous decay of the effective dichroism towards zero at the PS,
where a stepwise increase of the effective dichroism should occur. This is obviously not
the case in the simulations [see Fig. 3.50(a)]. There, the PS is observed at much lower
current values and a nonzero minimum of the effective dichroism is observed.

However, the PS in the simulations with noise does not take place at the upper bound-
ary of the bistability interval (50% above threshold), but at a current value of ∼ 17% above
threshold. Just slightly below this current value, the damping values corresponding to the
stability of the orthogonally polarized lasing solutions cross. This explains the finite value
of the minimum of the difference in linewidth of the lasing and the non-lasing mode, as it
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Figure 3.51: Same as in Fig. 3.50(b), but for different spin-flip rates. The damping of pertur-
bations to the mode with higher optical frequency (blue lines) is plotted from top to bottom for
γj =10 ns−1, 20 ns−1, 30 ns−1, 33 ns−1, 40 ns−1, 50 ns−1, and 100 ns−1 and vice versa for the
mode with lower optical frequency (red lines).

is observed at the PS in the simulations (Fig. 3.50(a)). Since the modulus of the damping
of the perturbation to the mode with lower frequency increases faster with current than
the damping of the perturbations to the other mode decreases, the slope of the difference
in linewidth is steeper after the PS.

With respect to these results, in the presence of noise the laser seems to oscillate
in the mode that is better protected against perturbations with orthogonal polarization.
This observation is analogous to the ones made for the TFE regime, where also the mode
dominates that is better protected against perturbations, if the difference in the damping
of the perturbations is large enough.

As indicated already in Fig. 3.44, the PS is accompanied by mode hopping in a small
current interval. Directly at the point of the PS, the mode-hopping is almost symmetric
in the sense that the system stays approximately the same amount of time in each of
the two polarization modes. However, if the current deviates from the switching current,
the hopping becomes asymmetric. The system spends more time in the mode with the
smaller eigenvalue, i.e., the eigenvalue with larger modulus. This agrees well with the
result of the discussion raised on the quasi-potential picture on page 73.

3.4.3.3 Influence of the spin-flip rate and the noise strength

The parameter that has the strongest influence on the dynamics is the spin-flip rate. More
precisely, it is the relative magnitude of the spin-flip rate in comparison to the magnitude
of the birefringence. If all other parameters are fixed, the spin flip rate γj determines the
slope of the damping of the perturbations with increasing current. This is illustrated in
Fig. 3.51. With increasing γj, the slope of the damping of the perturbation orthogonally
polarized to the HF-mode (LF-mode) decreases (increases). As a consequence, the point
at which the LF-mode (HF-mode) gains (loses) linear stability moves to higher current
values. This in turn results in an increase of the current value at which the damping values
of the two solutions intersect. Furthermore, due to the smaller slopes the minimum of the
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Figure 3.52: Polarization switching current in dependence of the noise strength. The rest of
the parameters is the same as in Fig. 3.46.

damping at the intersection point becomes less pronounced. This development continues,
until for γj = 33 ns−1 the slope of the damping that determines the stability of the
HF-mode changes its sign. This implies that the HF-mode remains linearly stable for
all current values, since the real part of the corresponding eigenvalue will always remain
negative. This matches the fact known in the literature about the SFM that type I
switching typically does not occur, if the spin flip rate is increased for otherwise fixed
parameters [27, 73, 122]. Actually, it does not survive at all in a reduction of the SFM-
model to a class-A laser model [73,122], though it can be kept in a reduction to a two-mode
class-B rate equation model for the mode intensities [91].

An equivalent procedure would be to fix the spin-flip rate and change the linear bire-
fringence, since it is the relative ratio of these two quantities that decides whether an
adiabatical elimination of the spin dynamics is justified or not [73] and whether type I
PS occurs. Since it is the primary aim of the theoretical investigations performed here
to understand the particular experiment, the linear birefringence has been fixed at the
experimental value.

An increase of γj also results in a shift of the PS current in the simulations away from
the intersection point of the damping values, if the noise strength is kept constant. For
γj = 30 ns−1 PS is not observed anymore at current levels less than twice the threshold
current. The latter current level matches the upper boundary of the interval of funda-
mental transverse mode operation in most gain-guided devices. The shift of the switching
point to higher currents with increasing spin relaxation rate can be partly compensated by
an increase of the spontaneous emission noise. The more noise is added in the simulations,
the closer the PS moves to the intersection point of the real parts.

This is illustrated in Fig. 3.52 for the parameters of Fig. 3.46, i.e., for γj = 20 ns−1.
Starting at low values for βsp, the PS current relative to the threshold current continuously
decreases until it reaches a value of 17% (as observed above). If βsp is increased further,
the PS current remains constant. The current interval, in which mode-hopping is observed
increases. The switching transition becomes smoother and is “washed out”, but the PS
current, defined as the current at which both modes emit with equal power on time
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Figure 3.53: Polarization resolved power against current showing a polarization switching
with the emission of dynamical states. The red (blue) line denotes the power in the polarization
direction corresponding to the linearly polarized mode with lower (higher) optical frequency.
Dynamical states appear at 1.7 times threshold. The integfration time per current step is
20 ns. The parameters are γa=1 ns−1, γp=9 ns−1, γj=20 ns−1, ∆=0, A=0.5 ns−1, B=1 ns−1,
κ=300 ns−1, a = 2.5 × 104 ns−1, γ⊥ = 104 ns−1, βsp=10−6 ns−1.

average, is not modified.

Summary

In this section, the type I PS that occurs at low detuning values has been studied. The
PS is observed only when the spin-flip rate is sufficiently low. The PS is found to be
accompanied by a drop of the output power and the RO frequency. In the presence
of noise, the PS current is not determined by the boundaries of linear stability of the
polarization modes. For sufficiently strong noise, the PS occurs approximately at the
point where the real parts of the eigenvalues for both modes are equal. This behaviour
results in a minimum of the effective dichroism at the switching point, as it is observed
in the experiment. Hence, the type I PS observed here can be interpreted as a PS to
the mode that is ‘more stable’. Since the linear anisotropies remain constant for fixed
detuning, the PS observed here is a PS to the gain disfavoured mode by definition.

3.4.4 Type II polarization switching and dynamical states

In this section, the destabilization of the LF-mode in type II PS is discussed. It was shown
in [27] for the original SFM that DS occur in the destabilization process. Here, at first
the switching transition is characterized within the framework of the ESFM and typical
features of the DS are discussed. It is then investigated, whether the ESFM is capable of
reproducing the experimental findings on type II PS in a qualitative way.
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3.4.4.1 Characterisation of the dynamics

Figure 3.53 displays an exemplary type II PS. The linear anisotropies have been chosen
to be of the same order of magnitude as for the experimental results of Fig. 3.34. The
parameters are chosen such that the dominant frequencies of the dynamics (which will be
discussed below) are of the same order of magnitude as in the experiment. For the specific
parameters chosen in Fig. 3.54 the PS occurs in a single switching scenario. This simple
case is chosen for the first analysis. The special case of double-PS will be discussed later.

In Fig. 3.53 the LF-mode is lasing at threshold, i.e., the emission is purely linearly
polarized. The emission changes from linear polarization to a steady state with elliptical
polarization at about 1.6 times threshold, if the current is increased. Simultaneously, the
power in the polarization direction corresponding to the HF-mode increases. This is due to
the finite ellipticity. If the current is increased further, DS occur about 1.7 times threshold.
The appearance of the DS is accompanied by a decrease of the fractional polarization to
values lower than 1. At 2.2 times threshold a PS to the linearly polarized HF-mode is
observed. The fractional polarization increases to 1 simultaneously. These observations
resemble the switching transition that is observed in the experiment on a qualitative level
(see, e.g., Fig. 3.31) 2. Moreover, it should be stressed that the qualitative development
of the power with current for projection onto the eigen directions of the linearly polarized
modes – including changes in the slopes and local extrema – has strong similarities with
the experimental observations (cf. the current interval from 6.2 mA to 7 mA in Fig. 3.31).

Next, the typical properties of the dynamics during the emission of the DS are dis-
cussed. This is done exemplarily for a current of 1.9 times threshold in Fig. 3.54. Panel (a)
of the figure displays the optical spectra after projection onto linearly polarized states,
which exhibit several side modes that are typical for this dynamical regime (see also [27]).
The time traces of the corresponding intensities are given in panel (b) and the power
spectra in panel (c) of Fig. 3.54, respectively. As in the experiments, the power spectra
exhibit pronounced components at the beating frequency of adjacent side modes and its
multiples. The corresponding oscillations are observed in the time traces. The compu-
tation of a cross correlation function reveals that the intensities in the orthogonal linear
polarization directions have a correlation of -0.76 at zero time delay, i.e., they are strongly
anticorrelated. The oscillations are rather – but not totally – regular.

In the simulations the time resolved ellipticity and orientation angle can be easily com-
puted from the time series of the complex optical field components [27]. The result of this
procedure is displayed in Fig. 3.54(d). Both polarization angles are strongly oscillating.
Their oscillation is also strongly anti-correlated. According to the oscillation of the po-
larization angles, the fractional polarization – i.e., the time averaged polarization purity
– has a value that is significantly lower than 1 (0.45 for the parameters used), i.e., the
SOP is not pure. This matches the predictions made in the original SFM [27]. There, the
oscillation of the polarization angles in the regime of the DS was presented as a movement
on the Poincare sphere. This movement was reported to be either quasi-periodic [27,162]
or to exhibit period-doubling [162]. Furthermore, it was supposed that also chaotic be-
haviour could occur [27, 162]. In the latter publications, irregular dynamics was found,

2The result obtained in the simulations matches the predictions made for type II PS in the original
SFM [27].
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Figure 3.54: Spectra and temporal evolution for projection onto linearly polarized states during
the emission of the dynamical states. The optical spectra are shown in (a), where the curve
corresponding to the eigen direction of the linearly polarized mode with lower (higher) optical
frequency is denoted by a red (blue) line. The temporal evolution of the corresponding field
intensities is displayed in (b), whereas in panel (c) the power spectrum calculated from the time
traces (total integration time 2 µs) is shown. The temporal evolution of the polarization angles
is given in (d), where a black (green) line represents the ellipticity (orientation) angle of the
state of polarization. The parameters are the same as in Fig. 3.53. The current is 1.9 times the
threshold value.
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Figure 3.55: Same as Fig. 3.37, but for different parameters: γa=-0.5 ns−1, γp=20 ns−1,
γj=22 ns−1, A=0.5 ns−1, B=1 ns−1, κ=300 ns−1, a = 2.5 × 104 ns−1, γ⊥ = 104 ns−1.

but a possibly chaotic character of the dynamics was not investigated in detail.

3.4.4.2 Dynamical states and double polarization switching

The experiments have demonstrated that DS can exist also if the lasing LF-state is already
the result of a PS after the HF-mode had emerged at threshold (double switching scenario).
In the following, the possibility to observe the latter scenario in the model used here
will be discussed. One possibility is to allow for a drift of the detuning proportional
to the injection current, as it is the case for cw-operation in the experiments. With an
appropriate choice of the parameters, the system follows a path like the one indicated by
the arrow labelled (a) in Fig. 3.55: At threshold, the HF-mode is lasing, as predicted by
the LSA. If the current is increased, a PS to the LF-mode occurs. This mode is lasing,
until the regime of instability is reached and the VCSEL emits in the elliptically polarized
steady state which is replaced by the dynamical state. If the border of the region of
stability of the HF-mode is crossed, the laser switches to this mode in a second PS. An
example of a double-PS with DS at the second PS is given in Fig. 3.56.

A second possibility to observe DS at the second PS of a double-PS scenario is for the
case of fixed detuning and the VCSEL passing through a bistability region (depicted by
the arrow labelled (b) in Fig. 3.55). In a purely deterministic system, no PS is expected
along this path since the HF-mode is always (linearly) stable. Nevertheless, one finds
numerically the possibility of a PS, if sufficiently large noise terms are included. As
outlined already in Sec. 3.4.3 for type I PS, the VCSEL can switch to the ‘more stable’
state for appropriate parameters. For the parameters discussed here, the laser switches to
the LF-mode within the bistability region, if βsp ≥ 3× 10−6 ns−1. The LF-mode remains
lasing until the upper boundary of the bistability region is reached, where it becomes
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Figure 3.56: Polarization resolved output power against current for the parameters of Fig. 3.55
and βsp = 10−6 ns−1. The detuning is set to ∆ = −0.2 at threshold and increases proportional
to the injection at a rate of 0.25 per normalized unit. The latter value is chosen in order to
ensure that the region of instability of both modes is crossed in a similar way as indicated by
arrow (a) in Fig. 3.55. The integration time per current step is 40 ns. Dynamical states appear
at 1.77 times threshold.
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Figure 3.57: Same as Fig. 3.56 but for constant detuning at ∆ = 0.5 and βsp = 3× 10−6 ns−1.
Dynamical states appear at 2.88 times threshold.

unstable. From here on the scenario is the same as for the case where the LF-mode is
lasing at threshold. An example of this scenario is given in Fig. 3.57.

It should be noted that the parameters discussed here do not match the ones in the
experiment of Fig. 3.31. However, they are chosen for convenience since they enable the
discussion of double PS with and without a drift of the detuning for the same param-
eter set. Furthermore, the main goal here is to demonstrate the bare possibility of a
reproduction of the qualitative experimental features. It is obvious that the quantitative
experimental features, e.g., the PS currents, are not reproduced by the parameters that
are used here. This problem can be accounted for by fine tuning the parameters, e.g., the
spin-flip rate.
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Figure 3.58: Experimentally observed regime of the occurrence of dynamical states in depen-
dence on the substrate temperature for a device with an ellipticity angle of 10◦ at threshold.
The lasing threshold is indicated by circles. The point of the polarization switching (defined as
the current value where both modes emit with equal time averaged power) is marked by open di-
amonds. Upward (downward) triangles indicate the beginning (end) of the current interval with
dynamical states. The green and blue lines represent the results of a second order polynomial
fit to the two latter data sets. The investigated device is the same as in [77, 97].
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Figure 3.59: Stability diagram of the polarization modes as a function of detuning ∆ and
current normalised to its transparency value. The stability properties of the linearly polarized
solutions were determined by a linear stability analysis. In the area labelled HF (LF) only the
linearly polarized mode with higher (lower) optical frequency is stable. In the area labelled BS
(IS) both modes are stable (unstable). The triangles (crosses) indicate the point where PS occurs
(dynamical states appear) in simulations including spontaneous emission noise, if the current is
increased. The parameters are γa=1 ns−1, γp=15 ns−1, γj=30 ns−1, A=0.1 ns−1, B=1 ns−1,
κ=300 ns−1, a = 6 × 104 ns−1, γ⊥ = 2 × 104 ns−1, βsp=10−6 ns−1.
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3.4.4.3 Influence of the detuning on the dynamical states

In this section, the effect of a variation of the detuning ∆ on the occurrence of the DS is
investigated. This is motivated by experimental results that have been obtained in [97]
for a variation of the substrate temperature of the VCSEL. For convenience, the results
obtained in [97] are reviewed first. It should be mentioned that an investigation of the
DS in dependence on the substrate temperature has been tried also for other devices to
which the strain tuning method of [59] was applied. However, these attempts were not
successful due to the complications discussed in Sec. 3.1.6. For the device investigated
in [77, 97] type II PS with DS is observed without additional application of stress. This
device exhibits an ellipticity of about 10◦ already at the lasing threshold.

The experimental results are given in Fig. 3.58. On an increase of temperature a clear
decrease of the width of the current interval in which the DS are excited is observed. At
low substrate temperatures (10-15◦C) the width of the current interval where DS occur is
about 0.7 mA. At a substrate temperature of about 60◦C the DS are observed in a rather
small interval (0.1 mA) in the vicinity of the PS. In order to prevent a possible damage of
the device under investigation, the substrate temperature was not raised to higher values.
However, it can be conjectured from extrapolating the data that the interval with DS
should vanish if the temperature is increased further.

The comparison with the theory used here starts with a description of the stability
properties obtained from a linear stability analysis of the linearly polarized solutions. The
results are depicted in Fig. 3.59, where the linear anisotropies have been chosen to match
the experimental ones of Fig. 3.58. Within the investigated detuning range, only the LF-
mode is stable at threshold. The scenario that is observed for increasing current depends
on detuning. For ∆ < 0 the LF-mode becomes unstable and the system enters a region
where both linearly polarized modes are unstable. If the current is increased further, the
HF-mode becomes stable. For ∆ > 0 the system enters first a region of bistability and
then a region where only the HF-mode is stable.

For selected detuning values simulations including noise have been performed, where
the current has been scanned from threshold to four times threshold for fixed detuning.
The current value at which a PS to the HF-mode is observed is indicated in Fig. 3.59 by
a triangle. For detuning values between ∆ = 0 and ∆ = 1 the switching current is higher
than the current at which the LF-mode loses its linear stability. At the latter current value,
an elliptically polarized steady state starts lasing. If the current is increased, a type II
PS with DS as discussed before is observed. The corresponding LI-curve is displayed in
Fig. 3.60(a).

For ∆ ≥ 1.25 the PS is directly from the LF-mode to the HF-mode, i.e., neither ellip-
tical nor DS appear. It is clearly evident from Fig. 3.59 that the current interval in which
DS appear (the region delimited by the crosses and triangles) decreases for increasing
detuning. The latter observation is in qualitative agreement with the experiments per-
formed for increasing device temperature. The appearance of the DS has been checked to
be robust against variations of βsp (10−4ns−1 ≤ βsp ≤ 10−12ns−1). However, the point of
the PS is slightly changed by a variation of this quantity.

For ∆ < 0, Fig. 3.59 shows that there is a region in parameter space in which no
linearly polarized SOP is stable. As in the scenario considered before, first an elliptically
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Figure 3.60: Time averaged LI-curve after projection onto linear polarization states. The
polarization direction corresponding to the mode with lower (higher) optical frequency is denoted
by a red (blue) line. The parameters are the same as in Fig. 3.59 and ∆ = 0.25 in (a), ∆ = −0.25
in (b). Dynamical states appear at µ ≈ 4.5 in (a) and at µ ≈ 6.75 in (b).

polarized steady state is emitted, if the LF-mode becomes unstable. This state is replaced
by DS at higher current values. For these parameters, the HF-mode with linear SOP
becomes stable at high currents. Figure 3.60(b) shows a simulated LI-curve in the ∆ < 0
region. In contrast to the case 0 ≤ ∆ < 1, there is a switch-over between dominance of
the polarization direction corresponding to the LF-mode and dominance of the orthogonal
linear polarization direction (here at µ ≈ 8.6) within the region with DS and before the
HF-mode becomes stable. For µ > 12.3 the linearly polarized HF-mode is operating.

In the experiments, the point of PS was defined as the current level at which equal
power is observed for projection onto two orthogonal linear SOP. By using the above
definition, the scenario observed for ∆ < 0 can be considered as a possible explanation
for the observation of DS after a PS (Fig. 3.58, see also [77, 78]). Therefore, it cannot
be decided conclusively whether the experimental observation of DS after the PS is due
to the finite steady state ellipticity at threshold alone, due to a scenario in which an
instability region is passed, or due to a combination of both.

3.4.4.4 Dynamical states and a minimum of the effective dichroism

Finally, it is tested whether the ESFM can reproduce the drop of power and a local
minimum of the effective dichroism at the point of a type II PS, as it has been observed
experimentally (see Fig. 3.28).

The question on the drop of output power can be answered in a straightforward way.
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Figure 3.61: Time averaged polarization resolved power versus injection current (a) for linear
anisotropies close to the ones of Fig. 3.28. Red (blue) lines denote the power in the polarization
direction that corresponds to the mode with lower (higher) optical frequency. The current is
increased in 50 steps of 1000 ns duration. Part (b) displays the effective dichroism as obtained
from calculated power spectra (crosses) and from a linear stability analysis. The modulus of the
real part of the largest eigenvalue that describes the stability of the mode with higher frequency
is displayed by a blue line. The modulus of the largest real part in the case of the mode with lower
frequency is displayed by the red and the black line, where the eigenvalue is complex (real) in the
case of the red (black) line. Each mode is stable in the range where the corresponding eigenvalue
is displayed. The power spectra are computed from time traces of 1000 ns duration, where for
each current value the current is increased stepwise from below threshold. The parameters
are γa=0.3 ns−1, γp=2 ns−1, γj=20 ns−1, ∆=0, A=0.5 ns−1, B=1 ns−1, κ=300 ns−1, a =
2.3 × 104 ns−1, γ⊥ = 104 ns−1, βsp=10−6 ns−1.

If the type II PS occurs in a single PS scenario and the detuning is fixed, the PS is by
definition a PS to the mode with lower linear net gain, since the mode selected at threshold
– in this case the LF-mode – is the one that is favoured by the linear anisotropies. Hence,
the output power drops at the point of the PS.

The LI-curve that is computed for linear anisotropies close to the experimental ones
is displayed in Fig. 3.61(a). The PS occurs at 20% above threshold. The relative drop
of the total output power (not shown in the figure) is approximately 1%. The linearly
polarized LF-mode loses its stability at about 13% above threshold [see Fig. 3.61(b)].
Up to a current value of approximately 11% above threshold, the effective dichroism
is continuously increasing, i.e., it is following the prediction of the LSA. For current
values ranging from approximately 11% above threshold to the point of the PS, a beating
peak or a peak for projection onto circular polarization that corresponds to the effective
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Figure 3.62: Polarization resolved power for parameters as in Fig. 3.61 and a current level of
1.18 times the threshold current (a). The corresponding temporal evolution of the polarization
angles is given in (b), where a black (green) line denotes the ellipticity (orientation) angle.

birefringence cannot be detected anymore in the power spectra. This is not surprising,
since the LSA predicts that for current levels slightly larger than 1.11 times the threshold
current the complex conjugate eigenvalues that determine the stability of the LF-mode
become real, i.e., the effective birefringence becomes zero. Hence, a defined peak cannot
be identified in the corresponding power spectra and a value for the effective dichroism
cannot be measured.

At about 13% above threshold, the power in the polarization direction corresponding
to the HF-mode increases, although this mode is not lasing. This is due to the fact that
the emission is elliptically polarized (in contrast, the observation of power in the HF-mode
close to threshold is due to TFE).

An example of the temporal dynamics of the linear polarization components and of
the polarization angles, as it is observed in the current interval between the destabiliza-
tion of the LF-mode and the PS, is displayed in Fig. 3.62. The fast oscillations that are
visible in the dominant polarization component stem from ROs at a frequency of 2 GHz.
The dynamics of the linear polarization components look similar to the ones reported
in Fig. 3.54, but they are less regular and the dominant time scales are much slower.
This is possibly due to the fact that no pronounced frequency component (besides the
RO frequency) is present. Correspondingly, the oscillations do not occur at a well de-
fined frequency but rather at a continuous band of frequencies that ranges from DC to
approximately 1 GHz. Side bands (except at the RO frequency) are not observed in the
optical spectrum. According to the fluctuations of the polarization angles a fractional
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polarization of only 0.69 is observed. Summarizing the above observations, the state of
polarization can be called a DS within the terminology used before.

After the PS, a polarization fluctuation peak is observed again in power spectra for
projection onto circular polarization or beating spectra, respectively. The half width of
this peak, i.e., the effective dichroism, follows approximately the prediction of the LSA.
The effective dichroism is smaller than in the current interval before the emission of
elliptically polarized states. Thus, the effective dichroism has a local minimum. This
matches very roughly the experimental observations made in Fig. 3.28. However, one has
to remind that in the experiments a value for the effective dichroism could be obtained
from a well defined peak in the power spectra for the whole investigated current range,
i.e., the effective birefringence did not become equal to zero. A possible origin of this
discrepancy is unknown at the moment.

Summary

In this section, type II PS and DS have been investigated theoretically. The typical
switching scenario involving DS in dependence on current is as follows: The purely lin-
early polarized LF-mode is replaced by an elliptically polarized steady state. This one is
replaced by an impure state of polarization with time varying polarization angles. From
the latter state the system switches to the linearly polarized HF-mode, which is a pure
state of polarization. The typical features of the temporal dynamics of the polarization
components and the polarization angles have been discussed. The ESFM has been shown
to be able to reproduce qualitatively the occurrence of DS in a double switching scenario
as well as their existence region in the two-dimensional parameter space that is given
by current and detuning. As evident from several stability diagrams, the existence of a
parameter region where none of the linearly polarized modes is stable is a robust feature
if the spin-flip rate is of the order of some tens of inverse nanoseconds.
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3.5 Discussion

In the preceding sections, the polarization dynamics of free-running VCSELs have been
investigated experimentally and theoretically. The scope of the investigations has covered
several dynamical scenarios within the regimes of fundamental transverse mode operation.

3.5.1 Threshold dynamics

At the lasing threshold, the polarization dynamics are governed by low-frequency compo-
nents, at which the dynamics of the two polarization modes are anti-correlated, and by
frequencies in the vicinity of the relaxation oscillation peak. The dynamics at the latter
frequencies are correlated. This can be expected, because ROs are a process acting on
the total power and the inversion. Since the two linearly polarized modes are fed by the
same inversion population, they are equally affected if, e.g., the inversion decreases due
to the RO process.

The polarization dynamics has been found to be anti-correlated at lower frequencies
also in earlier publications that have concentrated on injection levels well above threshold
(see, e.g., [175, 176]). There, the amount of anti-correlation has been shown to depend
on the relative excitation ratio of the two modes. The experimental results obtained in
this thesis demonstrate in two ways that the results of these earlier investigations are also
valid at and slightly above the lasing threshold:

• If the linear net gain anisotropy is small enough, both modes are oscillating at
threshold. The anti-correlation at low frequencies is almost perfect.

• In the latter case, the overall anti-correlation in the time domain is maximum when
the HF-mode has maximum power, i.e., the relative excitation ratio is maximum.

Due to the fact that the earlier investigations concentrated on current levels well above
threshold, the influence of the ROs has been difficult to identify, since the ROs are well
known to be strongly damped for higher pumping levels (see, e.g., [47]). This is not the
case in the vicinity of the lasing threshold. There, the correlated fluctuations at the RO
frequency of the two polarization modes result in a cross correlation function in the time
domain that is significantly larger than -1 at zero time delay.

Due to the fact that the transition from TFE to PS of bistable modes is continuous, if
the substrate temperature or detuning, respectively, is scanned (cf. Figs. 3.4 and 3.38), one
can interpret the TFE as the manifestation of bistability at threshold. These statements
are valid for the experiments as well as for the model used for comparison in this thesis.

In previous investigations, the competition between bistable polarization states in the
vicinity of a PS has been often found to be accompanied by completely anti-correlated
stochastic hopping between the two modes yielding a sequence of square- or rectangular-
like pulses in the polarization resolved time series [58, 81]. In the TFE regime, this is
evidently neither the case in the experimental (Fig. 3.9) nor in the simulated (Fig. 3.41)
time series. This is probably related to the fact that in the TFE regime the fluctuations
in power, namely the ROs, are of the same magnitude as the average power, which results
in a stronger influence of the noise. Furthermore, at threshold the respective time scales
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are different from the ones considered in earlier publications: Higher above threshold, the
RO period is typically much less than a nanosecond and the dwell times found have not
been smaller than 10 ns [58,81] (the lowest reported values stem from currents 20% above
threshold). For decreasing current, i.e., smaller distance to threshold, the RO period
increases and the dwell time decreases. Hence, both time scales can become of similar
magnitude close to threshold. Since the dynamics are correlated at the RO frequency,
the system is not likely to be found in only one of the orthogonal polarizations during
one or several RO cycles [see, e.g., the time intervals from 53 ns to 60 ns in Fig. 3.9(b)
and from 40 ns to 45 ns in Fig. 3.41(b)]. If the two polarization modes are emitting
simultaneously, the concept of dwell times is not likely to be appropriate for the description
of the dynamics.

The qualitative features of the experimental investigation could be reproduced within
the extended spin-flip model. It should be stressed this was achieved by assuming a fixed
set of reasonable parameters and variation of only the injection current and the detuning
between the band gap and the cavity resonance. Moreover, within this model an intuitive
explanation can be given for the depletion of the HF-mode in the TFE regime for fixed
linear anisotropies. If the current is increased, the VCSEL emits in the mode that is better
protected against perturbations with orthogonal polarization, which is in the (extended)
SFM the LF-mode. The asymmetry in the damping of perturbations is probably also the
origin of the observed asymmetry in the cross correlation functions. This assumption is
supported by several observations:

• The cross correlation function is almost symmetric in the case of mode hopping at a
PS (cf. Fig. 3.44) and for large spin-flip rates (cf. Fig. 3.45) and/or close to threshold
in the TFE regime. In these cases the real parts of the complex conjugate eigenval-
ues, i.e., the damping of perturbations to the respective mode, are approximately
equal.

• If the dominating mode changes, e.g., due to a change of the linear anisotropies or
due to a change of the current, the sign of the asymmetry of the cross correlation
function changes, i.e., the time delay at which the minimum cross correlation occurs
changes its sign (see Figs 3.10 and 3.14).

• In the case of TFE, the asymmetry of the cross correlation function becomes more
pronounced if the current is increased or – in other words – if the HF-mode is more
depleted. This is evident from a comparison of Fig. 3.42 and Fig. 3.45(c) for the
case of the low spin-flip rate.

The above observations suggest that an asymmetric cross correlation function gives infor-
mation whether one mode is dominating the dynamics.

Finally, it should be noted that the interplay of correlated and anti-correlated dynamics
has been also discussed theoretically for the different longitudinal modes of an edge-
emitting semiconductor laser [184], where the number of participating modes has not
been limited to two modes. Although correlation properties have not been explicitly
calculated, it is obvious from the temporal dynamics presented in [184] that the modes
are anti-correlated on slow time scales and correlated on the RO time scale. From the
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figures in [184] it is also obvious that at current values well above threshold mode hopping
dominates (depending on parameters), whereas close to threshold the dynamics are similar
to the TFE case discussed here. However, there is a significant difference. In [184] the anti-
correlated mode competition far above threshold transforms into simultaneous emission of
the different longitudinal modes with their steady state powers, if noise is absent. Within
the SFM, only one of the two stable modes of a VCSEL is lasing in the absence of noise,
where the choice of the lasing mode depends on initial conditions (see also [27]). This
difference is probably due to the different coupling mechanisms of the modes in the two
cases of an edge-emitter and a VCSEL.

However, the observation of dynamics as discussed above is not limited to semicon-
ductor lasers. In a recent publication [114], the polarization dynamics in the turn-on
transients of a quasi-isotropic CO2-laser is investigated numerically and theoretically.
There, it is also found that the dynamics are correlated at the frequency of the ROs,
which appear in the initial turn-on transient. The RO are damped soon and replaced by
anti-correlated dynamics on a slow time scale with a sinusoidal shape. The agreement
between theory and experiment was found to be best when the coupling rate between
angular momentum states of opposite spin was of the same magnitude as the decay rate
of the population inversion.

3.5.2 Polarization switching above threshold

Switching to the gain disfavoured mode In this thesis, the PS in VCSELs has been
investigated for type I PS as well as for type II PS. For type I PS, i.e., for PS from the
HF-mode to the LF-mode, the PS has been found to be accompanied by a drop of the total
output power. This drop manifests itself as a drop of the RO frequency. Furthermore,
at the PS the effective dichroism exhibits a minimum, as it has been also reported in the
literature before [56].

The drop of power and RO frequency at the point of the PS is predicted in simu-
lations based on the ESFM (it occurs also in the original SFM [27] and in a reduction
of the original SFM that is based on a multiple scales analysis [91]). In the theory this
drop occurs, because the two orthogonal polarization modes have different thresholds.
The linear fits applied to the experimentally obtained LI-curves and to the square of the
RO frequencies hint to the existence of a higher threshold for the mode with lower opti-
cal frequency. Thus, it can be concluded that the experimentally observed polarization
switching is from the mode with higher unsaturated net gain to the mode with lower
unsaturated net gain. The observation of the PS under pulsed current excitation reveals
that a change of gain properties that are related to the lattice temperature of the VCSEL
do not play a significant role for the existence of the observed PS.

A further qualitative agreement between experiment and simulations is observed for
the development of the effective dichroism. Also in the simulations a minimum of this
quantity is observed at the PS. These observations can be explained by the predictions of
the linear stability analysis for the lasing mode. Hence, the linear stability analysis seems
to be sufficient to describe the damping of the perturbations in the simulations and the
experiment.

However, the linear stability analysis fails to predict the point of the PS in the presence
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of noise. For properly chosen parameters, the point of PS in the simulations coincides with
a current value close to the point where the perturbations to the two lasing solutions are
equally damped. The laser seems to switch to the mode that is more stable in the sense
that orthogonally polarized perturbations are damped faster. Within the investigations
performed in this thesis, a general rule for a critical value for the difference in damping
that is necessary to induce the PS cannot be given. This difference seems to depend
on the parameters, in particular on the spin relaxation rate and on the noise strength.
There is also evidence that the absolute magnitude of the real parts of the eigenvalues
plays a role (see Appendix A). Hence, a more complicated mechanism that determines
the (non-linear) stability of the polarization modes needs to be considered. An analytical
expression for the switching point in dependence on all parameters is desirable, but very
difficult to obtain. For this purpose, a treatment of the type I PS in the framework of the
intensity rate equation reduction of the SFM seems to be promising [185].

In contrast to the interpretation established here, a minimum in the effective dichroism
at a type I PS was interpreted to result from a current dependence of the linear dichroism
of unknown origin in [56, 179], since without such an assumption the minimum of the
effective dichroism cannot be explained if the spin dynamics are adiabatically eliminated
from the SFM equations [56, 73]. In the same limit, type I PS at constant linear net
gain is not possible anymore, since the real part of the eigenvalue that describes the
stability of the HF-mode decreases continuously. Thus, once the real part is negative, it
remains negative, i.e., the mode with higher optical frequency remains linearly stable for
all injection currents. But a change of sign of the linear dichroism is not compatible with
the experimentally observed decrease of power at the PS for the devices investigated in
this thesis. If the two polarization modes have equal linear (unsaturated) net gain at the
switching point, the power in both modes has to be equal (see below for a discussion of
gain compression effects).

A possible explanation for the different results obtained here and in [56] is a different
spin relaxation rate in the investigated devices. The results in [56] and accompanying
papers (see Refs. in [56,73]) consistently suggest a spin flip rate that is much larger than
the linear birefringence of the devices studied there. In that case, adiabatical elimination
of the spin dynamics seems to be justified.

In contrast, for the VCSELs investigated in this thesis, the spin-flip rate appears to be
low. It has been tried to determine the spin-flip rate from the behaviour of the effective
dichroism and birefringence versus current by applying the theory assuming adiabatic
elimination of spin dynamics developed in [73] in the same way as it was done in [56].
The spin flip rate obtained from this procedure is found to be of equal magnitude to the
birefringence, what violates the conditions given in [73] for adiabatic elimination of the
spin dynamics. Therefore, it is concluded that the experimental results obtained here can
only be described by a model that accounts for spin-flip rates that are sufficiently small
but finite.

Also a type II PS can be identified by a drop of the total output power as a PS to
the gain disfavoured mode (cf. Fig 3.28). A necessary condition is that the LF-mode is
lasing at threshold, since in a double PS scenario the second PS, which is the type II PS,
is a PS back to the mode that is lasing at threshold, i.e., to the mode that is favoured by
the linear dichroism.
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Dynamical states The experimental results indicate that the occurrence of the dy-
namical states is not necessarily connected to a certain amount of ellipticity of the SOP
at threshold (indeed, the dynamical states have also been shown to occur, if the SOP at
threshold is linear, cf. Fig. 3.31). Therefore, the model treated in the preceding chapter,
which accounts only for a linear SOP at the lasing threshold, seems to be suitable for
a qualitative comparison. The appearance of elliptically polarized and dynamical tran-
sition states in the vicinity of a PS from the LF- to the HF-mode is very different from
the PS scenario from the HF- to the LF-mode, where these states are neither reported
experimentally nor expected from the (extended) SFM-model or any other existing model.

An interesting question is why DS are not observed for type I PS. Most probably, the
asymmetry in the two switching scenarios is due to the different mechanism of destabiliza-
tion of the lasing mode. The linearly polarized steady state is characterized by equality
of D+ and D− [27, 182], which is valid for both the LF- and the HF-mode. Elliptically
polarized steady states are characterized by D+ 6= D− [27]. For linearly polarized states,
the stability of the total intensity decouples from the stability of the polarization sub-
set. The dynamics of the total intensity, namely the ROs, are described by two complex
conjugate eigenvalues. The real part of these eigenvalues is always negative above the
lasing threshold. The stability of the linearly polarized modes against perturbations with
orthogonal polarization and/or a deviation from D+ = D− is expressed by the three re-
maining eigenvalues. Two of these are complex conjugate, the third eigenvalue is real.
The real eigenvalue is (at least in the case of relatively large spin relaxation rates) mainly
associated with perturbations of the equality of D+ and D− [73,89]. In the case of switch-
ing from the HF- to the LF-mode and for the parameter combinations that have been
studied (e.g., the parameters used here and also the ones used in [186, 187]), it is always
the complex conjugate eigenvalue that acquires a positive real part and hence leads to
destabilization of the HF-mode (see also [27]). The real eigenvalue is always negative,
what implies stability of the condition D+ = D−. Hence, elliptically polarized states
cannot be expected. For the PS from the LF- to the HF-mode, the behaviour of the
eigenvalues is different. There exist two possibilities how the linearly polarized LF-mode
can lose linear stability. One possibility is that the real eigenvalue becomes positive, i.e.,
perturbations with D+ 6= D− are not damped. This is the case for the parameters of
Figs. 3.54, 3.59 and 3.55. The other possibility is that the imaginary part of the complex
conjugate eigenvalues becomes zero on an increase of current. For the case of adiabatic
elimination of the spin dynamics this has been shown analytically in [73]. The linearly
polarized LF-mode becomes unstable when one of the three – now real – eigenvalues be-
comes positive. The result obtained here is also supported by the finding in [27] (for the
case of zero linear dichroism) that the LF-mode is destabilized by a real eigenvalue. To
the best knowledge of the author, there are no parameter combinations that allow for
other scenarios than the ones described here. For completeness, it should be noted that
the three eigenvalues discussed above do not determine the domain of linear stability of
the elliptical (steady) states. In the latter case, intensity and polarization dynamics do
not decouple and one has to consider five eigenvalues [27, 188].

Regardless of the specific mechanism of destabilization of the LF-mode, the qualita-
tive similarities between the temporal dynamics observed in the experiments and in the
simulations suggest that the oscillations observed for projection onto a linear SOP are
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caused by oscillations of the polarization angles at constant current. These fluctuations
are the natural cause for the decrease of the fractional polarization that is observed for
the dynamical states in the simulations. It should be mentioned that the transient dy-
namics of a PS from the LF- to the HF-mode was investigated and oscillations of the
Stokes parameters were found in Ref. [76]. However, the authors do not comment on the
scenario before the PS.

Furthermore, it has been shown that the model used for comparison here is able
to qualitatively reproduce the two-dimensional (current and detuning or temperature,
respectively) existence region that was observed in experiments.

The results of the linear stability analysis (Figs. 3.59 and 3.55) show the existence of
a region were none of the two orthogonal linearly polarized modes is stable. There exists
the possibility that this region does not close for increasing current (see Fig. 3.55), i.e.,
the laser does not return to a linearly polarized steady state. This scenario is probably
related to the experimental observation reported in Fig. 3.33. However, in the experiment
it can only be demonstrated that the operation with DS does not cease before the current
region in which high-order transverse modes are excited is entered.

Also the experimentally observed double-PS, including the dynamical states at the
second PS, can be explained within the framework of this model. The question which one
of the two scenarios (arrows (a) and (b) in Fig. 3.55) is actually observed in the experiment
is difficult to answer. Indeed, under the experimental condition of cw-operation the
detuning is continuously increasing, if the current is increased. But this fact does not a
priori exclude the scenario (b) of Fig. 3.55, since the latter is also possible if a detuning
drift with current is included, i.e., with a tilt of arrow (b) the double PS can still be
observed, if the noise is strong enough to induce the first PS.

3.5.3 Relevance of spin dynamics and alternative explanations

There remains the important question whether the experimental observations can be
explained by other models that do not incorporate spin-flip processes and/or phase de-
grees of freedom. Obviously, the change of the ellipticity of the SOP and the dynamical
states cannot be explained without a treatment of phase relationships of the polarization
components. For example, the relative phase of the left and right circular polarization
components directly influences the polarization orientation [82]. Hence, the time depen-
dence of the relative phase has to be treated to account for a time varying orientation, as
it occurs during the emission of the DS. To the best knowledge of the author, there is at
the moment no other model than the SFM (and its derivates except [91]) that predicts
such states for VCSELs. Thus, the observation of the DS in the experiment is considered
as a strong evidence that the spin-flip dynamics play a key role in the devices for which
the DS are observed.

Regarding the PS with a drop of the output power, one can ask whether possible
effects of self- and cross-saturation might play a role. Self- and cross-saturation (called
also ‘gain compression’, e.g., [47]), is often modelled by multiplying the gain terms with
terms like 1/(1 + εxx|Ex|2 + εxy|Ey|2) or 1− εxx|Ex|2 − εxy|Ey|2) (and vice versa for the y-
mode, where the subscripts x and y denote the fields and saturation coefficients of the two
modes with orthogonal linear polarization). In phenomenological models in which the PS
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is induced by a current dependence of the unsaturated gain (e.g., [25,56]), switching takes
place towards the gain favoured mode by definition. Hence the LI-curve of the total power
should be continuous since the gain difference is zero at the PS point. Self- and cross-
saturation terms are often introduced in order to explain the observed hysteresis around
the PS point [25]. If the self-saturation coefficients are equal for the two polarization
modes, there should be actually a jump to higher power (for increasing current) since the
switching is delayed. Indeed there is consensus in the literature that the differences in
the self-saturation should vanish (see [84, 86] for a specific model) or at least be small
due to the nearly symmetric structure of the VCSEL [25]. In any case, a difference in the
self-saturation coefficients large enough to induce a power drop should be accompanied by
a correspondingly large change in the slope of the LI-curve, since self-saturation influences
the slope but not the threshold (see [47] and the explicit solutions in [25,86]). An increase
of the slope at the PS in the presence of saturation effects is explicitly shown in simulations
in [84]. However, there is no indication for that in the experimentally obtained LI-curves.

An increase of the slope of the output power at the PS is also reported in another
recent theoretical work [189]. There, the PS is explicitly due to a change of the modal
gain properties, which depend on current through the inclusion of spatial hole burning
and thermal lensing effects. To summarize the above findings, except the SFM and its
reduction to an intensity rate equation model in [91] there are at the moment no other
models that can explain the observed PS with a drop of the output power. However, since
a type I PS with a drop of the output power is also observed for a double PS scenario where
the DS states are observed at the second PS, the intensity rate equation model of [91] is
not likely to be the appropriate model for the description of the respective device.

The question of the possible relevance of other models for the regime of TFE is some-
how more difficult to answer. It cannot be excluded that also other models (e.g., the one
used in [102] – i.e., the model of [57] with the spin-flip rate set to infinity) can predict
an excitation of both polarization modes with anticorrelated dynamics if the net gain
anisotropy is small enough at threshold. Indeed, excitation of both modes has also been
found in the model used here for large spin flip rates. Even the depletion of the mode
with higher frequency on an increase of current and/or the asymmetric cross correlation
function can presumingly be modelled in phenomenological rate equations (e.g., [25]), if
a suitable current dependence of the linear anisotropies and suitable cross- and self satu-
ration coefficients are introduced. Nevertheless, due to the facts that the drop of output
power at a type I PS is observed in the same device as the TFE and that one can change
continuously between both scenarios by simply changing the substrate temperature, it is
likely that the SFM is the appropriate model to explain the dynamics in the TFE regime,
especially the depletion of the HF-mode. However, one should remind that in the TFE
regime the system is by default close to a change of the net linear gain anisotropy. Thus,
it cannot be excluded that the effects which are related to the SFM and a change of the
linear gain properties induced by Ohmic heating both contribute to the depletion of the
HF-mode.

Finally, the choice of the value of the spin-flip rate has to be discussed. The low
value that is used in Secs. 3.4.2 and 3.4.3 gives for example the best agreement with the
experiments in the TFE regime and on type I PS. Also the experiments on type II PS and
DS can be reproduced best for spin-flip rates of the order of some tens per nanosecond.
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On an increase of γj the DS can still be observed in the simulations, but for sufficiently
high γj the occurrence of the DS shifts to current values beyond the operating regime of
the experimental devices. This argument is supported by a recent study [103] that treats
PS in optically pumped long-wavelength VCSELs. There, the authors relate the fact
that they do not observe elliptically polarized states to the fact that the spin-flip rate in
InGaAs/InP quantum wells is known to be larger than in GaAs/AlGaAs quantum wells
(the type which 850 nm-lasers are based on, cf. [103] and Refs. therein). Pump-probe
experiments on passive quantum film structures yielded even lower values than the ones
used here (γj ≈ 7 . . . 9 · 109 s−1 at room temperature [98, 99]). However, it is doubtful
whether these values provide a good estimation for the situation of a high carrier density
typical for laser operating conditions. Previous estimations of the spin-flip rate under
lasing conditions were inferred indirectly from experiments assuming the validity of the
SFM and yielded γj ≈ 30 . . . 75 · 109 s−1 [100], γj > 100 · 109 s−1 [56], γj ≈ 1012 s−1 [101]
and ‘infinity’ [102], i.e., the values reported in the literature span over a rather wide
range but are significantly higher, in tendency, than the values considered here. Another
aspect that has to be considered is the fact that the spin-flip rate was found to depend
on the density of scattering centres and thus on the sample quality [190]. Hence, it is not
surprising that different spin-flip rates for different devices are obtained.
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