
Chapter 4

Polarization dynamics in VCSELs

with isotropic feedback

4.1 Modification of the setup and time averaged char-

acteristics in the presence of feedback

In this section, the extension of the setup for the feedback experiments is explained and
the time averaged polarization properties in the presence of feedback are discussed. To
facilitate a better comparison with the polarization behaviour of the solitary devices, the
time averaged properties for this mode of operation are also briefly discussed.

4.1.1 Experimental setup for the feedback experiments

In this section the experimental setup that is used for the feedback experiments is de-
scribed. Is is based on the setup scheme that is explained in Sec. 3.1 (cf. page 30). To
subject the VCSELs to optical feedback, the VCSELs are exposed to a highly reflecting
mirror with a reflectivity of more than 99%. The mirror is not directly placed in the beam
path in front of the VCSEL. Instead, a non-polarizing beam splitter is inserted between
the collimation lens and the polarization optics (see Fig. 4.1). The largest portion of
the VCSEL emission is reflected by the beam splitter. Therefore, the feedback mirror
is put in the reflected beam path, because a larger range of possible feedback strengths

BS

NDF

VCSEL pol. optics

Figure 4.1: Modification of the experimental setup displayed in Fig. 3.1 for the feedback
experiments. BS: non-polarizing beam splitter, NDF: neutral density filters.
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is accessible with this configuration. The power reflectivity of the beam splitter is 66%.
Since the light passes the beam splitter two times, the feedback mirror has a maximum
’effective’ reflectivity of 43%. The latter is controlled by neutral density filters of various
attenuations, which are placed between the feedback mirror and the beam splitter. The
effective power reflectivity of the compound system consisting of the feedback mirror, the
beam splitter, and the neutral density filters will be denoted as Rext in the following or
also called feedback strength. For simplicity, the compound system will be called “feed-
back mirror” in the following. The advantage of the folded external cavity geometry used
here is the easy possibility to switch off the feedback by simply blocking the feedback
mirror without inducing modifications of the beam path in the detection system.

It is the intention of this thesis to study the feedback dynamics of VCSELs with
isotropic feedback. Therefore, a non-polarizing beam splitter is used. The polarization
isotropy of the beam splitter has been tested by a measurement of the Stokes parameters in
reflection and transmission of the beam splitter and before the beam splitter (see [191] for
details). For simplicity, the emission of the VCSEL was made completely linearly polarized
by transmission through an optical isolator during this procedure. The procedure revealed
that the beam splitter does not change the state of polarization of the reflected and
transmitted light within the uncertainties of the measurement (the error in measuring the
polarization angles is approximately 0.6◦).

The distance between the VCSEL and the feedback mirror is approximately 0.49 m (in
subsequent realizations of the experiment, the distance of the mirror is slightly varied by
a few centimetres). The corresponding round-trip time of the light in the external cavity
(τext) is about 3.3 ns. The corresponding spectral distance of neighboured longitudinal
modes of the external cavity (external cavity modes) is about 300 MHz. This is much
lower than the relaxation oscillation frequencies of the solitary lasers, which range up
to several gigahertz. Hence, the experiments are performed in the long cavity regime
(see also Sec. 2.4.1). A typical feature of the latter regime is that the dynamics are not
sensitive against variations of the phase with which the reflected light enters the laser
cavity [125]. This has been checked in some of the experiments. In these experiments,
the feedback mirror was put on a piezo-electric translator stage. The observed dynamics
did not change under variation of the voltage that was applied to the piezo crystal.

In order to achieve mode-matched feedback, the procedure of aligning the feedback
mirror is as follows: First the collimation lens is adjusted such that the emission is focussed
onto the feedback mirror. In a next step, the alignment of the mirror is adjusted such that
the reduction of the lasing threshold is maximum. For this purpose, the current of the
VCSEL is modulated continuously, while the signal that is measured by a low bandwidth
detector is observed on an oscilloscope. The previous two steps are repeated until no
further decrease of the threshold can be achieved. The procedure is repeated every time
the reflectivity of the feedback mirror is changed, i.e., if the number and/or position of
neutral density filters in the external cavity is changed.
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4.1.2 Time averaged characteristics

4.1.2.1 Polarization selection of the solitary VCSELs

The experiments have been performed on different devices with different linear anisotrop-
ies. A summary of the device properties is given in Table 4.1. One of the devices that
is studied is the one investigated in Chapts. 3.2 and 3.3.1. Since it is one of the aims of
the investigations to explore the influence of the linear anisotropies – primarily the linear
dichroism – on the feedback dynamics, the latter device is investigated for operation
at different substrate temperatures (see the dichroism in dependence on temperature in
Fig. 3.5). For the experiments with feedback, two operating temperatures are chosen, at
which a significantly different dichroism is observed. At the higher temperature, both
modes are lasing at threshold, i.e., the device operates in the TFE regime (see Fig. 4.2
and also Chapter 3.2). At the lower temperature, the HF-mode is selected at threshold
and a PS to the LF-mode occurs, if the current is increased (see Fig. 4.4). For the sake of
simplicity, these two operating conditions are treated as different devices in the following
(device 1 and 2, cf. Table 4.1). The VCSEL mentioned above was operated in different
mounts during the investigations, which resulted in different linear anisotropies (see also
Sec. 3.3.1.5). With the changed anisotropies, the VCSEL is labelled as device 3. As a
fourth device, another VCSEL with a large dichroism is chosen. This VCSEL does not
show any polarization instabilities without the application of feedback (cf. Fig. 4.6). Only
the LF-mode is lasing. Also other devices with a linear dichroism of a magnitude that is
similar to the one of device 4 have been investigated. Due to the fact that the obtained
results do not differ qualitatively, only device 4 is treated in detail.

As it is obvious from Table 4.1, the investigated devices exhibit different values of the
linear birefringence. However, it is stressed that the significant quantity that makes the
devices different from each other is the linear dichroism.

For all of the devices, the current range of investigation is kept in the regime of
fundamental transverse mode operation. Thus, it is ensured that not more than two
modes of the VCSEL are participating in the dynamics.

4.1.2.2 Polarization properties with feedback

Small linear dichroism Figure 4.2 displays the time averaged polarization properties
in the presence of feedback for device 1 (low dichroism). The properties of the solitary

Table 4.1: Properties of the devices used in the feedback experiments. The values given for
the anisotropies are the linear ones.

device birefringence (GHz) dichroism (GHz) temperature (◦C)
1 6 0.1 62
2 6 0.4 19
3 22 0.64 35
4 14 4.0 20
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Figure 4.2: Time averaged total (a) and polarization resolved (b,c) output power of device 1
versus the injection current for different feedback mirror reflectivities. The power of the mode
with lower optical frequency is displayed in (b), the power of the mode with higher optical
frequency in (c), respectively. Different power reflectivities of the feedback mirror are denoted
by different colours as follows: red – 0 (no feedback), green – 1%, blue – 11%, grey – 43%
(maximum feedback that is possible with the used setup).
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Figure 4.3: Reduction of the lasing threshold versus the effective power reflectivity of the
feedback mirror (Rext). The symbols denote the results obtained for the different devices as
follows: squares – device 1, triangles – device 2, cross – device 3, circles – device 4.
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device have been included for a better comparison. All current values are given in units
relative to the threshold of the solitary device (Ithresh,solitary):

Imod = I/Ithresh,solitary . (4.1)

Without feedback (i.e., with blocked feedback mirror), the device exhibits the behaviour
that is characteristic for the TFE regime (see also Sec. 3.2).

If a small amount of feedback is admitted, the threshold of the device decreases slightly
[cf. Fig. 4.2(a), green line]. Corresponding to the reduced threshold, the total power in
the vicinity of the solitary threshold is larger than for the solitary device. If the current
is increased, the total power in the presence of feedback merges continuously with the
power of the solitary device. This observation is valid for all feedback strengths. The
slight modulation of the LI-curve that is visible at large current values is due to parasitic
interference effects in the detection optics.

The power that is emitted in the HF-mode is significantly larger with feedback than
for the solitary device [cf. Fig. 4.2(c)]. At and slightly above the reduced threshold, it
is larger than the power of the LF-mode. This is also valid for the other values of Rext.
The powers of the two polarization modes intersect at about 4% above the threshold
of the solitary laser. The current value of this intersection point is slightly increasing
with increasing reflectivity of the feedback mirror (8% for Rext = 0.43). After reaching
a maximum at about Imod = 1.09, the HF-mode is continuously depleted. However, the
depletion is not as strong as for the solitary device. Around the solitary laser threshold,
the power characteristic of the HF-mode exhibits a small kink. This kink is not clearly
detectable in the total output power and in the power of the LF-mode. The latter is
smaller than for the case without feedback, as long as the HF-mode is not depleted (see
Fig. 4.2c). In summary, the time averaged polarization properties for this small feedback
strength are qualitatively similar to the ones of the free-running device.

If the feedback strength is increased, the lasing threshold further decreases (see Fig. 4.3).
For larger feedback strengths, a kink in the power characteristic in the vicinity of the soli-
tary laser threshold is also visible for the total output power and the power of the LF-mode
[cf. Fig. 4.2(b,c), blue and grey lines]. The power of the HF-mode is further increased with
increasing Rext. For Rext = 0.11 and Rext = 0.43 a second local maximum is observed at
about Imod = 2.15.

The development of the power of the LF-mode with increasing current is complemen-
tary to the development of the HF-mode. Since with increasing current the total power
merges with the LI-curve of the solitary device, it is evident that the isotropic feedback
redistributes the output power among the two polarization modes. Nevertheless, at high
injection currents it is still the LF-mode that oscillates with the larger power.

Medium linear dichroism For device 2, the threshold reduction in dependence on
the reflectivity of the external mirror is of similar magnitude to the one measured for the
device with low dichroism (see Fig. 4.3). Also the dependence of the total power on the
injection current is qualitatively the same.

If the feedback strength is raised from zero to Rext = 0.01, the transition at the PS
is smoothed, i.e., the drop (increase) of the power of the HF-mode (LF-mode) is not as
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Figure 4.4: Time averaged total (a) and polarization resolved (b,c) output power of device 2
versus the injection current for different feedback mirror reflectivities. The power of the mode
with lower optical frequency is displayed in (b), the power of the mode with higher optical
frequency in (c), respectively. Different power reflectivities of the feedback mirror are denoted
by different colours as follows: red – 0 (no feedback), green – 1%, blue – 11%, grey – 43%
(maximum feedback that is possible with the used setup).

abrupt as for the solitary laser. The maximum time averaged power of the HF-mode is
smaller than in the case of the solitary device. Correspondingly, the power in the LF-
mode at lower current values is larger than in the case of no feedback. The current value
at which the power of the LF-mode surpasses the power of the HF-mode – i.e., the PS
current – remains unchanged. The latter statement is valid for all feedback strengths.

If the feedback strength is increased (Rext = 0.11 and Rext = 0.43), the power of
the HF-mode and the power of the LF-mode increases, as long as the current is below
the value of the PS transition. However, at and slightly above the reduced threshold
the LF-mode remains on the spontaneous emission level. After the PS, the power of the
LF-mode is smaller if Rext is larger, i.e., the PS transition becomes again smoother. If
the current is increased further, the HF-mode is not depleted towards the spontaneous
emission level anymore within the regime of fundamental transverse mode operation.
Hence, it is questionable whether the term “polarization switching” is still appropriate.

Device 3 is also considered to have a medium dichroism. For this device, the in-



4.1. Modification of the setup and time averaged characteristics in the presence of feedback 111

0

0.5

1

1.5

2

1 1.2 1.4 1.6 1.8 2 2.2
po

w
er

 (
ar

b.
 u

ni
ts

)

current norm. to solitary laser threshold

(a)

0

0.5

1

1.5

2

1 1.2 1.4 1.6 1.8 2 2.2

po
w

er
 (

ar
b.

 u
ni

ts
)

current norm. to solitary laser threshold

(b)

0

0.4

0.8

1 1.2 1.4 1.6 1.8 2 2.2

po
w

er
 (

ar
b.

 u
ni

ts
)

current norm. to solitary laser threshold

(c)

Figure 4.5: Time averaged total (a) and polarization resolved (b,c) output power of device 3
versus the injection current for different feedback mirror reflectivities. The power of the mode
with lower optical frequency is displayed in (b), the power of the mode with higher optical
frequency in (c), respectively. Different power reflectivities of the feedback mirror are denoted
by different colours as follows: red – 0 (no feedback), grey – 43% (maximum feedback that is
possible with the used setup).

vestigations have only been performed for Rext = 0.43. The time averaged polarization
properties are similar to the ones obtained for device 2 for the same feedback strength (cf.
Fig. 4.5). This indicates that the increase of the birefringence has no significant influence
on the time averaged distribution of power among the polarization modes in the presence
of feedback.

Large linear dichroism For the device with large linear dichroism (device 4), the
reduction of the lasing threshold with increasing reflectivity of the feedback mirror and
the behaviour of the total output power are approximately the same as for the other
devices (cf. Fig. 4.3).

However, the influence of the feedback on the polarization properties is strikingly
different. In this device, the polarization selection is almost unaltered by the feedback.
As in the case of the solitary laser, the LF-mode is lasing at threshold and remains lasing,
if the current is increased. The HF-mode is not lasing at any current value for Rext ranging
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Figure 4.6: Time averaged total (a) and polarization resolved (b,c) output power of device 4
against the injection current for different feedback mirror reflectivities. The power of the mode
with lower optical frequency is displayed in (b), the power of the mode with higher optical
frequency in (c), respectively. Different power reflectivities of the feedback mirror are denoted
by different colours as follows: red – 0 (no feedback), green – 1%, blue – 11%, magenta – 31%,
grey – 43% (maximum feedback that is possible with the used setup).

from 0.01 to 0.11. Only for Rext ≥ 0.31 and current values larger than Imod = 1.42 there
is a significant increase in the time averaged power of this mode. At about Imod = 1.62,
the power of the HF-mode has a maximum. Correspondingly, the power of the LF-mode
is slightly decreased with respect to the lower feedback strengths for current values larger
than Imod = 1.42.

4.2 Dynamics in the vicinity of the solitary laser thresh-

old

4.2.1 Low-frequency fluctuations

In this section, the dynamics of the VCSEL with feedback are discussed. The discussion
starts for the case of a low linear dichroism (device 1 of Table 4.1). The influence of the
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Figure 4.7: Temporal dynamics slightly above the reduced threshold (a) and corresponding
power spectra (b) for device 1 with Rext = 0.11 and Imod = 0.95. Red (blue) lines denote data
corresponding to the mode with lower (higher) optical frequency. The detection bandwidth is
1.1 GHz. The length of the total time trace is 50 µs. The power spectra are obtained numerically
by dividing the total time series into 50 segments of equal length and averaging over the power
spectra of the single segments.

magnitude of the latter quantity is discussed in Sec. 4.2.1.3.

4.2.1.1 Dynamics at the reduced threshold

The dynamics for Rext = 0.11 are discussed first. Directly at and slightly above the
reduced threshold, the dynamics consists of burst-like fluctuations that emerge from the
spontaneous emission level [see Fig. 4.7(a)]. The amplitude of the bursts is not very
large. Hence, the signal-to-noise ratio is rather low. Nevertheless, in parts of the time
trace fluctuations at a distinct time scale can be identified [e.g., from 20 ns to 70 ns in
Fig. 4.7(a)]. These fluctuations consist of bursts that are separated by τext. They occur
in the time traces of both polarization modes. This observation is in accordance with the
fact that there is no clear preference for one of the polarization modes on time average,
since the linear dichroism is low. If present, the bursts separated by τext of the LF-mode
occur between two bursts of the HF-mode and vice versa. There are also fluctuations
present on faster time scales, but they are hardly to separate from the noisy background.
The amplitude of the bursts is fluctuating in time. However, a distinct frequency of the
latter fluctuation cannot be identified.

More insight into the dynamics can be achieved by analyzing the power spectra [cf.
Fig. 4.7(b)]. They reveal small but clearly distinguishable peaks at the mode spacing of
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Figure 4.8: Temporal dynamics at the solitary laser threshold (a,c) and corresponding power
spectra (b) for device 1 with Rext = 0.11 and Imod = 1.00. Red (blue) lines denote data
corresponding to the mode with lower (higher) optical frequency. The data displayed in (c) are
a magnified view of a part of the data displayed in (a). The detection bandwidth is 1.1 GHz.
The length of the total time trace is 50 µs.

the external cavity (1/τext ≈ 300 MHz) and its harmonics. This observation indicates
operation on multiple external cavity modes. The height of the peaks in the spectrum
of the HF-mode is slightly larger than in the case of the LF-mode. This observation re-
flects that in the vicinity of the reduced threshold the power of the HF-mode is larger on
time average than the power of the LF-mode. At low frequencies, the spectrum exhibits
a shoulder-like structure with a decaying amplitude for increasing frequencies. A pro-
nounced frequency component is not observed for frequencies below the external cavity
frequency.

The above observations do not change qualitatively for other values of Rext.

4.2.1.2 Dynamics in the LFF-regime

If the current is increased by a small amount (e.g., to more than 1.02 times the reduced
threshold in the case of Rext = 0.11), the amplitude of the fluctuations increases and the
dynamics change qualitatively. The scenario that is observed on an increase of current
depends on the feedback strength. For Rext = 0.11 and larger values, the dynamics is as
follows: The bursts separated by τext, which are observed also at the reduced threshold, are
still present [cf. Fig. 4.8(a,c)]. In the power spectrum the corresponding peaks at 1/τext and
its harmonics are observed. In contrast to the observations made at the reduced threshold,
these peaks exhibit now a doublet-like structure, i.e., there is a peak at the external cavity
frequency (and its harmonics, respectively) and a peak at a slightly larger frequency [cf.
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Fig. 4.8(b)]. A multiplet structure of the peak at the external cavity frequency was
also found in [44] for a VCSEL with isotropic feedback and in edge-emitting lasers (see
e.g. [125]).

Furthermore, there are fluctuations on faster time scales which occur between two
bursts that are separated by τext. These are now better resolved in comparison to the
scenario at the reduced threshold [compare Figs. 4.7(a) and 4.8(a,c)]. However, these
fluctuations are at the limit of the bandwidth of the detection system that was available
in the majority of the experiments.

As in the vicinity of the reduced threshold, the bursts in the two orthogonal polariza-
tion components are of almost similar magnitude. Nevertheless, the fact that the peaks
in the power spectrum are larger for the HF-mode than for the LF-mode reveals that the
power of the HF-mode mode is larger on time average. This is in accordance with the
LI-curves measured in Sec. 4.1.2.

However, the strongest contrast to the dynamics at the reduced threshold is the ex-
istence of a pronounced, significantly slower time scale in the time series. On this time
scale a series of power dropouts occurs [e.g., at 10 ns, 45 ns, and 75 ns in Fig. 4.8(a)],
which are separated by some tens of nanoseconds. After a power drop, the power recovers
gradually, i.e., the amplitude of the bursts increases continuously, until the next dropout
occurs. The increase of the amplitude of the bursts is fastest after a dropout and is slows
down afterwards. This phenomenon is well known for edge-emitting lasers and was termed
low-frequency fluctuations (LFF) [see Sec. 2.4.1 and the references cited there]. Since the
scenario that is observed here is strikingly similar, it will be called LFF in the following.

The power drops occur simultaneously for both polarization modes. The recovery
process of both modes is simultaneous, too. Hence, the LFF are synchronous for the
two polarization modes. Furthermore, the LFF are rather regular, i.e., the period of
the LFF does not differ strongly from cycle to cycle. Hence, a pronounced peak at the
frequency that corresponds to the inverse average period of the LFF is observed in the
power spectrum of both polarization modes. For the case of Fig. 4.8, these peak is located
at 30 MHz. There is also a small peak detected at the second harmonic of the inverse
LFF period.

In some of the experiments a digital oscilloscope with 6 GHz analogue bandwidth was
available (see Sec. 3.1). Figure 4.9 displays a single LFF cycle that is part of a time
series recorded with the fast oscilloscope and the APDs. The fluctuations on time scales
faster than τext are better resolved than in the measurements with lower bandwidth. By
visual inspection, one finds examples of simultaneous fast pulsations in both polarization
components (e.g., about 13 ns in Fig 4.9) as well as fast pulsations that are in anti-phase
(e.g., about 33 ns). The correlation properties of the two polarization modes will be
discussed in detail in Sec. 4.2.1.5.

For the same parameters as in Fig. 4.9, the experiment has been performed also with
detectors of 10 GHz bandwidth, i.e., with a detection bandwidth of approximately 6 GHz.
Despite an amplification of the detector signal by 20 dB, the obtained signal in the
LFF-regime is rather small. Hence, the signal-to-noise ratio is rather poor. A visual
examination of the obtained time series is difficult, since the ‘true’ dynamics are difficult
to discern from the detection noise, which is also strongly amplified. However, due to the
uncorrelated nature of detection noise, the signals will provide useful information in the
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Figure 4.9: Temporal dynamics for device 1 with Rext = 0.43 and Imod = 1.03. Red (blue) lines
denote data corresponding to the mode with lower (higher) optical frequency. The detection
bandwidth is 1.8 GHz. The length of the total time trace is 50 µs. The arrows labelled τext
denote two bursts that are separated by the round-trip time in the external cavity.

correlation analysis that is performed in Sec. 4.2.1.5.
Well pronounced LFF are not observed for very low values of Rext. For Rext = 0.01,

the dynamics is displayed in Fig. 4.10(a). In accordance with the absence of rather regular
dynamics on slow time scales, a pronounced peak at low frequencies – i.e., below the first
harmonic of the external cavity frequency – is not observed [Fig. 4.10(b)]. The pulsations
at τext and on faster time scales are still present. A visual inspection of the data reveals
that the coexistence of in-phase and anti-phase pulsations is also maintained. As for
the larger feedback strengths, the power spectrum exhibits peaks at the external cavity
frequency and its harmonics. In contrast to larger values of Rext, these peaks are broader
and a doublet structure can only be resolved for the first harmonic of the external cavity
frequency.

In some intervals of the time series events reminiscent of LFF are observed [for example,
in the time interval ranging from 40 ns to 65 ns in Fig. 4.10(a)]: First, the power of both
polarization components drops to the spontaneous emission level. Then the amplitude of
the fluctuations increases continuously until at 65 ns another dropout occurs. However,
these events do not reflect the average behaviour.

4.2.1.3 Influence of the dichroism

In the following, it is investigated how the linear dichroism influences the dynamics in
the LFF-regime. For the case of a medium linear dichroism (device 2), the dynamics are
as follows: A few percent above the reduced threshold, LFF are observed for the HF-
mode, which is the mode that is favoured by the linear dichroism in this device. In the
orthogonal polarization component no emission is observed. These observations are made
in the whole range of the investigated feedback strengths (Rext ≥ 0.01).

If the current is increased, the scenario is influenced by the feedback strength. For
Rext = 0.01 the LF-mode remains quiescent in the whole current range, in which LFF of
the HF-mode are observed. For Rext ≥ 0.11, oscillations in the LF-mode are observed, if
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Figure 4.10: Temporal dynamics at the solitary threshold (a) and corresponding power spec-
tra (b) for device 1 with Rext = 0.01 and Imod = 1.00. Red (blue) lines denote data corresponding
to the mode with lower (higher) optical frequency. The detection bandwidth is 1.1 GHz. The
length of the total time trace is 50 µs.

the current is raised to values close to the solitary laser threshold.

The dynamics of the LF-mode is different for different LFF-cycles of the HF-mode [cf.
Fig. 4.11(a)]:

(i) In many of the LFF-cycles of the HF-mode, the LF-mode remains on the sponta-
neous emission level (e.g., in the last cycle displayed in the figure), as it is always
the case for lower current values.

(ii) In some of the LFF-cycles, the dynamics is similar to the one observed for low
dichroism, i.e., the power of the two modes recovers simultaneously after a dropout
until the next dropout, which occurs also simultaneously for both modes. The
amplitude of the bursts in the LF-mode is smaller than the amplitude of the bursts
in the HF-mode. An example of this behaviour is the first LFF-cycle displayed
Fig. 4.11(a).

(iii) As a third variant, both modes begin to recover simultaneously after a dropout.
However, the recovery process of the LF-mode is incomplete in the sense that it
ends before the next dropout. After the amplitude of the bursts in the LF-mode has
reached its maximum value, it continuously decreases and might reach the sponta-
neous emission level before the next dropout. This implies that in the remainder of
the LFF-period the dynamics of the two modes is in anti-phase on slow time scales.
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Figure 4.11: Temporal dynamics (a) and corresponding power spectra (b) for device 2 with
Rext = 0.11 and Imod = 0.99. Red (blue) lines denote data corresponding to the mode with
lower (higher) optical frequency. The detection bandwidth is 1.1 GHz. The length of the total
time trace is 50 µs. The power spectrum of the mode with lower optical frequency is magnified
by a factor of 10.

An example of this kind of dynamics is visible in the second LFF-cycle of the time
series in Fig. 4.11(a).

On time scales equal to or faster than τext and in the case of oscillations in both
modes, the dynamics remains unchanged with respect to the case of low dichroism. The
power spectra of the two modes [see Fig. 4.11(b)] exhibit the same doublet-like structures
at the external cavity frequency and its harmonics as in the case of a lower dichroism.
However, there are several quantitative differences in the power spectra: First, the peaks
in the spectrum of the LF-mode are two orders of magnitude smaller than the peaks
in the spectrum of the HF-mode [note the amplification factor in Fig. 4.11(b)]. This
corresponds to the fact that the power of the LF-mode is smaller on time average. Second,
a pronounced peak at the inverse of the average LFF-period is not observed in the power
spectrum of the LF-mode. This is in good agreement with the observation that the
behaviour of the LF-mode is randomly changing between the three possibilities described
above, i.e., the dynamics of the LF-mode is irregular on the time scale of the LFF.

In a device with slightly larger dichroism [device 3, see Fig. 4.12(a)] behaviour (iii) is
dominant. The behaviours (i) and (ii) occur very seldom. The maximum amplitude of the
fluctuations in the LF-mode is changing from cycle to cycle. Nevertheless, the dynamics
itself is rather regular on the time scale of the LFF. Hence, a peak at the inverse average
LFF period is observed in the power spectrum of the LF-mode [see Fig. 4.12(b)]. However,
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Figure 4.12: Temporal dynamics (a) and corresponding power spectra (b) for device 3 with
Rext = 0.43 and Imod = 1.00. Red (blue) lines denote data corresponding to the mode with
lower (higher) optical frequency. The detection bandwidth is 1.1 GHz. The length of the total
time trace is 50 µs. The power spectrum of the mode with lower optical frequency is magnified
by a factor of 10.

it cannot completely be excluded that the difference in the observed behaviours of device 2
and device 3 is in parts due to the change of the linear birefringence (see Table 4.1).

The behaviour observed for device 3 (and behaviour (iii) of device 2) is similar to the
one observed for VCSELs with isotropic feedback before in [44]. Furthermore, in a par-
allel investigation on VCSELs with polarized feedback [157] and for edge-emitting lasers
with frequency selective feedback [135, 136, 192] qualitatively similar dynamics has been
observed in experiments. This suggests that the ’drop-and-burst’ behaviour is common
to feedback scenarios in which an appropriate amplitude anisotropy is provided by the
solitary laser or created by the feedback.

If the dichroism is increased further, the polarization properties in the presence of
feedback change again. This is displayed in Fig. 4.13(a) for device 4. The dominant mode
(in this case the LF-mode) exhibits LFF with the same characteristic features that are
observed for the other devices. The similarities are also apparent in the power spectrum
[see Fig. 4.13(b)]. These observations are valid for Rext ≥ 0.11. For Rext = 0.01, the
dominant mode displays still LFF. However, the dropout events occur with less regularity.
ForRext = 10−3, LFF are not observed. However, the power spectrum exhibits small peaks
at 1/τext and the second harmonic.

The weak mode remains on the spontaneous emission level in the whole current interval
that is defined by the reduced threshold and Imod ≈ 1.4, i.e., no bursts or fluctuations are
observed within the limits of the experimental resolution. This observation is independent
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Figure 4.13: Temporal dynamics (a) and corresponding power spectra (b) for device 4 with
Rext = 0.11 and Imod = 0.95. Red (blue) lines denote data corresponding to the mode with
lower (higher) optical frequency. The detection bandwidth is 1.1 GHz. The length of the total
time trace is 50 µs. The power spectrum of the mode with higher optical frequency is magnified
by a factor of 50.

of the feedback strength. Peaks at the external cavity frequency or its harmonics are not
observed in the power spectra [note the magnification factor for the power spectrum of
the HF-mode in Fig. 4.13(b)].

As it is obvious from the previous discussion, no polarization degrees of freedom are
excited in the case of a large linear dichroism. In other words, a single-mode situation
is observed. Under this condition and with appropriate amplification, it was possible to
monitor the fast dynamics close to the solitary laser threshold with 6 GHz bandwidth
and an acceptable signal-to-noise ratio. The result of such a measurement is displayed
in Fig. 4.14. Besides the bursts that are separated by τext, pulsations on faster time
scales can be clearly distinguished and several pulses are recognized. The amplitude of
the latter ones is smaller than the amplitude of the pulses that are separated by τext. The
pulse patterns in some consecutive τext-intervals within one LFF-cycle are approximately
a repetition of the previous interval, but they do not exhibit a perfect periodicity [see the
peaks labelled 1-4 in Fig. 4.14(b)]. For example, the relative height of the labelled bursts
changes from the first to the second τext-interval.

An approximate repetition of the fast pulsations in consecutive τext-intervals is in
tendency also observed for the case of a low linear dichroism [cf. Fig. 4.9]. However, due
to the lower bandwidth used there, the result is not as clear as in Fig. 4.14.

It should be remarked that an approximate periodicity of the fast pulse patterns has
also been recognized in a VCSEL with polarized feedback [157]. There, however, the
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Figure 4.14: Temporal dynamics of the mode with lower optical frequency for device 4 with
Rext = 0.43 and Imod = 0.99. The detection bandwidth is 6 GHz. The signal has been amplified
by 40 dB. The DC-component is lost due to the amplification. The arrow labelled τext denotes
two bursts that are separated by the round-trip time in the external cavity. Panel (b) is a
magnification of a part of (a).

observation was not made directly in the time domain but inferred from auto correlation
functions of the time series.

4.2.1.4 Dependence of the properties of the LFF on the injection current

If LFF are observed, they are observed in a finite current interval. The exact boundaries
of this interval depend on parameters, i.e., on the feedback strength and the respective
device. As a rule, this interval begins approximately 2% above the reduced threshold.
Throughout this interval, a peak that corresponds to the inverse of the average period of
an LFF-cycle (LFF-peak) is observed in the power spectra. The properties of this peak as
a function of the injection current are displayed in Fig. 4.15 for several devices and values
of Rext. In the cases where no values are given for one of the two polarization modes,
a LFF-peak cannot be resolved in the power spectrum of this mode. If the current is
increased from slightly above the reduced threshold to larger values, the frequency of the
LFF-peak increases monotonically, i.e., the average period of the LFF-cycles and hence the
time between two power dropouts decreases. The dependence of the frequency of the LFF-
peak on current is approximately linear. Such an observation was made before also for
edge-emitting lasers [137] and in a parallel work on VCSELs with polarized feedback [157].

Below the threshold of the solitary laser, also the height of the LFF-peak increases,
if the current is increased. This increase is not simply related to the increase of the
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Figure 4.15: Properties of the LFF as a function of injection current. Panels (a,c,e) display the
frequency that corresponds to the inverse of the average period of the LFF cycles. The data are
obtained by fitting the corresponding peak in power spectra with a Lorentzian. Panels (b,d,f)
display the height of the peak. Squares (circles) denote data taken for the mode with lower
(higher) optical frequency. The parameters are: device 1, Rext = 0.11 (a,b); device 2, Rext =
0.11 (c,d); device 4, Rext = 0.43 (e,f).

time-averaged power and the amplitude of the pulsations, respectively, as discussed in the
following. Parallel to the increase of the peak height, the regularity of the LFF-cycles
increases, i.e., the width of the LFF-peak decreases. Approximately at the threshold of
the solitary laser, the height of the LFF-peak reaches its maximum value and decreases
again afterwards. The width of the LFF-peak increases, if the current exceeds the value
of the threshold of the solitary laser. In the time domain, the cycles of dropouts and
slow recovery of the output power become less pronounced and less regular. At current
values of 5% to 10% above the solitary laser threshold, the LFF behaviour is not observed
anymore. The laser enters the regime of coherence collapse, which is known from edge-
emitting lasers [35] and investigated for VCSELs in the next chapter.

As it is obvious from Fig. 4.15, the qualitative dependence of the properties of the
LFF on current is independent of the linear dichroism. Moreover, the frequencies that are
measured for the LFF-peak are of the same order of magnitude for each linear dichroism
value. Hence, it is concluded that the properties of the LFF do not depend on the linear
dichroism and thus not on the excitation of polarization degrees of freedom.
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Figure 4.16: Frequencies of the individual peaks of the doublet in the RF-spectrum around the
external-cavity round-trip frequency (solid circles and squares). The open triangles denote the
LFF-frequency plus the frequency of the peak of the doublet that has the lower frequency. The
data are obtained by fitting the corresponding peak in cross power spectra (see Sec. 4.2.1.5),
which are calculated from 50 µs long time traces, with a Lorentzian. Parameters: device 1,
Rext = 0.11.

As it was outlined Sec. 4.2.1.2, the peak in the power spectrum at the external cavity
frequency (and also the harmonics) has a doublet-like substructure. One peak – the
peak with the lower frequency – is centred at the external cavity frequency, whereas the
other one is slightly shifted towards higher frequencies. The frequency of the former is
independent of current (Fig. 4.16, squares). This is, of course, a reasonable assumption,
since the length of the external cavity does not depend on the injection current. In
contrast, the frequency of the second peak increases with increasing current (Fig. 4.16,
circles). In the same figure, the sum of the frequency of the LFF-peak and the external
cavity frequency is plotted (Fig. 4.16, open triangles). The fact that this frequency evolves
in the same way with current as the frequency of the high-frequency peak of the doublet
makes it tempting to argue that the three considered peaks are related by non-linear wave
mixing. On the other hand, the absolute frequencies do not match exactly. In addition,
the substructure survives for current values at which LFF are not observed anymore and
where thus no LFF-peak is visible in the power spectra.

A splitting of the peaks at the external-cavity round-trip frequency is also known from
edge-emitting lasers with feedback [126,139,193,194] and also there – at least in the long-
cavity case, which is also considered here – the frequency shifts are only roughly, but not
exactly consistent with a simple frequency mixing argument [195].

4.2.1.5 Correlation properties

Low dichroism In this section, the temporal dynamics in the LFF regime is investi-
gated by means of correlation functions and cross spectral densities. The latter are, as in
Sec. 3.2, calculated using Eq. (3.4).

For low dichroism, the correlation properties at the reduced threshold are as follows:
The auto correlation functions of both modes [Fig. 4.17(a)] exhibit peaks with positive
correlation values which are approximately separated by τext. The height of these peaks,
i.e., the correlation, decreases for an increasing delay. The cross correlation function
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Figure 4.17: Correlation properties of the dynamics reported in Fig. 4.7. The normalized auto
correlation function of the mode with lower (higher) optical frequency is displayed in (a) by a
red (blue) line. The normalized cross correlation function of the two modes is presented in (b).
In (c), the (unnormalized) cross spectral density is given. The bandwidth is 1.1 GHz.

[Fig. 4.17(b)] reveals a weak anti-correlation at zero delay (-0.05 in normalized values).
The anti-correlation decays and builds up again by an increase (or decrease) of the delay
by τext. This means that close to the reduced threshold the two modes are weakly anti-
correlated at the external cavity round-trip time. This is confirmed by the cross spectral
density [Fig. 4.17(c)], which reveals anti-correlation at the external cavity frequency and
its harmonics. In normalized values, the cross correlation is about -0.5 at the external
cavity frequency. Thus, one can conclude that the dynamics of the external cavity modes
with orthogonal polarization is clearly anti-correlated. This information supports the
direct observation from the time series, that the pulses separated by τext in one polarization
are in tendency shifted with respect to the orthogonal one [cf. Fig. 4.7(a)]. At very low
frequencies the dynamics of the two polarization modes is anti-correlated (about -0.4 in
normalized values). This a typical feature of free-running VCSELs (see the discussion in
Sec. 3.2 and the references cited there). Hence, it is not surprising that this feature is
maintained in the feedback dynamics.

If the injection current is raised to values for which LFF are observed, the correlation
properties change (see Fig 4.18). The amplitude of the peaks separated by τext in the auto
correlation function does not decay continuously for increasing delay. Instead, the envelop
of the peaks is modulated. The period of this modulation is the average period of the LFF
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Figure 4.18: Correlation properties of the dynamics reported in Fig. 4.8. The normalized auto
correlation function of the mode with lower (higher) optical frequency is displayed in (a) by a
red (blue) line. The normalized cross correlation function of the two modes is presented in (b).
In (c), the unnormalized (black line, left axis) and the normalized (green line, right axis) cross
spectral density are displayed. The bandwidth is 1.1 GHz.

cycles. The modulation at the LFF period and the peaks separated by τext are observed
also for time delays larger than one period of a LFF cycle. This indicates that there is a
fixed phase relationship in the dynamics of each mode that survives on a rather long time
scale. Furthermore the peaks in the auto correlation functions exhibit a substructure.
The component with the largest modulus of this substructure and hence the peak itself
points upwards – i.e., it is positive, indicating correlation – at low time delays. There
is a continuous transformation into negative peaks and again back to positive peaks, if
the modulus of the delay is increased. The latter observations are made also for VCSELs
with polarized feedback [157]. In the latter work, the change of the sign of the peaks was
interpreted as a drift which is typical for the dynamics of long-delayed systems (see the
citations in [157]). This issue will be treated in more detail below.

In an auto correlation function calculated over a large time series (thus averaging over
many LFF events) like in Fig 4.18(a), there are no pronounced features on a nanosecond
or sub-nanosecond timescale, indicating that the pulsing on the very fast scales is quite
irregular and different from LFF cycle to LFF cycle. Some oscillations survive if the auto
correlation function is calculated over only one or a few LFF cycles. This is in good
agreement with the information obtained by visual inspection of the time series, i.e., that
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there is some regularly but not completely periodic pulse pattern on faster time scales
(see Fig. 4.9 and also Fig. 4.14 for large dichroism), and meets observations made for
edge-emitting lasers [36].

The cross correlation function displayed in Fig. 4.18(b) exhibits the same slow modu-
lation with the average LFF period as the auto correlation function. This slow envelope
has a maximum at zero delay. The latter observation and the fact that the cross spectral
density reveals correlation of the two modes at the frequency of the LFF-peak (0.9 in
normalized units) reflect the synchronous dropouts and recoveries for low dichroism. The
total correlation at zero delay is 0.14 in normalized values.

As in the auto correlation functions, there are peaks present in the cross correlation
function, which are approximately separated by τext. The term “approximately” is used
to indicate that the correlation relation of the two modes is rather complicated. As it
is obvious from the figure, the peaks for small time delays have a double-peak structure
[see also Fig. 4.20(a,c)]. A close inspection of the cross spectral density displayed in
Fig. 4.18(c) suggests the following interpretation: At the external cavity frequency and
its harmonics the dynamics of the two modes is anti-correlated (-0.8 in normalized units
at the first harmonic and smaller values at the second and third harmonic). At the second
peak of the doublet, i.e., the one with larger frequency, the dynamics is correlated (about
0.65 in normalized units). This correlation at the frequency of the second peak is observed
also for the doublets at higher harmonics of the external cavity frequency. This difference
in the sign of the correlation leads to a downward peak (anti-correlation) about zero delay
in the cross correlation function that is superimposed by an upward peak (correlation).
This superposition results in the visual impression of a double downward peak.

If the modulus of the delay is increased, the double structure of the peaks in the
cross correlation function continuously disappears. This can be interpreted consistently
in the above manner: Since the correlation occurs on a slightly faster time scale than
the anti-correlation, the correlated peak and the anti-correlated peak run out of phase
for increasing delay. Thus, the maximum of the double-peak structure moves towards
zero delay. At delays about ±17 ns, there is a dominant downward, i.e., anti-correlated
peak visible. If the modulus of the delay is increased further, the positive peaks move
continuously back into the negative peak from the direction of larger delay and a super-
position of a correlated and an anti-correlated peak is observed again. In summary, there
is a continuous drift present also in the cross correlation function. The cross correlation
function is not discussed in [157]. This is probably due to the fact that in the latter work
the second polarization mode was not participating in the external cavity dynamics due
to the fact that the feedback was polarized (the auto correlation function of the second
mode did not exhibit any signature of the external cavity round-trip time).

The point of view taken here is confirmed by a comparison with the correlation prop-
erties close to the reduced threshold (cf. Fig. 4.17). There, the peak with the higher
frequency of the doublet is almost not detectable in the cross spectral density. In the
power spectra of the modes themselves this peak and hence a doublet is not observed at
all [cf. Fig. 4.7(b)]. The cross correlation function at the reduced threshold does not ex-
hibit any double peak structure. Moreover, a drift from upward peaks to downward peaks
in the auto correlation functions of the polarization modes cannot be resolved. The lat-
ter observations suggests that the presence of the slightly different frequency components
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Figure 4.19: Modified cross correlation function of the dynamics displayed in Fig. 4.8. The
modified functions are obtained by artificial elimination of selected frequency components from
the complex cross spectral density of Fig. 4.18(c) and consecutive Fourier transformation. Black
lines: elimination of frequency components lower than the external cavity frequency. Green lines:
elimination of the larger frequency (correlated dynamics) of the doublets at each harmonic of
the external cavity frequency. Panel (b) is a magnified view of panel (a). Further explanations
are given in the text.

around the external cavity frequency is related to the drift.

As a further test for the above hypothesis selected frequency components have been
eliminated from the cross correlation functions. The procedure is as follows: The complex
cross spectral density is calculated by use of Eq. (3.4). Then the cross spectral density is
set to zero at the frequencies that are to be eliminated. Next, the cross spectral density is
Fourier transformed in order to obtain the modified (temporal) cross correlation function.

The results of this procedure are presented in Fig. 4.19. First, the correlated frequency
components of the doublets at the harmonics of the external cavity frequency are elim-
inated, i.e., all components of the doublet with a positive real part (correlation) are set
to zero. In the resulting cross correlation function only downward peaks are observed,
which repeat in intervals of τext. A double peak structure is not observed. The downward
peaks do not transform into upward peaks if the modulus of the delay is increased, i.e.,
there is no drift. As a further benefit of the above procedure, the modulation at the
average frequency of the LFF is visible more clearly than in Fig. 4.18(b). Furthermore,
the downward peaks disappear for delay moduli that are substantially larger than one
LFF period. These observations provide a strong argument for the assumption that the
existence of the doublet at the external cavity frequency is related to the drift.

The influence of the low frequency components on the dynamics is tested, too. If all
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Figure 4.20: Correlation properties of the dynamics for device 1 with Rext = 0.43 and Imod =
1.03. The normalized cross correlation functions of the two modes is presented in (a) and (c).
The normalized cross spectral density is given in (b) and (d). The red line in (d) is an average of
the spectrum over consecutive frequencies and is meant to improve the visibility. The bandwidth
is 1.8 GHz in (a,b) and 6 GHz in (c,d). DC-components are missing in (c,d).

frequencies that are lower than the first harmonic of the external cavity frequency are
eliminated from the cross spectral density but the doublets are maintained, the double
peak pattern at low delays and the drift are still observed. From this one can conclude
that the LFF are not the origin of the drift (this point of view will be confirmed in
Chapt. 4.2.2).

In conclusion, the drift that is observed in the temporal correlation functions is re-
lated to the two slightly different frequencies that are found around the harmonics of the
external cavity frequency. This relation is revealed thanks to the different correlation
properties that are found at the two different frequencies.

The observations made so far are also made for measurements performed with a larger
bandwidth (see Fig. 4.20). Note that the feedback strength and injection current are
different to the ones considered in the previous discussion. However, the key features are
maintained. Due to the larger bandwidth of 1.8 GHz, the drift in the double peak pattern
is better resolved in Fig. 4.20(a). For an even larger bandwidth of 6 GHz the moduli of
the normalized correlation values decrease [see Fig. 4.20(c)]. This may in parts be due to
the fact that low frequency components are suppressed by the amplifiers (see Sec. 3.1).
Furthermore, the signal to noise ratio is rather low. Nevertheless, the measurement gives
further insight into the dynamics at larger frequencies. As it is obvious from Fig. 4.20(d),
the dynamics at frequencies larger than 3 GHz is anti-correlated at the harmonics of the
external cavity frequency. The normalized value of the correlation is about -0.15.
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Figure 4.21: Correlation properties of the dynamics reported in Fig. 4.11. The normalized auto
correlation function of the mode with lower (higher) optical frequency is displayed in (a) by a
red (blue) line. The normalized cross correlation function of the two modes is presented in (b).
The green line is obtained by eliminating all frequencies that are larger than the inverse average
LFF period from the cross spectral density. In (c), the unnormalized (black line, left axis) and
the normalized (green line, right axis) cross spectral density are displayed. The bandwidth is
1.1 GHz.

For the case of Rext = 0.01 [cf. Fig. 4.10], the normalized correlation values are of
a smaller modulus than for Rext = 0.11. The cross spectral density (not shown) clearly
reveals anti-correlation at the harmonics of the external cavity frequency and correlation
at slightly larger frequencies. The correlation functions exhibit a drift as it is observed
for larger values of Rext. Hence, the qualitative correlation properties are the same as for
the larger feedback strengths.

Medium dichroism If the dichroism is increased and the behaviour observed for de-
vice 2 is encountered (see Fig. 4.11), the properties of the auto correlation function of
the dominant mode (in this case the HF-mode) remain qualitatively the same as for low
dichroism. This is also the case for all other investigated dichroism values or devices,
respectively. The auto correlation function of the weak mode displays peaks that are
separated by τext. The height of these peaks is rapidly decreasing if the delay is increased.
A drift of the direction of the latter peaks is hard to resolve. This is probably due to the
fact that the doublet at the external cavity frequency in the power spectrum of the weak
mode is not very pronounced [cf. Fig. 4.11(b)]. The auto correlation function of the weak
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mode exhibits no modulation at the LFF period. This is consistent with the fact that
the behaviour of the weak mode is changing from LFF cycle to LFF cycle in an aperiodic
way.

Nevertheless, the cross correlation function exhibits some modulation with the average
LFF period. This is indicated by the green line in Fig. 4.21(b). The corresponding data
values have been obtained by elimination of all faster dynamics from the cross spectral
densities (see the discussion related to Fig. 4.19). In contrast to the case of low dichroism,
this slow modulation exhibits no extremum about zero delay. The contribution of the
slow dynamics to the correlation at zero delay is approximately zero. This is a further
confirmation of the aperiodic behaviour of the weak mode on the time scale of the LFF
cycles. If the full dynamics within the limitations of the detection bandwidth are taken
into account, the correlation at zero delay is about 0.17. As in the case of a low dichroism,
the cross correlation function exhibits a drift in the sign of the peaks on the time scale of
the external cavity round-trip.

At the harmonics of the external cavity frequency, the cross spectral density exhibits
the same features as for device 1. However, the normalized correlation values of the anti-
correlated peaks are decreased with respect to the case of lower dichroism (about -0.4 at
the first harmonic).

In device 3 almost every dropout of the dominant mode is accompanied by bursts of the
weak mode, and the correlation properties are as follows: The auto correlation functions
of both modes exhibit a modulation with the LFF period [see Fig. 4.22(a)]. This is due
to the fact that also the dynamics of the weak mode are rather regular on the time scale
of the LFF-cycle. The cross spectral density [Fig. 4.22(c)] reveals anti-correlation at the
frequency of the LFF cycles. This reflects the fact that the amplitude of the fluctuations
of the two polarization modes develops in anti-phase in the time interval that ranges
from the point of maximum amplitude of the weak mode to the next dropout event (cf.
Fig. 4.12). The minimum correlation, i.e., the strongest anti-correlation, is found at a
delay of -4 ns. This delay is of the same order of magnitude as the average time span
in which the amplitude of the fluctuations of the weak mode is increasing. On the time
scale of τext a drift in the peak direction is observed also for this device.

Large dichroism For large dichroism, the auto correlation function of the weak mode
does not exhibit any characteristic feature such as modulations at the LFF period, peaks
separated by τext or a drift. Within the limitations of the setup, the cross correlation
function reveals that the polarization modes are uncorrelated.

Summary

In this section, the polarization dynamics of VCSELs with isotropic optical feedback has
been discussed for the current interval that ranges from the reduced lasing threshold to
slightly above the threshold of the solitary lasers. In this current range, LFF of the
dominant mode have been shown to be a robust phenomenon that occurs in the feedback
dynamics of VCSELs. The dynamics of the weak mode and hence the excitation of
polarization degrees of freedom has been shown to depend on the magnitude of the linear
dichroism. For a low dichroism there is no clearly dominating mode and both polarization
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Figure 4.22: Correlation properties of the dynamics reported in Fig. 4.12. The normalized
auto correlation function of the mode with lower (higher) optical frequency is displayed in (a)
by a red (blue) line. The normalized cross correlation function of the two modes is presented
in (b). In (c), the unnormalized (black line, left axis) and the normalized (green line, right axis)
cross spectral density are displayed. The bandwidth is 1.1 GHz.

modes undergo simultaneous LFF. For intermediate dichroism values, bursts of the weak
mode are observed after each dropout of the dominant mode as well as a behaviour that
randomly changes between successive LFF cycles. For a large dichroism, no polarization
dynamics are observed during the occurrence of LFF.

The power spectra in the LFF regime exhibit a peak at the inverse of the average
LFF period and a doublet structure at the external cavity frequency (and its harmonics).
On the latter time scale, the correlation properties are non-trivial: The dynamics are
anti-correlated at the external cavity frequency and correlated at the (slightly larger)
frequency of the second peak of the doublet. The correlation at the time scale of the LFF
cycles depends on the specific scenario.

The average period of the LFF is continuously increasing with current for all dichroism
values. The second peak of the doublet is also found to shift to larger frequencies, if the
current is increased. The shift corresponds roughly, but not exactly to the shift of the
inverse LFF period. The presence of two slightly different frequencies about the external
cavity frequency is related to a drift in the dynamics.

Besides some aspects that are related to polarization degrees of freedom, the charac-
teristic properties of the observed LFF are found to be independent of the excitation of
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Figure 4.23: Polarization resolved optical spectra of device 2 for Rext = 0.11 and Imod =
1.00 (a) and Imod = 1.06 (b). The spectrum of the mode with lower (higher) optical frequency is
displayed by a red (blue) line. The displayed frequency interval covers two free spectral ranges
of the FPI.

polarization dynamics.

4.2.2 Analysis of coherence collapse

4.2.2.1 Spectral properties

As outlined in Sec. 4.2.1.4, the average period of the LFF cycles decreases, if the current
is increased. Above the solitary laser threshold, the LFF events become less regular until
finally the LFF are not observed anymore. This process is accompanied by a continuous
broadening of the linewidth of the peaks in the time averaged optical spectrum. The
broadening of the linewidth is observed for the dominant as well as the for weak mode,
except in the case of large dichroism, where the linewidth of the non-lasing mode is not
affected.

The broadening of the linewidth is described exemplarily for the case of medium
dichroism (device 2) and Rext = 0.11: The linewidth of the modes is already broadened in
the LFF regime to values of about 16 GHz (full width at half maximum). For comparison,
the linewidth of the solitary laser at its threshold is about 2 GHz. As long as the current
value is in the interval where LFF are observed, the line shape of the two polarization
modes is strongly asymmetric [see Fig. 4.23(a)]. This is not the case any more in the regime
of coherence collapse (CC). There, the line shapes of the two modes become symmetric.
The linewidth further increases, until it reaches its maximum value of about 20 GHz at



4.2. Dynamics in the vicinity of the solitary laser threshold 133

approximately Imod = 1.06 [cf. Fig 4.23(b)], i.e., the VCSEL enters the regime of “fully
developed” CC, as it is also known from edge-emitting lasers (see Sec. 2.4.1). The increase
of the linewidth that starts in the LFF regime and is maximum for fully developed CC
implies a drastic decrease of the coherence length of the laser. CC in VCSELs with
optical feedback has also been observed by spectral measurements in [43]. The results
of the latter work have been obtained for devices of the same kind and manufacturer
as the ones investigated here. If the current is increased further, the linewidth remains
approximately constant until it starts to decrease at current levels about Imod = 1.6.

The qualitative dependence of the line shape on current neither depends on the dichro-
ism, nor on the feedback strength, i.e., the transition to CC is observed for all of the
investigated devices and also if LFF do not occur. However, there are two quantitative
tendencies:

• The maximum linewidth is the larger the larger the dichroism is.

• The broadening is the stronger the larger the feedback strength is. Furthermore, the
upper limit of the current interval in which CC is observed increases with increasing
feedback strength.

For example, in the case of large dichroism (device 4) and for Rext = 0.43, the maximum
linewidth is larger than the free spectral range of the FPI (46 GHz).

As mentioned above, the linewidth of the modes decreases again if the current level
exceeds a certain value. Above this pumping level, the development of the line shape of
the modes (and the dynamics) depends on the parameters (see Sec. 4.3).

4.2.2.2 Temporal dynamics and correlation properties

In the CC regime, the time series that are observed with a bandwidth limitation of 1.1 GHz
appear to be quite irregular and the dominant mode oscillates about a nonzero mean, i.e.,
there are no drops in the output power as they are observed in the LFF regime. This
is shown in Figs. 4.24(a) for the case of low dichroism. Based on an extrapolation of
the trend displayed in Fig. 4.15(a), one would expect an average LFF period of about
10 ns. Hence, it can be excluded that the LFF period is too short to be detected. In the
power of the weak mode, bursts which emerge from the spontaneous emission level are
observed. There are pulsations on the time scale of the external cavity round-trip time
and on faster time scales. As it is evident from the figure, a burst in the power of the
weak mode is accompanied by a drop of the power of the dominant mode. For medium
dichroism, the dynamics are qualitatively the same. In the case of large dichroism, the
dynamics of the dominant mode resemble the dynamics of the dominant modes for lower
dichroism values, except that there are no power drops. The weak mode remains on the
spontaneous emission level.

Peaks at the external cavity frequency and its harmonics are still the dominant fea-
ture of the power spectra [see Fig. 4.24(b)]. Also the doublet-like structure is preserved.
However, the high frequency component of the doublet is much less pronounced. Further-
more, the level of background noise in the frequency intervals between the harmonics is
increased with respect to the current values where LFF are observed.
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Figure 4.24: Temporal dynamics in the regime of coherence collapse (a), corresponding power
spectra (b), correlation functions (c), and cross spectral density (d) for device 1 with Rext = 0.11
and Imod = 1.13. Red (blue) lines denote data corresponding to the mode with lower (higher)
optical frequency. The black line in (c) denotes the cross correlation function of the two modes,
the other lines denote the auto correlation functions, respectively. The detection bandwidth is
1.1 GHz. The length of the total time trace is 50 µs.

In the auto correlation functions, peaks that are approximately separated by τext are
observed [see Fig. 4.24(c)]. The prevalence of the external-cavity round-trip time even in
the coherence-collapse regime was also noted in edge-emitting lasers [139]. The direction
of the peaks in the auto correlation function is upward within the whole interval of delay
times in which they appear. Nevertheless, remains of the substructure and the drift
discussed in Sec. 4.2.1.5 are observed in the auto correlation function of the dominant
mode, i.e., the drift is still present but less pronounced than for lower current values.

The peaks in the cross correlation function do not exhibit a substructure. The dynam-
ics is clearly anti-correlated at zero delay (-0.55 in normalized units). The anti-correlation
at the harmonics of the external cavity frequency (the left peak of the doublet) is stronger
than for lower current values. It ranges from -0.98 in normalized values at the first har-
monic to -0.8 at the third harmonic. This indicates that the dynamics at the harmonics
of the external cavity frequency is strongly anti-correlated. The correlation of the modes
themselves as well as the anti-correlation of the two modes decays within some tens of
nanoseconds.

However, as it has been indicated already in Fig. 4.20, there is also dynamics present
on faster time scales. In order to check whether important features of the dynamics are
“masked” by the low bandwidth of Fig. 4.24, measurements with a larger bandwidth
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Figure 4.25: Power spectra (a), auto correlation functions (b), normalized cross spectral den-
sity (c), and cross correlation function (d) for device 1 with Rext = 0.43 and Imod = 1.13. Red
(blue) lines denote data corresponding to the mode with lower (higher) optical frequency. The
red line in (c) is an average of the spectrum over consecutive frequencies and is meant to improve
the visibility. The detection bandwidth is 6 GHz. The length of the total time trace is 50 µs.
The power spectra are obtained numerically by dividing the total time series into 100 segments
of equal length and averaging over the power spectra of the single segments. The spikes occur-
ring about 1.7 GHz, 3.35 GHz and 5 GHz are artefacts that are due to RF-components captured
by the setup.

have been performed. The spectral and correlation properties of the two polarization
components measured with a bandwidth of 6 GHz are shown in Fig. 4.25. Note that the
feedback strength is now Rext = 0.43. The power spectra clearly demonstrate that a part
of the dynamics has moved to higher frequencies. In the time series (not shown), irregular
oscillations on a sub-nanosecond scale are present which, however, are not correlated
over larger time intervals. This indicates that the dynamics on the faster time scales is
highly irregular and meets observations in edge-emitting lasers obtained by streak-camera
measurements [36, 37].

The cross correlation function measured with the large bandwidth exhibits downward
pointing peaks at multiples of τext [see Fig. 4.25(d)], as it is the case for the measurement
with lower bandwidth. However, in the case of the larger detection bandwidth the peaks
at small delay times have a substructure, similar to the one observed in the LFF regime.
At small delay times the substructure consists of several extrema. An analysis of the cross
spectral density [Fig. 4.25(c)] indicates that the same interpretation as in Sec. 4.2.1.5 can
be applied, i.e., there is a superposition of correlation and anti-correlation on different
– but now faster – time scales. In accordance with the latter observation, a clear drift in
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Figure 4.26: Same as Fig. 4.25(d) but with application of a lowpass filter to the time series.
The cut-off frequency of the filter is 1.1 GHz.

the cross correlation function is observed for the measurement with the larger bandwidth.
Furthermore, the drift in the auto correlation functions is more pronounced than in the
case of the measurement with the lower bandwidth.

The cross spectral density further reveals that there are mainly correlated dynamics
in the frequency interval that ranges roughly from 2 GHz to 4 GHz. At lower current
levels but for all other parameters being constant, the dynamics in this frequency range
is in tendency anti-correlated [cf. Fig. 4.20(d)]. This motivates an analysis of the current
dependence of the correlation properties at different frequencies, which will be done in
Sec. 4.3.2.

In order to ensure that the different observations made in Figs. 4.24 and 4.25 are not
due to the difference in the feedback strength, the correlation properties of the time series
measured with 6 GHz bandwidth are recalculated after the time series have been lowpass
filtered. The cut-off frequency of the filter is set to the detection bandwidth of Fig. 4.24.
As it is obvious from the figure, the substructure of the pulses in the cross correlation
function is not present, if the fast dynamics is neglected. This demonstrates that the
dynamics on fast time scales is of importance in the regime of CC.

Summary

If the current is increased sufficiently above the threshold of the solitary laser, a transition
in the dynamics from LFF to coherence collapse is observed. The transition to CC is
independent of the linear gain anisotropy. The latter only decides about amount of the
excitation of polarization dynamics. As in edge-emitting lasers, the phenomenon of CC
manifests itself in the optical spectrum in a broad laser line. Depending on the parameters,
the linewidth can reach several tens of gigahertz. In the time domain irregular dynamics
on fast time scales are observed. The dynamics move to faster time scales, especially the
correlated contributions to the polarization dynamics stem from larger frequencies than in
the LFF regime. Anti-correlation at the external cavity round-trip time is a pronounced
feature of the dynamics also in the regime of CC.
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Figure 4.27: Polarization resolved optical spectra of device 1 for Rext = 0.11 and Imod = 2.10.
The spectrum of the mode with lower (higher) optical frequency is displayed by a red (blue)
line.

4.3 Dynamics far above the solitary laser threshold

4.3.1 Dynamics and spectral properties

As it was outlined in the last section, there is a continuous transition from LFF to CC,
if the current is increased. Starting at the upper boundary of the current interval of the
CC regime, an increase of the current results in a continuous decrease of the linewidth of
the modes in the optical spectrum. However, the strength of the decrease of the linewidth
and the dynamics depend on the feedback strength and the linear dichroism.

4.3.1.1 Low dichroism

For Rext = 0.11 the broad line of the modes splits into a multiplet: The width of the lines
observed in the CC regime decreases. Simultaneously, several peaks appear on top of the
(still rather broad) lines of the single modes. The amplitude of the spectral components
between these peaks decreases, if the current is increased, until only the peaks remain. At
current levels about two times the threshold of the solitary laser, the optical spectrum of
the polarization modes exhibits a multiplet of several peaks (see Fig. 4.27). The multiplet
in the spectrum of the dominant mode consists of two central peaks of approximately
equal amplitude and smaller side peaks. Adjacent peaks are separated by about 5 GHz
but the spacing is not exactly equidistant. The multiplet in the spectrum of the weak
mode consists of one main peak and smaller side peaks of decreasing height. The distance
between adjacent peaks is approximately the same as in the spectrum of the dominant
mode. In the latter spectrum, the linewidth (HWHM) of the largest peak is about 0.5 GHz.
In the weak mode, the linewidth is approximately three times larger.

The dynamics that typically occurs in this regime is displayed in Fig. 4.28(a,b). In the
power of the dominant mode dropouts are observed that emerge from a finite DC level.
The amplitude of these fluctuations is typically smaller than the DC level but significantly
larger than zero. Single dropouts are separated by the external cavity round-trip time
and occur in groups [an example of such a group is displayed in Fig. 4.28(b)]. The number
of dropouts within one group is fluctuating, but typically not larger than 10. The time
interval between successive groups of dropouts is also fluctuating. It ranges from 10 ns
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Figure 4.28: Polarization resolved time series (a,b) for device 1 with Rext = 0.11 and Imod =
2.13. The power of the mode with lower (higher) optical frequency is displayed by a red (blue)
line. The cross spectral density and the cross correlation function are displayed in (c) and (d),
respectively. The length of the total time trace is 50 µs. The cross spectral density is obtained
numerically by dividing the total time series into 50 segments of equal length and averaging over
the spectra of the single segments. The detection bandwidth is 1.1 GHz.

to several hundred nanoseconds. Dropouts of the dominant mode are accompanied by
simultaneous bursts of the weak mode from the spontaneous emission level. The total
power (not shown) is almost not fluctuating.

The latter observation is confirmed by the cross correlation function [Fig. 4.28(d)],
which reveals anti-correlation at zero delay (-0.55 in normalized units). As for lower
injection currents, the cross correlation function exhibits downward peaks which are ap-
proximately separated by τext. The amplitude of these peaks – i.e., the anti-correlation –
decays towards zero within approximately 50 ns.

The cross spectral density reveals nearly perfect anti-correlation at the harmonics
of the external cavity frequency [see Fig. 4.28(c)]. A correlated spectral component is
not detected (at least within the bandwidth limit). In the power spectra of the modes
themselves (not shown), a doublet like structure, as it is observed for lower current values,
is not detected. However, if one takes into account the observations made in Sec. 4.2.2.2, it
is questionable if all important components of the dynamics are captured by the relatively
low bandwidth of 1.1 GHz. The existence of sidebands in the optical spectrum with a
frequency distance of several gigahertz is an indication for dynamics on a sub-nanosecond
time scale.

If the feedback strength is decreased (Rext = 0.01), the transition from CC to a state
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with a multiplet spectrum is observed, too. The transition occurs at lower current values
than in the case of the larger feedback strength. The single lines in the multiplets of
the modes are sharper than for stronger feedback and reach values of about 0.1 GHz
(HWHM). This value is likely to be limited by the resolution of the FPI. Corresponding
to the low power of the weak mode that is observed on time average [see Fig. 4.2(c)],
there are no fluctuations discernible from the noise floor in the time series (not shown).
However, the cross correlation function as well as the cross spectral density reveal very
weak anti-correlation at the external cavity round-trip time.

4.3.1.2 Medium dichroism

For medium dichroism (device 2) and Rext = 0.11 the linewidth of the polarization modes
decreases, if the current is increased sufficiently. However, the reduction of the linewidth
in comparison to the regime of CC is less pronounced than in the case of low dichroism.
The linewidth remains on the order of approximately 10 GHz within the current interval
of fundamental transverse mode operation. A splitting of the broad line into a multiplet
is not observed. The dynamics does not differ qualitatively from the one observed in the
regime of CC.

For Rext = 0.01 the scenario is qualitatively the same as for a low linear dichroism.

4.3.1.3 Large dichroism

For a large linear dichroism (device 4), no polarization dynamics are observed if Rext ≤
0.01. The mode that is disfavoured by the dichroism remains on the spontaneous emission
level in the whole current range that is investigated. If the current is increased sufficiently,
the width of the line of the dominant mode decreases and the line is split into a multiplet
of small lines. The frequency splitting of adjacent peaks is about a few gigahertz. As in
the case of the lower dichroism values, the frequency spacing of the components of the
multiplet is not equidistant.

If the feedback strength is increased to Rext = 0.11 and the injection current is larger
than 1.4 times the threshold of the solitary laser, single bursts in the power of the weak
mode are observed at constant current. These bursts are accompanied by simultaneous
drops of the power of the dominant mode. However, these events occur so seldom that
they have no signature in cross correlation functions that are computed over large time
intervals. This is in good accordance with the observation that on temporal average the
power of the weak mode is not larger than for operation without feedback [cf. Fig. 4.6(c)].
Furthermore, a decay of the broad line of the dominant mode into a multiplet of sev-
eral well defined frequencies is not observed. Nevertheless, the line shape is smaller in
comparison to the values observed in the regime of CC.

For Rext ≥ 0.31, the spectral properties remain qualitatively unchanged. In the time
series, the dropout/burst events occur more frequently. The dynamics resembles the one
observed for lower dichroism values and feedback strengths Rext ≥ 0.11. The correlation
properties are also qualitatively the same. The strongest anti-correlation of the two modes
is found at the current level at which the weak mode emits with maximum power. The
normalized correlation at zero delay (-0.6) is of the same order of magnitude as for lower
dichroism values.
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Figure 4.29: Dependence of the square of several characteristic frequencies on the injection
current for device 4 and Rext = 0.01. Circles: relaxation oscillations of the solitary laser,
obtained by fitting the corresponding peak in RF-spectra with a Lorentzian (detection bandwidth
20 GHz for the largest current value, 1.8 GHz for the rest of the data); squares: average distance
of adjacent sidebands in the optical spectrum of the dominant mode; crosses: frequency of
the maximum of the envelop of the RF-spectrum of the dominant mode (detection bandwidth
20 GHz). The lines represent the results of a linear interpolation of the data (red line: relaxation
oscillations; green line: sidebands in optical spectra).

4.3.2 Interplay of external cavity dynamics and relaxation os-

cillations

4.3.2.1 Relaxation oscillations in the presence of feedback

In this section, the role of relaxation oscillations in the dynamics in the presence of
feedback is investigated. One motivation for this investigation is the fact that the order
of magnitude of the splitting of the sidebands, which are observed in the optical spectrum
for certain parameters, is typical for relaxation oscillations in semiconductor lasers far
above threshold. For a test of this hypothesis, the square of the average distance of the
sidebands is plotted against the injection current in Fig. 4.29 for device 4 and Rext = 0.01.
The data exhibit an approximate linear dependence on the current. The latter is typical
for RO (as discussed in Chapt. 3). Hence, one can conclude that the (average) distance
of the components of the multiplet in the optical spectrum corresponds to the frequency
of a RO-like process. Such a behaviour of sidebands in the optical spectrum has also
been found for edge-emitting lasers with feedback and been interpreted as undamped RO
which are associated with the Hopf frequency of destabilized external cavity modes (see,
e.g., [144, 196]).

Next, the average spacing of the side bands is compared to the RO frequencies of the
solitary laser. The values of the RO frequencies of the solitary laser are directly measured
up to a value of Imod ≈ 1.2. Above this current level, the ROs become strongly damped
and are not detectable in RF-spectra. This hinders a direct comparison. Therefore,
a linear interpolation of the squares of the measured RO frequencies is performed. A
comparison of this linear interpolation with the square of the average side band distances
reveals that these distances clearly deviate from the RO frequencies of the solitary laser
[cf. Fig. 4.29]. The linear interpolation of the squared side band frequencies intersects
with the RO of the solitary laser at a lower current value (see also [191]), which is not in
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Figure 4.30: RF-spectrum measured with a spectrum analyzer (a) and temporal dynamics (b)
of the dominant mode of device 4 for Rext = 0.01 and Imod = 1.32. The detection bandwidth is
20 GHz in (a) and 6 GHz in (b). The signals are amplified by 40 dB. The DC-components are
cut off by the amplifier.

the current interval where the side bands are observed. The observations are qualitatively
the same, if the feedback strength is decreased to Rext = 10−3.

For a further investigation, it is tested whether the RF-spectra exhibit components
with a RO-like current dependence. A typical RF-spectrum as it is measured during the
observation of the multiplet in the optical spectrum is displayed in Fig. 4.30(a). The
spectrum exhibits a comb of harmonics of the external cavity frequency. This comb is
modulated by an envelop that has three maxima. The frequencies of the second and third
maximum are approximately the harmonics of the first one. If the current is increased,
the position of the maxima of the envelop moves to higher frequencies. The square of the
centre frequency of the maximum of the envelop with the lowest frequency as a function
of current is plotted as crosses in Fig. 4.29. In the current range where the side bands are
observed, the frequency of the first maximum of the envelop exhibits a RO-like current
dependence. However, the latter frequency and the average spacing of the components of
the multiplet in the optical spectrum do not match exactly but are very similar. If the
current is increased, the difference between the two data sets continuously decreases.

In the time domain, there is an almost regular oscillation of the power of the dominant
mode [Fig. 4.30(b)]. The frequency of this oscillation is approximately the frequency of
the first maximum.

The envelop of the RF-spectrum exhibits a pronounced maximum also at lower current
levels, i.e., in the regime of LFF and coherence collapse. The square of the corresponding
frequencies is plotted in Fig. 4.29. In the LFF-regime up to values of Imod ≈ 1.05 , the
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frequency of the maximum of the envelop is almost equal to – but slightly larger than –
the RO frequency of the solitary laser. This observation can be related to the fact that
in the vicinity of the solitary laser threshold the total power of the laser with feedback
is larger than for the free-running device. Hence, it can be concluded that in the current
interval where LFF are observed the RO frequency is similar to the one of a solitary device
with comparable output power. Therefore and for simplicity, the frequency of the first
maximum of the envelop of the RF-spectrum will be called RO frequency in the following.

However, if the current is increased and the VCSEL transits continuously from LFF
into the regime of CC, the slope of the square of the RO frequency in the presence of
feedback increases continuously (cf. the current interval 1.05 ≤ Imod ≤ 1.10 in Fig. 4.29).
Furthermore, the width of the envelop increases rapidly from Imod = 1.05 to Imod = 1.10
(not shown). Within the current interval where CC is observed (i.e., for currents up
to Imod ≈ 1.20) the dependence of the square of the RO frequency on current is again
linear. The RO frequency with feedback now clearly deviates from the one observed for
the solitary device (note the corresponding data point at Imod = 1.22, which is indicated
by a circle in Fig. 4.29).

As soon as the linewidth of the dominant mode in the optical spectrum starts to
decrease again (Imod ≈ 1.25) and the multiplet in the optical spectrum emerges, the
slope of the square of the RO frequency changes again. Simultaneously, the harmonics
of the first maximum of the envelop of the RF-spectrum build up and the width of the
RO envelop decreases. Finally, an approximate linear dependence of the RO frequency
squared on current is encountered again (Imod ≥ 1.35).

In summary, the square of the RO frequency in the presence of feedback exhibits a
piecewise linear dependence on injection current in certain current intervals. The corre-
sponding slope is constant as long as the VCSEL remains within one dynamical regime.
The transition of the RO frequency from one dynamical to the next is as continuous as the
transition of the dynamics itself. In the LFF regime, the RO frequency is approximately
the same as for the solitary VCSEL.

4.3.2.2 Relaxation oscillations and correlation properties

The investigations of the preceding section have shown that there are frequency com-
ponents participating in the dynamics that exhibit typical characteristics of ROs. The
dynamics of the two polarization modes of the solitary laser have been shown to be cor-
related at the frequency components that belong to the RO peak (see Sec. 3.2). Hence,
it is interesting to investigate whether the correlated dynamics, which occurs besides the
anti-correlated one at τext, can be attributed to the ROs also in the presence of feedback.

For this purpose, the power spectra of the dominant mode (the one which emits
with the larger power on time average) and the cross spectral densities are compared
for different injection currents in Fig 4.31. This is done exemplarily for device 2 with
Rext = 0.43. For the following investigations the unnormalized version of the cross spectral
density has been chosen, since a normalization results in a worse signal-to-noise ratio and
hence small peaks are more difficult to identify.

For a current below the solitary laser threshold, i.e., in the LFF-regime, the envelop of
the power spectrum exhibits a clear maximum at about the RO frequency [approximately
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Figure 4.31: Power spectra of the dominant mode (a,c,e) and (unnormalized) cross spectral
density (b,d,f) of device 2 for Rext = 0.43 and Imod = 0.96 (a,b), Imod = 1.08 (c,d), and
Imod = 1.32 (e,f). The insets in (d,f) are a magnified view of the frequency interval from 2 GHz
to 6 GHz. The detection bandwidth is 6 GHz. The length of the total time trace is 50 µs. The
power spectra are obtained numerically by dividing the total time series into 100 segments of
equal length and averaging over the power spectra of the single segments.

1.8 GHz, see Fig. 4.31(a)]. For frequencies below 1.8 GHz the typical correlation properties
as discussed in, e.g., Fig. 4.18 are encountered: At the harmonics of 1/τext the dynamics
is anti-correlated, whereas at a slightly higher frequency correlated dynamics is observed.
However, the closer the harmonic is to the RO frequency, the lower is the power in the anti-
correlated component of the doublet with respect to the correlated one [see Fig 4.31(b)]. In
the immediate vicinity of the RO frequency, the anti-correlated component is almost not
detectable in the cross spectral density. The development of the correlated component of
the doublet is approximately complementary: its amplitude is maximum at about the RO
frequency. At larger frequencies the power in the anti-correlated component of the doublet
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increases again and the power of the correlated component decreases. For frequencies
larger than 3.8 GHz only anti-correlated dynamics is observed [see also Fig. 4.20(d) for
the case of low dichroism].

If the current is increased and the VCSEL operates in the regime of CC, the envelop of
the power spectrum changes. This is depicted in Fig. 4.31(c). For frequencies lower than
2.4 GHz, the envelop of the power spectrum decays continuously with increasing frequency,
i.e., it is of a shoulder-like form. The shoulder at low frequencies is also observed for larger
current values [see Fig. 4.31(e)]. Since such a (pronounced) shoulder is missing in power
spectra that correspond to scenarios where no polarization dynamics is observed [see, e.g.,
Fig. 4.30(b)], it is conjectured that this shoulder is related to polarization dynamics and
not primarily to the regime of CC.

For frequencies larger than 2.4 GHz, the power of the anti-correlated component of
the doublet in the cross spectral density has a local minimum at about 3.6 GHz [see
the inset in Fig. 4.31(d)]. The correlated component has a local maximum at a slightly
lower frequency. At frequencies larger than 5 GHz only the anti-correlated component is
observed. If the current is increased even further, the local maximum of the correlated
component and the local minimum of the anti-correlated component in the cross spectral
density shift to even larger frequencies [the maximum of the correlated component is about
5.4 GHz in Fig. 4.31(f), the minimum of the amplitude of the anti-correlated component is
probably at a frequency just outside the detection bandwidth]. Furthermore, correlation
is not observed anymore at low frequencies [less than 1.8 GHz in Fig. 4.31(f)]. As it is
the case for the lowest current value discussed here, the local extrema of the power of the
two doublet components in the cross spectral densities in Figs. 4.31(d,f) are roughly at
frequencies where the power spectrum of the dominant mode exhibits a local maximum
[see Figs. 4.31(c,e)].

Summarizing the above observations, one finds the qualitative tendency that the local
minimum of the amplitude of the anti-correlated peaks in the cross spectral density is
located close to the local maximum of the envelop of the power spectrum of the dominant
mode, i.e., close to the RO frequency. This is an indication that the correlated part of
the dynamics in the presence of feedback results from RO like processes.

Further evidence for this result can be obtained from the power spectra themselves:
There, the “right” peak of the doublet is the more pronounced the closer its frequency
is to the RO frequency. For example, in Fig. 4.31(e) the high frequency component of
the doublet is not detectable at low order harmonics of 1/τext. At the 4th harmonic, the
doublet structure is observed. With increasing number of the harmonic, the magnitude
of the doublet component with larger frequency increases relative to the magnitude of
the component with lower frequency. These observations suggest that the doublet struc-
ture itself is caused by an interplay of the external cavity dynamics and the relaxation
oscillations.
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4.4 Discussion

4.4.1 Conclusions from the experiment

4.4.1.1 Feedback dynamics and polarization degrees of freedom

In this chapter, the dynamics of VCSELs with isotropic optical feedback has been in-
vestigated in detail. The phenomenon of LFF, which is well known from edge-emitting
semiconductor lasers, has been shown to be a prominent feature in the immediate vicinity
of the threshold of the solitary laser. The characteristics and the shape of the LFF that
are observed here are similar to results obtained for edge-emitters. The average period of
the LFF cycles decreases, if the current is increased.

Furthermore, the continuous transition from LFF to CC on an increase of injection
current has been shown to be a robust feature of VCSELs with isotropic optical feedback.
This transition has also been found in edge-emitting lasers (see, e.g., [197]). Hence, one
can conclude that the basic dynamical properties in the presence of isotropic feedback are
qualitatively similar in VCSELs and edge-emitting lasers. However, in the only previous
investigation on VCSELs with isotropic feedback the transition from LFF to CC has not
been observed [44]. The reason for the difference between the observations obtained here
and the ones made in [44] is unclear at the moment.

The peaks at harmonics of the external cavity-frequency have been found to contain
a doublet substructure: One peak is located at the exact harmonic of the external cavity
frequency. The second peak is shifted to larger frequencies. The splitting of the doublet
components depends on the injection current. It is roughly of the same magnitude as
the average frequency of the LFF. However, an interpretation as a simple wave-mixing
effect is not possible since the agreement is only approximate. As outlined before, this
observation has also been made for edge-emitters (see Sec. 4.2.1.4). A further argument
against wave mixing effects is that the doublet structure exists in current intervals where
LFF and hence LFF-peaks in the power spectra are not observed.

The feedback dynamics of VCSELs differ substantially from the ones of edge-emitting
lasers in the occurrence of polarization effects. The polarization dynamics in the dy-
namical regime of LFF have been shown to be influenced by the linear dichroism. The
following scenarios are observed:

(i) For a low value of the linear dichroism, LFF of both polarization modes with syn-
chronous dropouts and recoveries are observed.

(ii) In the case of a medium dichroism the dominant mode exhibits LFF. After a dropout
event of the dominant mode both modes start with the recovery process. The
increase of power in the weak mode is incomplete, i.e., the weak mode reaches its
maximum power soon after the dropout and is continuously depleted afterwards.

(iii) For large dichroism LFF of the dominant mode are observed. The weak mode
remains on the spontaneous emission level.

In the transition from (i) to (ii) it can also occur that the dynamics of the weak mode
changes from LFF event to LFF event, i.e., the dynamics changes randomly between



146 Chapter 4. Polarization dynamics in VCSELs with isotropic feedback

(i),(ii) and (iii) for consecutive LFF periods. The behaviour of the dominant polarization
component is not affected by these random changes. Since for edge-emitting lasers with
feedback noise driven jumps between coexisting LFF-attractors have been demonstrated
theoretically [138, 198], it is speculated that the different coexisting kinds of polarization
dynamics in a VCSEL with constant parameters can be interpreted in a similar way.

In summary, the bare existence of the LFF does not seem to be influenced by po-
larization degrees of freedom. Moreover, the typical characteristics of the LFF of the
dominant mode (or of both modes in the case of low dichroism) are not influenced by the
magnitude of the amplitude anisotropy (see Fig. 4.15). Furthermore, the transition to CC
does not depend on the linear dichroism. These are strong indications that the origin of
LFF (and coherence collapse) in VCSELs is not related to polarization dynamics. Since
VCSELs operate in only one longitudinal mode and higher order transverse modes are
not oscillating close to threshold in the investigated devices, it can be concluded that
multi-mode dynamics is not important in inducing the above phenomena. The excitation
of polarization degrees of freedom during the LFF is rather attributed to the excess gain
that is available after a power dropout.

Due to the similarity of the characteristics of the dynamics that is observed here and
the one observed for edge-emitting lasers, it is tempting to translate the results directly
onto the latter ones. However, as outlined already in Sec. 2.4.3, the results obtained
here cannot be applied to the longitudinal modes of edge-emitting lasers without care.
This point of view is strongly encouraged by the experimental results obtained in [37],
where synchronized pulses of different longitudinal modes were shown to occur before the
dropout events. Such a behaviour was not observed for the VCSEL devices investigated
in this thesis.

Far above the lasing threshold, the dynamics are still dominated by the external cavity
round-trip time. The scenario that is observed depends on the feedback strength: For
lower feedback strengths there is a recovery of the coherence of the emitted light. The
associated dynamics are of high regularity. For larger feedback strengths, the coherence
improves only gradually. In the latter case, the dynamics are irregular and polarization
competition occurs even for a large linear dichroism.

4.4.1.2 Correlation properties

In the analysis of the experimental data great attention has been on the correlation
properties. In the presence of dynamics in both of the polarization modes, the correlation
properties have turned out to be of a complicated nature:

• For low frequencies the dynamics is anti-correlated, as it is the case in the solitary
laser, too. Here, the term “low” means smaller than the inverse average period of
the LFF cycles.

• In the LFF regime, the sign of the correlation at the inverse LFF period depends
on the respective scenario. For example, for low dichroism (synchronous dropouts
and recoveries) the dynamics is correlated.

• At the exact harmonics of the external cavity frequency the dynamics are anti-
correlated. The dynamics at the shifted frequency component is correlated. The
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relative ratio of correlation and anti-correlation that is observed for a specific doublet
depends on parameters, especially the injection current.

The latter observation is attributed to an interaction of the external cavity dynamics
with the relaxation oscillations. The (anti-)correlation is strongest (weakest) in the vicin-
ity of the RO frequency. Hence, it is conjectured that ROs are responsible for correlated
dynamics on fast time scales in the solitary VCSEL and in the VCSEL with feedback.
The RO frequency in the presence of feedback is found to have a square root dependence
on current within each distinct dynamical regime. In a recent study on the dynamics of
the longitudinal modes of an edge-emitter with feedback a similar result was obtained by
spectral measurements [146]: The dynamics at the RO frequency was found to be corre-
lated, whereas it was found to be anti-correlated at lower frequencies. However, a change
of correlation properties around a single harmonic of the external cavity frequency was
not found.

Furthermore, the analysis of the correlation properties has revealed a “drift” in the
dynamics. This drift manifests itself in a continuous transformation of correlated peaks
into anti-correlated peaks (and vice versa) in the auto and cross correlation functions
of the polarization modes, if the delay parameter of the correlation function is changed.
This drift is also reported in a recent work about VCSELs with polarized feedback [157].
However, there the investigations were restricted to the auto correlation functions. Here,
an investigation of the cross correlation functions and the cross spectral densities has
revealed that the drift is associated with the two slightly different time scales that cor-
respond to the two components of the doublet at the harmonics of the external cavity
frequency. The drift observed in the auto correlation functions is also in good agreement
with the observation that the fast pulsations in the time traces are only approximately
but not exactly repeated in consecutive intervals of the external cavity round-trip time
(see Fig. 4.14).

In [199] a drift of correlation properties was demonstrated to be associated with a
zero of the “convective Lyapunov spectrum” for the case of a CO2-laser with delayed
feedback and for other systems. The convective Lyapunov spectrum describes the growth
of a localized perturbation in a moving reference frame in dependence of the velocity of
the reference frame [199]. However, the question on mechanisms that cause the drift in
a specific system remained unanswered there. Here, strong indications have been found
that in the specific case of a VCSEL with delayed feedback the drift is related to the
existence of two slightly different time scales. In [199] the temporal dynamics have also
been rearranged in a two-dimensional representation in order to visualize the drift. This
is performed in Appendix B for some of the data that are obtained in this thesis.

There remains the important question about the origin of these slightly different time
scales or the origin of the doublet structure in the power spectra, respectively. In the
experiments, it is found that the second peak of the doublet is the stronger the closer it
is located to the maximum of the envelop of the power spectrum, i.e., the RO frequency.
This suggests that the second peak results from an interaction of the external cavity
dynamics with the ROs, but the details of an explanation are not clear.

Nevertheless, it should be emphasized that the insights in the drift phenomenon that
were gained here (via an examination of the cross correlation properties) as well as the
results on the role of multi-mode dynamics are obtained benefiting from the relative
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“simplicity” of the VCSEL dynamics, i.e., due to the fact that not more than two modes
participate in the dynamics.

4.4.1.3 Indications for determinism

In [139] it has been tested experimentally whether an edge-emitting laser with feedback is a
deterministic or a stochastic system. This test has been performed for various dynamical
regimes (LFF, CC) by computation of return maps of the experimental data. It was
argued that an unstructured return map is an indication of stochastic dynamics and
that a structured return map indicates a deterministic origin of the dynamics [139]. The
results obtained in [139] indicated that the dynamics in the LFF regime were stochastically
driven, whereas it was deterministically in the regime of CC.

For a comparison of the dynamics observed here with the results obtained in [139]
return maps have been calculated for several experimentally obtained time series. The
corresponding results are presented in Appendix C. The return maps of all of the investi-
gated time series show some structure. This is independent of the investigated dynamical
scenario, i.e., a structured return map is observed for the LFF as well as for CC. Moreover,
the obtained results are qualitatively the same in both dynamical regimes. Within the ar-
gumentation of [139], this indicates that the dynamics observed here are of a deterministic
origin. This result could be expected, since the existence of a drift in the dynamics, as it
is discussed above, is already a strong argument against stochastically driven dynamics.
A possible explanation for the differences to [139] is the limited bandwidth of the setup
used there. Thus, fast dynamics of the kind observed here and in several experiments on
edge-emitting lasers (e.g., [36, 37]) are not detected.

Furthermore, it is commonly argued that the dynamics in LFF and CC are a case
of deterministic chaos (see, e.g., [133, 144]). In [33] it was shown theoretically that the
Lang-Kobayashi equations [132], which are commonly used to model the dynamics of
semiconductor lasers with feedback, can exhibit high dimensional chaos.

4.4.2 Comparison with the spin-flip model extended by delayed

feedback terms

Most of the theoretical works on the dynamics of VCSELs with isotropic feedback that
operate in the LFF regime are based on the SFM extended by delay terms in the field
equations [44, 158, 159, 200–202].

In [158, 159, 200] simultaneous LFF of both polarization modes were found for low
dichroism, whereas LFF with drops of the dominant mode that are followed by a burst
in the power of the weak mode were demonstrated in [44]. The authors of [159, 200]
have shown, that a change of the linear anisotropies can induce a transition between the
latter two dynamical scenarios. However, the investigations in [44, 158, 159, 200] were
restricted to current levels equal to or greater than the threshold of the solitary laser.
The experiments reported in this thesis have also been performed for currents less than
the threshold of the solitary laser. Therefore, and in order to characterize the change of
the dynamics in dependence of the linear dichroism in detail, theoretical investigations
have been performed in collaboration with the group of N. Loiko (Belarussian Academy
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Figure 4.32: Mean value of the intensity of the polarization modes as a function of linear
dichroism in double-logarithmic scale, taken from [202]. The injection current is set to the
threshold of the solitary laser. The mode with lower (higher) optical frequency is denoted by
solid (open) symbols. Triangles (circles) correspond to the case where the mode with lower
(higher) optical frequency is favoured by the linear dichroism. The dichroism is given in angular
frequencies in the units typically used in the SFM [27]. To obtain values in optical frequencies
that can be compared with the experimental ones, the values given here have to be divided by π.
For the rest of the parameters and a discussion of the model equations see [202].

of Science, Minsk) [201, 202]. In [201, 202], the parameters were chosen close to the ones
that characterize the devices investigated experimentally in this thesis.

Starting at low values of the dichroism, simultaneous LFF of both modes are observed.
The mean amplitude of the fluctuations in the two polarization modes is slightly different
(see Fig. 4.32). Note that for small linear dichroism always the LF-mode has the larger
mean intensity, regardless whether it is favoured by dichroism or not. If the LF-mode is
favoured by dichroism, the mean amplitude of the weak mode (the HF-mode) is decreas-
ing, if the modulus of the dichroism increases. If the HF-mode is favoured, a “crossing
behaviour” is observed, i.e., the amplitude of the LF-mode decreases for increasing dichro-
ism, until it is lower than the one of the HF-mode. The prevalence of the LF-mode for
low values and either sign of the linear dichroism is probably due to the fact that this
mode is favoured by the non-linear dichroism (see also Sec. 3.4.2 for the dynamics of the
solitary laser).

If the dichroism is increased to values where the favoured mode has always the larger
mean intensity (about 0.8 ns−1 in the figure), a qualitative change of the dynamics is
observed. The power of the disfavoured mode exhibits different dynamics in consecutive
LFF cycles [202], i.e., the behaviour resembles the one illustrated in the experimental case
of Fig. 4.11. A further increase of the dichroism results in a behaviour that resembles the
one of Fig. 4.12, i.e., in every LFF cycle the disfavoured mode begins with the recovery
process and is depleted towards the end of the LFF cycle.

The latter behaviour remains qualitatively unchanged, if the magnitude of the linear
dichroism is increased even more [201, 202]. The amplitude of the fluctuations of the
dominant mode saturates at a value that is close to the total intensity. The amplitude of
the fluctuations of the disfavoured mode decreases continuously. Furthermore, the point
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from which on the recovery process of the disfavoured mode turns into depletion moves
closer to the preceding dropout event, if the dichroism is increased.

The trend observed in the experiments and in the simulations of [201, 202] is quali-
tatively the same. For a linear dichroism matching the one of the experimental case of
Fig. 4.13 the mean intensity of the disfavoured mode is about a factor 105 smaller than
the one of the dominant mode. This is beyond the limitations set by the signal-to-noise
ratio of the experimental setup used in this thesis.

Furthermore, the transition from LFF to CC with an increase of the injection current
could be reproduced in [201]. The cross spectral densities of the simulated time series
are qualitatively similar to the experimental ones within the range of frequencies that
is accessible in the experiments. Despite this similarity, the (temporal) cross correlation
functions in the simulations have a clear tendency to correlated dynamics, whereas in
the experiments the tendency is towards anti-correlation (see, e.g., Fig. 4.17). This dis-
crepancy becomes more pronounced, if the current is increased. A possible origin of this
difference is unknown at the moment.

The correlation properties of the polarization modes have also been investigated in [159,
200]. There, a change of the correlation properties within one LFF cycle is found: The
pulsations on fast time scales are in phase in each LFF cycle except for small time intervals
close before the next dropout event. In these intervals, the dynamics are anti-correlated.
Despite some incidents that do not represent the average scenario, such a change of the
correlation properties is not observed in the experiments performed here.


