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Polarization Switching to the Gain Disfavored Mode
in Vertical-Cavity Surface-Emitting Lasers

Markus Sondermann, Michael Weinkath, and Thorsten Ackemann, Member, IEEE

Abstract—We report on the experimental observation of
current-induced polarization switching in vertical-cavity sur-
face-emitting lasers which is accompanied by a decrease of the
total output power at the switching point. The relaxation oscil-
lation frequency also decreases. This switching is interpreted as
a switching event from the mode with higher (unsaturated) net
gain to the gain disfavored mode. The experimental observations
are in qualitative agreement with a nonlinear dynamical model
taking into account spin degrees of freedom of carriers in a
semiconductor quantum well. Within the framework of this
model, we propose an explanation for the origin of a minimum
in the effective dichroism observed at the switching point, which
might also be relevant for other experiments.

Index Terms—Polarization dynamics, vertical-cavity surface-
emitting lasers.

I. INTRODUCTION

VERTICAL-CAVITY surface-emitting lasers (VCSELs)
have become devices of industrial interest over the past

years and are used in an increasing number of applications
despite the fact that some aspects of the underlying physics is
not yet fully understood. Compared to edge-emitting semicon-
ductor lasers, their main advantages from a point of view of
applications are the single longitudinal mode operation, which
is enforced by the short cavity length and a circular geometry
of the cavity. The latter feature facilitates coupling into optical
fibers but also adds additional degrees of freedom to the system,
since the orientation of the polarization direction of the emitted
field is no longer fixed by geometrical constraints.

Nevertheless, in most cases, a linearly polarized field mode is
emitted at lasing threshold. Preferentially, the field vector is ori-
ented along one of the wafer axes [1]. This is due to unavoidable
linear polarization anisotropies induced by the elastooptic [1],
[2] and the electrooptic effect [3] which break the circular trans-
verse symmetry of the laser. The induced amplitude anisotropy,
often termed dichroism, selects the polarization of the lasing
mode at threshold in most cases, i.e., for a sufficiently high mag-
nitude of the amplitude anisotropy [4], [5]. In addition, the phase
anisotropy or birefringence removes the frequency degeneracy
of orthogonally polarized fields, i.e., the orthogonal polarization
directions are emitted in modes of the same longitudinal order
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but with slightly different frequencies. It has been shown that
the linearly polarized mode selected at threshold can become
unstable at higher injection currents. This can result in polar-
ization switching (PS), i.e., a sudden change of the emission to
the orthogonally polarized mode [1], [6]. PS has been observed
from the mode with the lower optical frequency to the mode
with the higher one and vice versa [1], [6]–[8].

There have been several attempts to explain the mechanisms
inducing the PS. One class of approaches is based on thermal
effects, which are inevitable during CW operation due to ohmic
heating. This results in a different amount of red shift for the
cavity resonances and the gain curve and thus in a change of
the gain difference between the frequency-separated polariza-
tion modes [1]. Further proposals have been made in [9] and [8],
taking into account also frequency-dependent losses or strain
effects in the quantum-well (QW) active region, respectively.
Common to all of these models is that they explain PS by a cur-
rent-dependent change of the linear, i.e., unsaturated, net gain
anisotropy that becomes zero and changes its sign at the point
of the PS.

A different approach is based on the nonlinear dynamics in-
duced by saturable dispersion and the coupling of inversion pop-
ulations with opposite spin [10], [11]. In this model, PS occurs
due to a phase instability, i.e., a change of the phase relation-
ship of the left- and right-handed circular polarized components
of the emitted light. An important prediction of this model is
that PS from the mode favored by the net gain to the gain dis-
favored mode is possible. In [12] and [13], this model has been
extended by introducing a frequency-dependent susceptibility,
which gives a more realistic description of the semiconductor
gain medium than the quasi-two-level approach used in [10] and
[11]. The extended model allows for a combined investigation
of nonlinear and temperature-dependent linear effects.

From an experimental point of view, the question is how to
differentiate among the proposed mechanisms. One approach
is to operate the laser with current pulses with a duration far
below the thermal relaxation times. A PS from the mode with
higher optical frequency to the mode with lower optical fre-
quency (often referred to as “type I PS” [9]) under pulsed op-
eration has been observed in [14] and in [15]. However, it was
argued that this does not give conclusive evidence for a non-
thermal switching, since the plasma temperature might change
even if the lattice temperature remains constant [16].

Another possibility is to look for “fingerprints” of the non-
linear dynamics. The model proposed in [11] predicts for the
PS from the mode with lower optical frequency to the mode
with higher optical frequency (“type II PS” in the terminology
of [9]) the occurrence of elliptically polarized dynamical states
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at the PS, which lead to a reduction of the fractional polariza-
tion and appear as sidebands in the optical spectrum. The possi-
bility of the existence of this PS scenario has been experimen-
tally demonstrated in [17]. Within the framework of the above
model, characteristic spectra or similar phenomena are not pre-
dicted for type I PS. Therefore, one has to look for other mani-
festations of the switching to a mode with lower net gain.

In this paper, we report on a possibility of identifying experi-
mentally a type I switching event as a PS to the gain disfavored
mode. This is possible by the observation of a decrease of the
output power of the laser at the point of PS. We will also argue
that the observation of a minimum of the dichroism at the point
of PS, reported for type I switching in [7], is—taken alone—not
sufficient to distinguish between switching processes due to a
change of linear (unsaturated) or nonlinear net gain. In [7], this
minimum has been interpreted as the consequence of a sign re-
versal of the linear dichroism. Here, we discuss another possible
origin of a minimum in the dichroism. We will show that, within
the theory of [11] and [13], such a minimum is also obtained and
is the consequence of nonlinear dynamics in the regime of low
spin relaxation rates. We mention that the relevance of the spin
degrees of freedom of the gain material for polarization selec-
tion has been studied intensively in gas lasers (see [18] for a re-
view). In this context, the possibility of a switching to a gain dis-
favored mode is an established—though somehow counterintu-
itive—concept. It can be due to an interplay of birefringence and
phase-amplitude coupling in detuned gas lasers [11], [18]–[20].
Since in semiconductor lasers phase-amplitude coupling is par-
ticularly strong and, in addition, exists even for operation at the
gain peak [21], the existence of similar effects in VCSELs is not
totally surprising.

In Section II, we will describe the experimental setup and re-
port the results of our experiments. In Section III, we will com-
pare these results to simulations and a linear stability analysis
within the model established in [12] and [13]. A discussion and
conclusions will be given in the last section.

II. EXPERIMENTS

The experiments have been performed on gain-guided
VCSELs (Emcore Corp., Model 8085–2010) with an
8- m-wide aperture. The devices operate in the funda-
mental transverse mode for current values less than 200%
of the threshold current. The operation wavelength is around
845 nm. The substrate temperature of the VCSELs has been
stabilized by a thermoelectric cooling system that has been
attached to the copper mount of the VCSELs. With this system
we are able to monitor and control the substrate temperature in
a range from 6 C to 70 C, where the upper limit is set by the
maximum allowed operation temperature of the devices used.

The VCSEL emission has been collimated using an aspheric
antireflection coated lens. After collimation, the emitted light is
split into its orthogonally linear polarized components by means
of a half-wave plate and a Wollaston prism. For projection onto
circular polarization states, a quarter-wave plate is inserted into
the beam path in front of the half-wave plate. All polarization
optics have been slightly misaligned in order to prevent feed-
back into the laser. After the Wollaston prism, the time-aver-

Fig. 1. Polarization-resolved output power in dependence of the injection
current. Solid (dashed) 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 (dotted line) in the vicinity
of the PS, measured without polarization-sensitive optics.

aged power in each polarization component is measured with a
low-bandwidth detector. We have measured power spectra with
a PIN diode of 10-GHz bandwidth (Antel AR-S2) and a power
spectrum analyzer of 21-GHz bandwidth (Anritsu MS2650). A
scanning Fabry–Perot interferometer with a finesse better than
150 and a free spectral range of 46 GHz allows for a measure-
ment of optical spectra. Unintended back reflections from the
Fabry–Perot interferometer and the PIN diode are prevented by
an optical isolator.

Fig. 1 displays the polarization resolved output power in de-
pendence of the injection current (LI-curve) under CW opera-
tion for one of the investigated devices. At lasing threshold the
light is emitted in the mode with higher optical frequency. This
has been confirmed by measurements of the optical spectrum,
revealing a frequency splitting of the two modes at threshold of
approximately 6 GHz. A PS to the mode with lower optical fre-
quency 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 mode with lower optical frequency has a
lower emission power than the orthogonally polarized mode at
the point of the PS. 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 mode with higher optical frequency. This
indicates that the threshold of the mode with lower optical fre-
quency is higher.

In order to ensure that the observed decrease of power is not
due to a residual anisotropy of the analyzing polarization op-
tics, we have placed a low-bandwidth detector directly after the
collimation lens. The total output power obtained from this mea-
surement exhibits a abrupt decrease at the PS in accordance with
the polarization-resolved experiments (see the inset in Fig. 1).

An additional tool to visualize the observed decrease in power
is a measurement of the relaxation oscillation (RO) frequen-
cies for the orthogonally polarized modes. The square of the
RO frequency is—in linear approximation—expected to be pro-
portional to the output power or the injection current rescaled
to the threshold current [22], respectively. 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. In Fig. 2, the
measured squared RO frequency is plotted in dependence of the
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Fig. 2. Square of RO frequency against the injection current. Circles (squares)
denote the relaxation oscillation frequency before (after) the PS. The dashed and
solid lines are the results of linear fits applied to the two datasets.

current. At the point of PS, the square of the frequency decreases
stepwise. In addition, the results of linear fits applied to the data
before and after the PS intersect the current axis at different cur-
rents. This is a further indication of different thresholds of the
two modes, i.e., of a higher threshold of the mode with lower
optical frequency.

As is apparent from Fig. 2, the square of the RO frequency
has no strict linear dependence on the current close to threshold.
This is observed for all of the devices we have investigated,
regardless of the state of polarization selected at threshold and
whether a PS occurs or not. The range of data points included
in the fitting procedure has been restricted to the linear part, i.e.,
to current values greater than 6% above threshold. 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.

In [7], two different methods have been established to mea-
sure the frequency and the damping of a perturbation that is or-
thogonally polarized to the lasing mode and driven by sponta-
neous emission. In experiments, this perturbation appears as the
nonlasing mode in the optical spectrum. The frequency and the
width of this peak are related to the effective phase and ampli-
tude anisotropies which stem from linear and nonlinear (dynam-
ical) contributions [7], [23]–[25] and are often called effective
birefringence and effective dichroism, respectively. They can be
measured as the difference in frequency and the difference in
linewidth [half-width at half-maximum (HWHM)] of the lasing
and the nonlasing mode in the optical spectrum. A second, more
precise method is the analysis of polarization fluctuations in RF
spectra [7]. The polarization fluctuations are observable after
projection onto circularly polarized states. The center frequency
of the peak in the noise spectrum corresponds to the oscillation
frequency of the orthogonally polarized perturbations (effective
birefringence) and the HWHM to the damping of these pertur-
bations (effective dichroism) [7].

The results of the latter method applied to the device under
study are displayed in Fig. 3. 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 [7, Fig. 10].

The scenario described up to now is observed for substrate
temperatures of the VCSEL ranging from 6 C to 55 C. The

Fig. 3. Effective dichroism in dependence on the injection current. The dashed
(solid) lines are linear fits applied to the data before (after) the PS.

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/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 a constant injection cur-
rent. The observed PS occurs at current values less than 1 mA
above the lasing threshold. This is an indication that the PS ob-
served in this VCSEL is not due to temperature changes. A PS
from the mode with higher optical frequency to the mode with
lower optical frequency exhibiting a drop of output power has
been observed also for other devices in our experiments.

III. THEORETICAL INVESTIGATIONS

In [12] and [13], an extension of the spin flip model estab-
lished in [11] is introduced. Whereas in [11] the semiconductor
material has been modeled as a two-level medium, i.e., only
transitions in the center of the band gap have been taken into
account, in [12] and [13] a more realistic semiconductor sus-
ceptibility [26] is used to model the properties of the gain mate-
rial. An important issue of this susceptibility is the dependence
on a detuning ( ) between the cavity resonance and the nom-
inal bandgap. This opens the possibility of modeling detuning-
dependent gain differences of the two polarization modes and
hence the temperature effects on detuning identified in [1] and
[4] as a possible reason for type I PS in VCSELs. For an exact
expression of the susceptibility, we refer to [13] and [26]. The
dynamical equations describing the evolution of the circularly
polarized field components and the corresponding inversion
populations with opposite spin are [13]:

(1)

(2)

The important parameters that influence the dynamics are the
dichroism , the birefringence , and the spin relaxation rate

. is set to zero. By this, the VCSEL is able to emit in the
high-frequency mode at threshold for detuning values less than
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Fig. 4. Same as Fig. 1, obtained from simulations for � = 0. Circles
(squares) denote the power in the mode with higher (lower) optical frequency.
The dashed (solid) lines are linear fits applied to the data before (after) the PS.
The integration time per point is 100 ns.

the one of the threshold minimum [13], which is located in the
simulations at . (The definition of and the semicon-
ductor material properties included in the calculation of the sus-
ceptibility [26] result in a shift of the threshold minimum away
from zero detuning.) Since is a pure loss anisotropy inde-
pendent of , the net gain anisotropy at threshold is a function
of the detuning . To operate under conditions close to the ex-
perimental conditions, is set to 18 ns . The mode splitting
at threshold in optical frequencies is roughly . The crucial
parameter is the relaxation rate of the difference of the inver-
sion populations with opposite spin. Since we want to demon-
strate the importance of these relaxation processes, we choose
a value of ns , which is comparable in magnitude to
the birefringence. The remaining parameters of the above equa-
tions and the corresponding values used in the simulations are
the cavity losses ns , the effective gain constant

ns , the confinement factor , the
nonradiative and bimolecular recombination rates of the carriers

ns and ns , respectively, and the spon-
taneous emission rate ns . Spontaneous emis-
sion processes are incorporated by the two Gaussian white noise
sources . is the injection current normalized to the trans-
parency carrier density.

The linearly polarized steady-state solutions of (1) and (2)
have an equal amplitude and frequency for the -fields but
a different phase at which the circularly polarized components
lock [13]. The steady-state inversions of the orthogonally linear
polarized solutions are functions of and the imaginary part of
the susceptibility. This results in general in different thresholds
for the two polarization modes and in different amplitudes of the
linearly polarized fields at constant current [13]. Furthermore,
in a linearly polarized steady state, one has , i.e., the
difference of carriers with opposite spin has relaxed to zero [13].

In Fig. 4, the simulated – curve for a detuning value of
is displayed. At threshold, the laser oscillates in the

polarization mode with higher optical frequency, which is the
one closer to the gain peak. If the current is increased beyond a
value of 16% above the lasing threshold, a PS to the mode with
lower optical frequency is observed. The value of 16% is of the
same order of magnitude as the one observed in the experiment.

Fig. 5. Same as in Fig. 2, obtained from simulations with � = 0 and an
integration time of 1000 ns per point. The dashed (solid) lines are linear fits
applied to the data before (after) the PS.

An even better agreement can be obtained by decreasing 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. Hence, we prefer to demonstrate only the robust
features assuming reasonable parameters.

Linear fits have been applied to the data before and after the
PS (see the lines in Fig. 4). The fitting results reveal, as expected
from the steady-state characteristics [13], a drop of the output
power at the PS and a higher threshold for the mode with lower
frequency, i.e., the PS is to the mode with lower gain. The de-
crease of power at the PS is of the order of 2%.

Under typical experimental conditions, i.e., CW operation of
the VCSEL, the temperature of the active zone increases with
the injection current due to ohmic heating. Thanks to the fre-
quency-dependent susceptibility used in the model discussed
here, one is able to simulate an increasing temperature of the ac-
tive material by increasing proportional to the injected current
[13]. This procedure has been applied to the same parameter set
as it was used for the simulation in Fig. 4, with the initial value
of the injection current being a few percent below the threshold
current for fixed detuning. As long as the increase of with cur-
rent is moderate, i.e., the drift in does not significantly modify
the threshold current, the drop of the output power at the PS is
still observed. For simplicity, we will keep to the investigation
of the dynamics at constant detuning in the following.

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 frequen-
cies. The results of this procedure are displayed in Fig. 5. At the
current of the PS, the RO for both modes are observed, since
in the vicinity of the PS noise-driven mode hopping occurs (see
also [27]–[29]). Thus, both modes are lasing on a time average.
As is evident from the figure, there is a drop of the squared RO
frequency at the PS point. This matches the experimental ob-
servation. The drop in RO frequency is due to the drop in in-
tracavity power (and correspondingly of the output power, of
course).
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Fig. 6. (a) Effective dichroism in dependence on the injection current for
� = 0, obtained from simulated optical spectra. (b) Damping (in angular
frequencies) of the perturbation orthogonally polarized to the lasing mode,
obtained from a linear stability analysis. The dashed (solid) lines in (b) denote
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 polarization modes. The lines in (a) represent the modulus of the
corresponding data in (b), divided by a scaling factor of 2�.

In Fig. 6(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. This is a measure for the damping of a perturbation that
is orthogonally polarized to the lasing mode and driven by spon-
taneous emission (see [7], [25], and Section II). For the case of
lasing emission in the mode with higher optical frequency, a de-
crease of the damping (and hence of the dichroism) is observed,
whereas it increases after the PS when the mode with lower op-
tical frequency lases. Thus, the effective dichroism has a min-
imum at the PS (16% above threshold) 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.

In the remainder of this section, we will compare the results of
the simulations with the predictions of a linear stability analysis
describing the stability of the two linearly polarized steady-state
solutions against perturbations with perpendicular polarization.
The stability of the lasing mode against these perturbations is
expressed by three eigenvalues, of which one is real and the
other two are complex conjugate, as is also the case in the orig-
inal model [11], [24]. For the parameter values discussed here
and current ranges less than twice the threshold current, the real
eigenvalue is always negative. Hence, the discussion can be re-
stricted to the two complex conjugate eigenvalues. These de-
scribe the development of the perturbations at the orthogonal
polarization mode. The real part of the eigenvalues describes
the (un)damping of a perturbation, where for a positive (nega-
tive) real part the perturbation grows (decays) exponentially in
time, i.e., the solution subject to the perturbation is linear un-
stable (stable).

In Fig. 6(b), the numerically obtained results of a linear sta-
bility analysis for the same parameter set as used in the sim-
ulations are displayed. At threshold, only the solution for the
mode with higher optical frequency is stable. For increasing
current, the solution for the mode with lower optical frequency
gains linear stability at approximately 10% above threshold. The
mode with higher optical frequency 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 sta-
bility. Since the modulus of the damping of the perturbation can
be measured as the effective dichroism [7], one would expect a
continuous decay of the effective dichroism toward 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. 6(a)] nor in the experiment. There, the PS is at much lower
current and and a nonzero minimum of the effective dichroism
is observed.

However, the PS in the simulations does not take place
at the upper boundary of the bistability interval (50% above
threshold), but at a current value of 16% above threshold. Just
slightly below this current value, the damping values corre-
sponding 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 nonlasing
mode, as it is observed at the PS in the simulations [Fig. 6(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.

Regarding the region of linear bistability of the modes, there
has been an apparent contradiction between experimental obser-
vations and the models based on spin relaxation processes in the
past. In experiments, the PS is often observed to be accompanied
by a hysteresis loop (e.g., [7] and [30]), which can be regarded
as a manifestation of bistability. The width of the observed hys-
teresis loops was found to be much smaller than the region of
bistability that is obtained here or in [11], [12]. This “contra-
diction” is resolved by our numerical observation that the point
of PS is not at the linear stability boundaries in the presence
of spontaneous emission noise. Obviously, the strength of the
noise will have some influence on the switching point. For the
parameters under study, a change of has the following con-
sequences. If is decreased by, e.g., a factor of 2, the point
of PS moves to 28% above threshold. A further decrease of
results in a further increase of the switching current, but the rel-
ative change of the switching current is the smaller the larger the
decrease of is, i.e., there is no proportionality between
and the switching current. The point of the PS moves asymp-
totically toward the current value at which the mode with the
higher frequency loses linear stability. On the contrary, if
is increased, the switching point remains constant. However, an
increase of results in an increase of the current interval in
which mode hopping is observed. Thus, the PS as observed in
Fig. 4 is smeared out.

We want to finish this section with a discussion of the in-
fluence of variations of the spin flip rate on the damping of
the perturbations. If all other parameters are fixed, the spin flip
rate determines the slope of the damping of the perturba-
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tions with changing current. With increasing , the slope of the
damping of the perturbation orthogonally polarized to the mode
with higher (lower) optical frequency decreases (increases). As
a consequence, the point at which the mode with lower (higher)
optical frequency 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 inter-
sect. Furthermore, due to the smaller slopes, the minimum of
the damping at the intersection point becomes less pronounced.
This development continues until for ns the slope
of the damping that determines the stability of the mode with
higher frequency changes its sign. This implies that the mode
with higher optical frequency remains linearly stable for all cur-
rent values, since the real part of the corresponding eigenvalue
will always remain negative. This matches the fact known in
the literature that type I switching typically does not occur any
more, if the spin flip rate is increased for otherwise fixed pa-
rameters [11], [31], [32]. Actually, it does not survive at all in a
reduction of the spin flip model (SFM) to a class-A laser model
[31], [32], though it can be kept in a reduction to a two-mode
class-B rate equation model [33].

An increase of 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. The reason is that
the two eigenvalues become more equal for increasing . For

ns , PS is not observed anymore at current levels
less than twice the threshold current, which matches the interval
of fundamental 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 for by
an increase of the spontaneous emission noise. The more noise is
added in the simulations, the closer the PS moves to the current
value where the real parts of the eigenvalues intersect.

For completeness, we want to note that a minimum in the
damping of the perturbation to the lasing solutions can also be
obtained within the original model. However, we prefer to use
the extended version, since we want to be able to mimic a tem-
perature-induced detuning change for cross checking (as dis-
cussed above) and since it involves less free parameters. For ex-
ample, the linewidth-enhancement factor for semiconductor
lasers [21] appears as an additional parameter that has to be
properly chosen. In the theory used in this paper, is not a free
parameter. Instead, it results from the susceptibility describing
the active semiconductor material [26].

On the other hand, the model discussed in [11] and [34] has
the advantage of allowing analytical insight to a large degree.
For example, it is known that a PS from the high-frequency
mode to the low-frequency mode can only take place for a bire-
fringence larger than [34]

(3)

where is the so-called linewidth-enhancement factor de-
scribing phenomenologically phase-amplitude coupling in the
original SFM [11], [34] and . is the decay
rate of the total carrier population. The right-hand side of the
above equation holds true for , which is a reasonable
assumption for the value of stated below and the spin flip

rates used here. For the experimental value of ns
and of the order of , it is immediately apparent from (3)
that the spin flip rate should not be too high in order to allow
for a PS. The switching point versus threshold is given by [34]

(4)

where denotes the net dichroism (now including the gain
part) and is scaled such that it is zero at transparency and one
at threshold (for ). The meaning of and is as in the
extended version of the model. The intensity difference between
the linearly polarized states is in the first order
of [11]. Hence, the relative intensity difference (i.e., the
intensity difference scaled to the intensity of the lasing mode) is

(5)

By inserting (5) into (4), it is possible to eliminate and
solve for . Using the experimental values for the parameters
where known ( , ns ) and the ones
assumed in the numerical treatment otherwise ( ns ),
one obtains for ns . These are
reasonable value for semiconductor quantum wells which are
consistent also with (3).

IV. DISCUSSION AND CONCLUSION

The drop of power and RO frequency at the point of the PS
observed in the experiments is predicted in simulations based
on the model that is discussed in the previous section. 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 optical 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.

A further qualitative agreement between experiment and
simulations is observed for the development of the effective
dichroism. For both simulations and experiment, 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. 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 more
strongly. In the current state of the investigations, 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. Hence, a more complicated mechanism that
determines the (nonlinear) stability of the polarization modes
needs to be considered.
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A minimum in the effective dichroism of the lasing and non-
lasing modes has often been observed in previous experimental
investigations on type I PS [7], [35]. In [7], this minimum has
been found for all PS’s of that kind. There, however, this min-
imum was interpreted to result from a current dependence of the
linear dichroism of unknown origin [7], since without such an
assumption the effective dichroism cannot exhibit a minimum at
the PS, if the spin dynamics are adiabatically eliminated from
the SFM equations [7], [32]. In the same limit, type I PS at a
constant linear net gain is not possible anymore, since the real
part of the eigenvalue describing the stability of the mode with
higher optical frequency decreases continuously proportional to
the current normalized to threshold. 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. This
fact provides further justification for the suggestion in [7] of a
current dependence of the linear dichroism. However, such 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 paper. 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 dis-
cussion of gain compression effects).

A possible explanation for the different results obtained here
and in [7] is a different spin relaxation rate in the investigated
devices. The results in [7] and accompanying papers (see [7]
and [32] and the references therein) consistently suggest a rather
large spin flip rate ( ns ). In that case, type I switching
is indeed only possible if a current dependence of the linear net
gain is assumed (see the discussion in the previous section). In
contrast, for the VCSELs investigated in this paper, the spin flip
rate appears to be low. We have tried to determine the spin flip
rate from the behavior of the effective dichroism and birefrin-
gence versus current by applying the theory assuming adiabatic
elimination of spin dynamics developed in [32] in the same way
as it was done in [7]. The spin flip rate obtained from this pro-
cedure is found to be of equal magnitude to the birefringence,
which violates the conditions given in [32] for adiabatic elimi-
nation of the spin dynamics. Therefore, we conclude that the ex-
perimental results obtained for the VCSELs investigated in this
paper can only be described by a model that accounts for spin
flip rates that are sufficiently small. This is also in agreement
with the fact that experimental results on type II switching [17]
and two-mode dynamics for the case of a very small dichroism
at threshold [5] can only be reproduced if the spin flip rate is
assumed to be low [5], [36]. These results have been obtained
for devices of the same type and manufacturer.

Finally, we comment on possible effects of self- and cross-
saturation terms (often called also “gain compression” terms,
e.g., [22]), i.e., reductions of the unsaturated gain of the mode
due to terms like or

) (and vice versa for the mode, where the subscripts
and denote the fields and saturation coefficients of the two

modes with orthogonal linear polarization). If the cross-satura-
tion terms are introduced by a reduction of the SFM-model to a
class-B rate equation system, the features of a drop of power at
the PS point and of a switching to a gain disfavored mode are
present also in this reduced model, as can be checked explic-

itly by looking at [33, eqs. (37) and (38)]. In phenomenological
models in which the PS is induced by a current dependence of
the unsaturated gain (e.g., [7] and [37]), switching takes place
toward the gain favored mode by definition. Hence, the LI-curve
of 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 [37]. If the self-saturation coefficients are equal
for the two polarization modes, there should actually be a jump
to higher power (for increasing current) since the switching is
delayed. Indeed, there is consensus in the literature that the dif-
ferences in the self-saturation should vanish (see [38] and [39]
for a specific model) or at least be small due to the nearly sym-
metric structure of the VCSEL [37]. 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 [22] and the explicit solutions
in [37] and [38]). However, there is no indication for that in the
experimentally obtained LI-curves.

In conclusion, we have experimentally demonstrated PS in
VCSELs to a mode with lower linear net gain for the case of PS
from the mode with higher optical frequency to the mode with
lower optical frequency. This PS is manifested by a decrease of
the output power and the RO frequency. The PS and the observed
minimum of the effective dichroism can be explained theoreti-
cally by the model established in [12] and [13], if a sufficiently
low spin relaxation rate is taken into account.

Note added in proof: After submission of the manuscript, a
paper on optically pumped long-wavelength VCSELs appeared
that also reports a drop in output power after a PS [40].
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