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ABSTRACT

Polarization selection in small-area vertical-cavity surface-emitting lasers (VCSELs) is studied experimentally in
dependence on injection current and substrate temperature in the vicinity of the minimum threshold condition.
Di�erent types of polarization switching (PS) are observed and analyzed: PS from the high to the low frequency
mode, PS from low to high frequency and double switching (from high to low and back to high frequency). Whereas
PS from the high to the low frequency mode is due to a change of sign of linear dichroism, the optical spectra show
dynamical transition states for the other case which hint to the relevance of nonlinear e�ects. A comparison to the
predictions of the SFM-model based on phase-amplitude coupling is given. The interplay of spatial and polarization
e�ects can depend strongly on the ambient temperature.

Keywords: vertical-cavity surface-emitting lasers, polarization switching, optical spectra, transverse modes, non-
linear dispersion

1. INTRODUCTION

Vertical-cavity surface-emitting lasers (VCSELs) have many advantageous intrinsic properties as single-longitudinal
mode operation, high-speed modulation capability, easy integration with electronic circuits and { last, but not least
{ a circular beam pro�le. Therefore they are the state-of-the-art devices for short-haul �ber communication. On the
other hand, their symmetric device structure is also a drawback, since it implies that the polarization state of the
emitted light is only weakly pinned. Maybe the most striking manifestation of the resulting polarization instabilities
is polarization switching (PS), i.e. the linear polarization state appearing at threshold is not stable but gives way to
the orthogonal one as the current is increased.1{6 Since any real communication system will have some polarization
anisotropy, 
uctuations of the polarization state will be converted to amplitude 
uctuations which can degrade the
performance of the system.3,5{7 Polarization stability will become even more important, if VCSELs are used in
future sensoric and spectroscopic applications or single-mode communication links.

Many aspects of this switching behaviour can be understood by considering linear gain or loss anisotropies for the
two polarization modes which are frequency split by birefringence. The latter is due to unintentional stress left in
the device after manufacturing and contacting3,8 and the electro-optic e�ect.9 If the birefringence between the two
polarization modes is large enough, the low or high frequency polarization mode is favored depending on the sign
of the detuning from the gain maximum.2,3 Since the ohmic heating due to current 
ow will change the detuning,
switching from the high to the low frequency mode can be induced if the current is increased. Later studies4,7

con�rmed that PS from the high to the low frequency mode is indeed due to a change of sign of the linear dichroism
(de�ned as the sum of the linear gain and loss anisotropies), but that a current dependent detuning is not suÆcient
to explain all the observed switching scenarios.4,10,11 In particular, PS was observed in pulsed operation at constant
lattice temperature.12 In addition, the observation of hysteresis4,13 indicates that nonlinear e�ects might play a
role in the switching.

Another approach developed by San Miguel, Feng and Moloney (SFM) relies on the spin degrees of freedom of
semiconductor quantum wells.14,15 Here linearly polarized emission arises from coupling of circular polarization
components by the linear anisotropies. Phase-amplitude coupling as described by the �-factor typical for semicon-
ductor lasers is expected to lead to a switching from the low frequency mode to the high frequency one if the current
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is increased, although the former has the higher linear (unsaturated) gain. The phenomenological introduction of
the linear anisotropies and the �-factor was justi�ed recently by a microscopic model, which treats an uniaxially
strained quantum well in an otherwise isotropic cavity operated at gain maximum.16,17 The interplay of the linear
and nonlinear mechanism is still not fully clari�ed: On the one hand, it appears that the steady-state polarization
selection can be explained in most VCSELs without resorting to the SFM model,3,4,18 on the other hand it is well
established that the SFM model (or reduced versions of it) are needed to interprete the dynamical features like

uctuations and details of the optical spectra.4,7 Furthermore, there are only a few studies of low to high frequency
switching in VCSELs18,19 and they do not report details on the optical spectra.

The situation becomes even more complicated, if spatial degrees of freedom have to be taken into account. Since
the transverse extent of the active zone is typically larger than the cavity length, the Fresnel number of the cavity
is larger than unity and transverse modes are excited naturally.1,20 PS might appear before2,3,21,22 or after3 the
appearance of high order transverse modes. Also a double switching from the high to the low frequency mode and
back to the high one is possible, both in a single spatial mode situation23,18 or if high order modes are already
excited.3,21 Both situations are still poorly understood. In most cases the high order mode emerging �rst is
orthogonally polarized to the lasing fundamental one,1,3,21,22 however this might be di�erent for a strong blue
detuning of the cavity resonance with respect to the gain peak.3 In general the appearance of additional high order
modes is strongly correlated with changes of the polarization.21

In order to clarify the characteristics of di�erent types of PS in dependence of the detuning properties as well as the
relationship between polarization and spatial states, we are going to perform a detailed experimental characterization
of the properties of VCSELs in a rather broad parameter interval of current and temperature in the situation relevant
for operation, i.e. around the threshold minimum and without applying additional strain. This should provide also
the basis for the comparison of the experimental results with recently proposed models which combine nonlinear
e�ects with a change of linear anisotropies due to a temperature dependence of the detuning.24,25

2. EXPERIMENTAL SETUP

Fig. 1 shows the experimental setup. The VCSEL is mounted on a temperature controlled brass-submount with
a central bore which is machined to house exactly the cap of the TO46 package in order to minimize strain on
the device. The emitted beam is collimated by an AR-coated aspherical lens. A Wollaston prism (WP) is used to
separate the di�erent linear polarization components. A Fresnel rhombus (FR) serves as an achromatic half-wave
plate. In some experiments an additional Babinet compensator (BC) is inserted which is adjusted as a quarter-wave
plate. The combination of these elements allows the projection of the light on an arbitrary polarization state, i.e.
the measurement of the Stokes parameters. Large-area, low-bandwidth photodetectors (D) are used to monitor the
polarization resolved light-current (LI-) characteristic of the device. Time series with a higher time resolution are
obtained by an avalanche photodiode (APD, bandwidth > 1 GHz, analog bandwidth of oscilloscope 750 MHz). The
near �eld intensity distribution of the laser is imaged onto a CCD camera. The time-averaged optical spectrum is
obtained by means of a plane-plane scanning Fabry-Perot interferometer (FPI) with a free spectral range of 40 GHz
and a Finesse larger than 100. The system was aligned in such a way that back re
ections a�ecting the laser were
avoided. This was checked by attenuating the back re
ex of the FPI by more than 43db by neutral density �lters
or by blocking it completely: the dynamics remains the same. A monochromator is used to measure the absolute
wavelength (resolution 0.05 nm). A resolution in between the one of the monochromator and the FPI is achieved
by a second spectrograph based on a holographic grating (G, 1800 lines/mm), which is used to check the result
obtained with the FPI.

The devices are commercial proton-implanted samples from the company MODE (Micro Optical Devices), which
operate in the 840-850 nm region. The devices are designed to work in single spatial mode (diameter of emission
window 8 �m). Out of a bunch of seven devices, three display polarization switching in the region with a single
spatial mode and four show stable operation. We will analyze the behaviour of two of these lasers, called VCSEL 1
and VCSEL 2 in the following.

3. EXPERIMENTAL RESULTS

Polarization resolved LI-curves were obtained by modulating the injection current of the laser by a triangular ramp
with a frequency of 10 Hz at a �xed substrate temperature. For VCSEL 2 the polarization states are linear (ellipticity
angle < 1Æ). The principal axes are aligned with the wafer axes within a few degree and do not vary by more than
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Figure 1. Experimental setup (see text).

3 degree if the current is varied. This matches the usual observations in VCSELs.3,4 From the LI-curves a stability
diagram is constructed which displays the dominant polarization state in dependence on the parameters current
and temperature of the active zone (Fig. 2). The latter was estimated from the substrate temperature and the
current value by comparing the wavelength shift of the lasing mode (in a regime with single mode operation) with
increasing current (due to ohmic heating) at constant substrate temperature with the shift occurring for increasing
substrate temperature but constant current. The two fundamental spatial modes with orthogonal polarization are
separated in frequency by about 10 GHz. The rhombuses denote a state in which the polarization mode with the
higher frequency is on (Ph-mode), the dots a state in which the low frequency mode is on (Pl-mode). Squares denote
a situation in which both modes are active. The horizontal black bars denote the value of current at which high
order modes appear. Above this point, the 1:1 correspondence between polarization and frequency is lost, of course.
Here, rhombuses (dots) denote that the polarization component which corresponds to the high (low) frequency
fundamental mode is dominant.

The minimum threshold condition is reached for a temperature of about 44ÆC (corresponding to a substrate
temperature of 28ÆC). Polarization selection is quite complicated in this device. In the low temperature region
(. 42ÆC) the low frequency mode is selected at threshold, for high temperatures it is the high frequency mode. In
addition, there is the possibility of emission on two frequencies (cf. the squares in Fig. 2), which indicates that the
anisotropies which favor one of the two polarization states are very small. In that case both polarization components
are excited at threshold but one of them decreases continuously again, if the current is increased slightly (see the
LI-curve in Fig. 3a and the inset).

At threshold the emission is in single spatial mode but the mode quality is poor (Fig. 3b, 6.16 mA). Presumingly
due to an improvement of guiding due to thermal lensing, the mode quality improves if the current is increased
(Fig. 3b, 8.71 mA). A dependence of the modal parameters on current is a common observation in gain-guided
devices.10,26,27 At about 9 mA a high order mode (� TEM01) appears in the weak polarization. Its power increases
continuously with current. At 11.1 mA an abrupt switching takes place: The relative power of the two polarization
components is reversed. At the same time the fundamental mode in the Pl-polarization switches o� whereas the one
in the Ph-polarization switches on. In both polarizations there are additional contributions by high order modes
(Fig. 3b, 11.16 mA). If the current is increased further the relative importance of the fundamental mode in the
Ph-polarization increases (Fig. 3b, 11.59 mA) and the power in the Pl-polarization nearly vanishes.

If the current is decreased again, the amplitudes of the high order modes decrease until only the fundamental
mode survives in the Ph-polarization. At 7.2 mA there is a PS back to the Pl-mode. There is a huge hysteresis loop
spanning from 11.1 mA till 7.2 mA.

For a threshold temperature higher than 44ÆC the high frequency mode emerges at threshold (Fig. 3c). If the
current is increased, there is an abrupt switching (here at 5.2 mA) to the low frequency mode. If the current is
ramped back and forth around the transition point hysteresis occurs (width of loop about 0.02 mA). The switching
takes place in single spatial mode (Fig. 3d, 5.12 to 6.61 mA). Afterwards, the Pl-mode is active and the scenario
is qualitatively the same as for lower temperatures: For increasing current the mode quality increases (Pl-mode at
9.8 mA, Fig. 3d) and a TEM01 appears supercritically in the weak (Ph) polarization at about 8.6 mA. At 10.1 mA,
a PS to a state dominated by a fundamental mode in the Ph direction together with some high order modes in both
polarizations takes place. The width of the hysteresis loop shrinks compared to the situation for low temperature
but is still considerably large (10.1 mA to 8.45 mA).



Figure 2. Dominant polarization state of VCSEL 2 in dependence on the parameters current and temperature of
the active zone (obtained for increasing the current at constant substrate temperature). Due to ohmic heating of
the active zone (3.8K/mA) the lines along which each of the measurements was done are tilted with respect to the
temperature axis. The rhombuses denote a state in which the polarization mode with the higher frequency is on
(or dominant), the dots a state in which the low frequency mode is on (or dominant). Squares denote a situation
in which both modes are active. The horizontal black bars denote the value of current at which high order modes
appear. The emission wavelength changes by 7.1 nm across the diagram.

The current value for this second switching decreases for increasing temperature until it drops below the value
at which high order modes appear at a substrate temperature of 50ÆC (temperature of active zone about 75ÆC).
Then a double polarization switching from the high frequency mode to the low frequency one and back to the high
frequency one takes place in a purely fundamental mode situation (Fig. 3e,f).

Previous investigations4,7 showed that it is fruitful to analyze the optical spectra in detail in order to extract
device parameters. The common situation in VCSELs is that the spectrum is characterized by one strong lasing
mode and a weak non-lasing mode, which is driven by spontaneous emission.3,4,7 The frequency splitting between
the polarization modes can be considered as a measure of the `e�ective birefringence' of the cavity. We use the
term `e�ective' since it contains linear and nonlinear contributions28,4 and thus depends on current. At threshold it
is about 9 GHz (Fig. 4a). If the high frequency mode is lasing (i.e. before PS 1 and after PS 2) it increases with
increasing current; in between it is nearly constant (Fig. 4a).

The principal form of the spectra (two Lorentzian-shaped peaks with orthogonal linear polarization) does not
vary with current except in the vicinity of the second PS from the low to the high frequency mode. Here, the
frequency splitting increases suddenly to about 25 GHz (Fig. 4b). The spectra are highly nonstationary and do not
display well de�ned peaks. Observation of the dynamics close to the transition point with the avalanche photodiode
reveals that the transition between the two polarization states is accompanied by stochastic hopping between two
states. Histograms reveal a bimodal distribution of the intensity in an interval of 60 �A around the transition point.
This indicates the existence of bistability. Noise-induced transitions between the two coexisting states can wash out
the hysteresis curve which is associated with bistability in a deterministic (or low noise) system. Bistability and
noise-induced hopping between the two polarization states were analyzed for switching from the high to the low
frequency mode in detail in.13 Here, the interval with increased birefringence coincides with the region (� 0:06 mA)
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Figure 3. a, c, e) Polarization resolved LI-curve of VCSEL 2. Black lines represent the Ph-polarization component,
grey lines the Pl-component. The inset in a) shows a magni�cation around threshold. b, d, f) Polarization resolved
near �eld intensity distributions in dependence of current (upper row: Pl-polarization, lower row: Ph-polarization).
The images are displayed in a linear grey level scale with white denoting high intensity. Each of the images is
adjusted for maximal contrast for printing. Thus the absolute brightness carries no meaning. Substrate (threshold)
temperature: a,b) 11.2ÆC (23ÆC); c,d) 33ÆC (48ÆC); e,f) 61ÆC (78ÆC).

in which bimodal intensity distributions due to stochastic hopping between two polarization states are found.

For the �rst PS from the high to the low frequency mode no `unconventional' spectra are found. There is a
hysteresis loop with a width of about 0.02 mA. By subtracting the width of the peaks in the optical spectrum one
can obtain an estimation of the e�ective dichroism, i.e. the di�erence of the linear net gain (= di�erence between
gain and loss coeÆcients) of the two polarization modes of the laser.4,7 Fig. 5 shows that there is a minimum of
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Figure 4. a) E�ective birefringence determined from the optical spectra for VCSEL 1. b) Optical spectrum at
PS 2. Substrate temperature 56.1Æ.
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Figure 5. Dichroism between the two linear polarization states in the vicinity of the �rst PS for VCSEL 1. The
values are obtained by subtracting the half width of the peaks in optical spectra averaged over 50 acquisitions.
Substrate temperature 40.6Æ.

the e�ective dichroism at the point of the PS. Following the reasoning in4,7 this observation indicates that the PS is
due to a change of sign of the linear dichroism, i.e. due to a current dependence of the linear anisotropies.

In VCSEL 1 the polarization selection in dependence of parameters is simpler: The low frequency mode is selected
at threshold in all the investigated range of substrate temperatures (10-62ÆC, the minimum of threshold is at about
45ÆC, Fig. 6a). PS from the low to the high frequency mode occurs for all temperatures; and the shape of the curve
of the PS points has approximately the same shape as the threshold curve (Fig. 6a). The emission takes place in
a fundamental spatial mode of good quality before and after the PS. High order transverse modes do not appear
below a value of the injection current of 8.5 mA.

In contrast to the other devices we investigated, the polarization state of this laser was not linear but elliptical.
Therefore it is characterized best by the complete set of Stokes parameters. From these the ellipticity angle and the
direction of the major principal axis of the polarization ellipse are calculated. The result is shown in Fig. 7a. The
ellipticity angle increases with increasing current from a value of 10.5Æ at threshold to 15Æ at the PS. After the PS
it decreases until it is nearly zero around 8 mA. At threshold, the principal axis of the polarization ellipse deviates
from the axis of the wafer by about 30Æ and rotates till the PS by about 10Æ. After the PS, it rotates again by
about 14Æ, if the current is increased to 8 mA. Nevertheless, the emission is highly polarized since the fractional
polarization, i.e. the sum of the normalized Stokes parameters, is greater than 0.95 except for a region in the vicinity
of the PS (Fig. 7b).

A characterization of the optical spectra is done in another paper.29 Here, we summarize brie
y the results and
provide further details. At threshold the birefringence is about 5.5 GHz and it decreases approximately linearly with
current up to a certain value of current at which the character of the spectra changes. Gradually, additional peaks
appear until several lasing peaks are clearly present (Fig. 6b). Each of the peaks is elliptically polarized but the main
axes are di�erent. This is in accordance with the observation that the fractional polarization drops drastically in a
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Figure 6. a) Laser threshold (squares), PS (crosses) and begin (up-triangles) and end (down-triangles) of current
interval with dynamical states in dependence on substrate temperature for VCSEL 1. b) Optical spectra at 5.57 mA
(projected on the principal axis before the PS, grey line) and at 5.7 mA (projected on the principal axis after the
PS, black line). Substrate-temperature 15.9ÆC.
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Figure 7. a) Direction of the major principal axis of the polarization ellipse (grey line) with respect to the wafer
axis and ellipticity angle (black line). b) Fractional polarization. The vertical line denotes the PS point. The strong
noise for low current is due to the fact that the signal level is small. Substrate temperature: 22.6ÆC.

�nite region around the point of the PS (Fig. 7b). However, in constrast to the observation for VCSEL 2 (Fig. 4b)
the spectrum consists still of well de�ned peaks. This hints to the existence of a self-pulsing of the laser on a time
scale of 300 ps, which is too short to be resolved directly in the time domain by our setup.

Dynamical states appear for all temperatures (Fig. 6a). The width of the interval with dynamical states is consid-
erably more extended than the region with a bimodal distribution and stochastic hopping between two polarization
states (e.g. 0.65 mA compared to 0.03 mA for a substrate temperature of 15.9ÆC). However, the stochastic hopping
occurs on a time scale of a few microseconds and is therefore not the origin of the appearance of multiple peaks.

For current values higher than the upper line in Fig. 6a, the spectra are `conventional' again, i.e. they consists
of one lasing and one non-lasing peak again. Above this line the e�ective birefringence increases with increasing
current, i.e. there is a minimum of birefringence at the PS.

4. DISCUSSION

We start with a discussion of the properties of VCSEL 1. Since the experimentally observed switching is from the
low to the high frequency mode, it cannot be explained by the temperature dependent gain anisotropy proposed in.3

A temperature dependence of the absorption anisotropy can cause switchings in the opposite direction18 but this is
considered unlikely in our case, since PS occured for all temperatures. Furthermore, the observed spectra cannot be
explained by a purely linear theory.

Hence, we will compare the experimental results to the prediction of the SFM model in the following. The
original version of the SFM model15 assumes isotropic gain but a loss anisotropy of the cavity. This selects one of



the two linear polarization states at threshold. The non-lasing mode of orthogonal linear polarization is separated at
threshold from the lasing mode by the linear birefringence.15,28,4 The non-lasing mode will red-shift with increasing
current due to phase-amplitude coupling (saturable dispersion) described by the linewidth-enhancement factor.28,4

If the low frequency state is selected at threshold, this implies that the e�ective birefringence decreases linearly with
current. PS occurs if the frequency separation is zero. Afterwards the high frequency mode is lasing and the splitting
increases. Thus one expects a minimum in the e�ective birefringence which matches our experimental observations.
The change of the birefringent splitting was experimentally con�rmed for the PS from a high to low frequency mode
before,4 but we are not aware of an investigation of the low-to-high switching counterpart.

We remark that the birefringence at threshold changes slightly in dependence of the substrate temperature. The
rate is -0.06 GHz/K. The origin of this e�ect is unclear, it might be connected to the thermal expansion of the
device. Using the estimated dependence of the temperature of the active zone on current, one calculates that the
birefringence might change by a rate of -0.16 GHz/mA. This is far less than observed experimentally (-2.4 GHz/mA
before the PS in VCSEL 1) and furthermore it cannot explain the increase of the e�ective birefringence present in
both devices if the high frequency mode is lasing. Thus we conclude that the dominant contribution to the observed
change of the e�ective birefringence is due to saturable dispersion, whereas possible quantitative modi�cations due
to a temperature dependence of the linear birefringence are small.

If one looks in detail, the SFM model predicts that the linear polarization state becomes unstable already slightly
before the PS point and a state with stationary elliptical polarization develops.15 Its main axis is slightly rotated
with respect to the axis of the original linear polarization and depends also on current. If the current is increased
slightly, the elliptical state becomes nonstationary. The time evolution is regular at �rst, but becomes chaotic for
a larger current. If the current is increased slightly further, the PS occurs. Around the switching point bistability
is predicted. The appearance of the nonstationary states is accompanied by a drop in the fractional polarization
and the emergence of sidebands in the optical spectrum. Fig. 5 of Ref.15 suggests that the polarization state of the
di�erent sidebands is elliptical but di�ers from peak to peak. Thus there is a rather close correspondence between
the experimental observations and the theoretical predictions. The scenarios di�er from each other by the fact that
the amplitude of the sidebands is much higher in the experiment than in the numerical simulations. This issue
certainly demands further theoretical investigations. The second di�erence is that the SFM model predicts elliptical
states only in a small interval in the vicinity of the PS, whereas the laser in the experiment is elliptical polarized
for all currents. A possible explanation is that the axes of birefringence and dichroism are not aligned.30 The
results in30 suggest that the principal scenario for a SFM-PS does not change very much, if the misalignment is
introduced. However, this point demands also further theoretical clari�cation. This might provide also a hint why
the polarization principal axes rotate strongly in dependence of the current.

An extended version of the SFM model takes into account the frequency dependence of the gain and dispersion
in a semiconductor quantum well and thus allows also for the description of temperature induced changes of the gain
anisotropy.25 In this model, a cavity dichroism of 0.17% is suÆcient to ensure that the low frequency mode lases at
threshold on both sides of the threshold minimum, even in a broader range than experimentally investigated.25 This
means that it is possible to reproduce the scenario observed in VCSEL 1 qualitatively in the model. Further work
should be directed towards a more quantitative comparison with matching parameters in order to clarify whether
the coincidence is super�cial or not.

Concerning the experimental observations in VCSEL 2 we �rst comment on the fact that one can identify three
main regions with characteristic behavior (corresponding to the sub�gures of Fig. 3): For low temperatures transverse
modes appear before the �rst PS, for medium temperatures there is �rst a PS and then transverse modes appear, and
for high temperatures there is double switching in the fundamental mode before high order transverse modes appear.
All this situations were reported separately before (cf. the introductory Section 1). However, the observation in one
device { combined with a high resolution in both current and temperature { gives an indication how the various
phenomena are connected to each other, whereas they appear as confusing or even con
icting observations, if the
temperature (and the corresponding change of the detuning condition) is not controlled and/or monitored.

Obviously, the interplay of polarization and spatial states and the resulting switching scenarios observed in VC-
SEL 2 are quite complex and diÆcult to analyze. Whereas the curves representing the threshold for the appearance
of high order modes and the second PS from low to high frequency are quite smooth everywhere, there are clear
discontinuities in both curves at the point (at � 75ÆC in Fig. 2) after which also the second PS occurs within the
single fundamental mode regime. This indicates an interaction of the spatial and polarization degrees of freedom.



On the other hand, also on the left hand side of the discontinuity the change of the dominant polarization state does
not take place by an increase of the amplitude of the orthogonally polarized high order modes, which are already
present (and/or the appearance of additional high order modes) but via a switching between the fundamental modes.
This hints to the possibility that basic mechanisms of polarization selection are independent of the spatial degrees
of freedom and that the boundary limiting the region with dominance of the Pl-polarization state for high currents
in Fig. 2 might be regarded as a single line, which is only perturbed by spatial e�ects. This point demands further
experimental and theoretical investigations.

The observation that the PS from the high to the low frequency mode is due to a change of sign of the linear
dichroism �ts to the results of other groups for this type of switching.3,4 Since it appears in tendency on the high
frequency side of the gain maximum, it cannot be due to a shift of the detuning due to ohmic heating. A possible
interpretation should start with the observation that the amplitude anisotropy is apparently quite weak at threshold
since we partly observe emission in both polarization states. Also in previous investigations3 a clear polarization
selection was only observed if the birefringence was suÆciently high (> 3 GHz in the case of Ref.3). Furthermore,
anisotropies due to a di�erence in detuning for the two polarization modes will be smallest directly at the gain
maximum. We conjecture that in this situation other mechanisms31,4,10,11 also play a role in polarization selection.
In our case, the strong dependence of mode quality and size on current suggests that the �rst PS might be related
to a change of the sign of the modal gain due to thermal lensing as discussed for other gain-guided devices before.10

Double switching was observed before by other groups18 but attributed to linear phenomena. However, the
drastic change of the e�ective birefringence at the second PS point indicates the importance of nonlinear phenomena
in our device. The increase of the e�ective birefringence in dependence on current observed in VCSEL 1 (Fig. 4a)
if the high frequency mode is active is in accordance with the expectation from the SFM model.28,4 It is unclear,
why the birefringence remains approximately constant if the low frequency mode is lasing (Fig. 4a). In the extended
SFM model25 double switching is possible, in principle, and dynamical states exist before the second PS,32 but
more analysis needs to be done, before a connection between this theoretical prediction and the experimental results
can be claimed.

5. CONCLUDING REMARKS

In summary, PS in VCSELs was studied experimentally with an emphasis on the case of switching from the low to
the high frequency mode. The observation of dynamical transition states hints to the relevance of nonlinear e�ects.
Similar e�ects are predicted by the SFM model based on nonlinear dispersion. For an understanding of the interplay
of spatial and polarization degrees of freedom it is essential to analyze the behavior in a rather wide interval of
temperature, respectively detuning.

The investigations are complicated by the fact that there are large deviations in behavior from device to device
since anisotropies in electrically pumped VCSELs are diÆcult to control. Therefore it is necessary to study as many
devices and types of devices as possible. Our work is meant to �t in this framework. The results indicate that { at
least in some VCSELs { nonlinear e�ects are not only important for the dynamical characteristics of VCSELs but
also for the selection of the stationary polarization states.
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