
PHYSICAL REVIEW A FEBRUARY 1997VOLUME 55, NUMBER 2
Coupled-mode description for the polarization state of a vertical-cavity semiconductor laser

A. K. Jansen van Doorn, M. P. van Exter, A. M. van der Lee, and J. P. Woerdman
Huygens Laboratory, Leiden University, P.O. Box 9504, 2300 RA Leiden, The Netherlands

~Received 6 September 1996!

For symmetry reasons, vertical-cavity semiconductor lasers might be expected to show polarization isotropy.
Practical devices, however, operate in a well-defined polarization state, which indicates the presence of residual
anisotropies. We have performed a systematic experimental study of these residual anisotropies by applying
additional anisotropies in a controlled and continuous way. The results are compared with a coupled-mode
model that describes the effect of linear anisotropies on the polarization eigenmodes. We conclude that the
polarization state of a practical device is dominantly determined by these linear anisotropies; nonlinear
anisotropies are found to play at most a minor role.@S1050-2947~97!05202-5#

PACS number~s!: 42.55.Px, 42.60.Da
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I. INTRODUCTION

During the last decade, a major effort has been put i
development of vertical-cavity surface-emitting lase
~VCSELs!. This novel type of semiconductor laser has so
distinct advantages compared to conventional edge-emi
semiconductor lasers. Most of these advantages are relat
the fact that the light is emitted in the vertical direction, i.
normal to the semiconductor wafer. This feature opens
possibility to fabricate two-dimensional arrays of lasers,
lows for on-wafer testing of the devices, and gives a la
freedom for shaping the transverse waveguide.

Cylindrical symmetry of the transverse optical confin
ment, which is advantageous for, e.g., coupling into fibers
naturally achieved in a VCSEL. This has interesting con
quences for their polarization properties: contrary to the s
ation for edge-emitting semiconductor lasers, where
stripe waveguide has a strong anisotropy, the transverse
metry of the waveguide of a VCSEL imposes in principle
constraints on the polarization. Also the commonly used
bic crystalline materials, in our case AlxGa12xAs, are opti-
cally isotropic, at least as far as their linear optical proper
are concerned. For completeness we note that this isotro
generally broken by the use of quantum wells as active
dium @1–3#. For VCSELs grown on the usual~100! sub-
strate, however, the linear optical properties are again iso
pic for light propagating normal to the substrate@1,2#.

Practical VCSELs are reported to emit linearly polariz
light. The orientational stability of this polarization, how
ever, is poor: the orientation shows a rather large spread
different VCSELs of the same array, generally with a pr
erence for the@110# or @11̄0# crystalline axes@4–11#. It has
been found that considerable changes of this orientation
occur upon changing either the injection current or the op
ating temperature@4–6#. Also bistability of two linear polar-
izations ~polarization switching! is often reported@6–10#.
That in fact there is a preference for a particular polarizat
indicates the presence of residual optical anisotropies. A
quently reported example of such an anisotropy is biref
gence, which may result from residual strain left during t
fabrication process@6,7,11#.

For applications, the poor orientational stability of the p
larization is a disadvantage. Therefore several methods h
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been proposed and demonstrated to stabilize the polariza
properties. These methods aim at the introduction of str
tural anisotropy to invoke a specific polarization preferen
@1–3,12–17#. Although it has been shown that the polariz
tion can thus be manipulated, the stabilization achieved
never complete. A possible explanation for this limited su
cess is that the intentionally introduced anisotropies are
sufficiently large to dominate unintentional ones. Clear
successful stabilization of the polarization requires kno
edge of the relative importance of the various anisotropie

In this article we present a systematic experimental a
theoretical study of the combined effect of various optic
anisotropies that are possible in a VCSEL. The experime
approach we follow is to add a controlled amount of anis
ropy and study its effect on the polarization state. Expe
mentally, we use two controlled anisotropies, namely, stra
induced linear birefringence produced with the so-called h
spot technique@18,19#, and circular birefringence produce
by the application of a magnetic field@20#. The aim of our
study is threefold:~i! we develop a unified theoretical frame
work for describing the combined effect of all conceivab
linear anisotropies on the polarization behavior,~ii ! we ex-
perimentally confirm some of the key predictions of this li
ear model, and~iii ! we explore the validity regime of this
linear model by realizing situations where the dominant
tive anisotropy, namely, birefringence, has been canceled
most perfectly by applying a controlled additional birefri
gence with opposite polarity. For sufficiently goo
cancellation one would expect the nonlinear anisotropy as
ciated with gain saturation to take over.

The outline of the article is as follows. In Sec. II w
present a linear mode-coupling model for the intracav
field to describe the influence of various optical anisotrop
on the stationary polarization states. The VCSELs and
experimental techniques are described in Sec. III. In Sec
we concentrate on situations in which birefringence is
dominant native anisotropy in the devices; the effect of
dition of linear and circular birefringence is discussed
terms of the mode-coupling model and experimentally de
onstrated. In Sec. V we explore situations in which birefr
gence no longer dominates the polarization state, by aim
at complete cancellation of the native birefringence. We e
in Sec. VI with a concluding discussion.
1473 © 1997 The American Physical Society
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II. THEORETICAL FRAMEWORK

Generally, the polarization state of a laser depends
anisotropies of the passive cavity and of the gain mediu
To describe the effect of these anisotropies we write the e

tric field in the cavity byEW (t)exp(iv0t), whereE
W (t) denotes

the vectorial amplitude andv0 the angular frequency of th

emitted light. The vectorial amplitudeEW (t) then satisfies the
following differential equation@21–23#:

i
]EW

]t
52ÃEW 1S̃EW 2~•••EWEWEW ••• !, ~1!

whereÃ is a tensor that describes the properties of the em
cavity ~loss and dispersion! and S̃ is a tensor that describe
the linear~i.e., unsaturated! gain and its associated dispe
sion. The last term in the equation symbolically indicates
saturation of the gain~and its associated dispersion! by
stimulated emission. To obtain this equation, both the inv
sion and the dipole moment have been adiabatically eli
nated; therefore we may use Eq.~1! to describe polarization
behavior on a time scale which is long as compared to
lifetime of the inversion and the dipole moment.

The polarization eigenmodes and eigenfrequencies of
laser are determined by the anisotropic part of the right-h
side of Eq.~1!. This problem has been extensively studi
for gas lasers, both experimentally and theoretically@21–23#.
In that case the linear gain tensor is a scalar and the po
ization is determined by the anisotropy of the empty cav
~i.e., the tensorÃ! and that of the gain saturation. The latt
anisotropy is associated with the anisotropy of the electro
wave functions of the excited-state and ground-state at
that constitute the gain medium. The eventual polarizat
state will be the result of a subtle interplay of the saturat
effects with the linear anisotropies in the system.

As demonstrated in this article, restriction to the line
terms in Eq.~1! is in most cases sufficient to describe t
polarization behavior of practical VCSELs. In fact, in ord
to distinguish linear from nonlinear effects, a thorough u
derstanding of the linear problem is a prerequisite anyw
We start therefore by considering the linear part of Eq.~1!,
which can be written as

]EW

]t
5 iM̃ EW , ~2!

where we have combined the matrix for the gain and that
the cavity to M̃[Ã2S̃. The stable polarization states a
found by solving the eigenstates ofM̃ in Eq. ~2!. The eigen-
values correspond to the complex eigenfrequencies of
polarization eigenmodes. The real part corresponds t
~real! frequency, and the imaginary part to a damping. T
eigenvectors describe the polarization states of the eig
modes, which will generally be elliptically polarized.

The four tensor componentsMi , j are generally complex
so that in total eight real parameters are needed to des
M̃ . If we transform the isotropic part, i.e., the average f
quency and damping of the two modes, away from Eq.~2!,
we are left with six real parameters. The resulting tracel
tensor can always be separated in a Hermitian and an
Hermitian part, i.e.,
n
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M̃5 1
2 ~M̃1M̃†!1 1

2 ~M̃2M̃†!, ~3!

whereM̃† denotes the Hermitian conjugate ofM̃ . The Her-
mitian part describes phase anisotropies. For compar
with experiment, we distinguish between linear and circu
birefringence, leading to detuning of, respectively, linea
and circularly polarized states. The anti-Hermitian part d
scribes amplitude anisotropies. Again we distinguish
tween linear and circular dichroism. In total four paramet
are needed to describe the magnitudes of all these op
anisotropies, whereas two more are needed to describe
orientations of the linear birefringence and the linear dich
ism, respectively@21#. The identification of the six indepen
dent parameters with the optical cavity anisotropies is o
valid when the change of the polarization state per cav
round-trip is small @21#, as is generally the case for
VCSEL. When we choose a basis along the axes of on
the linear anisotropies, which may always be done, only
relative orientation between the linear birefringence and
linear dichroism enters the problem; we are then left w
five instead of six parameters. It can be shown that the
currence of circular birefringence and circular dichroism
quires the presence of a magnetic field@24#. Thus, except for
Sec. IV B where we discuss the effect of a magnetic field,
only need to consider linear birefringence and linear dich
ism.

It is interesting to note that Eq.~2! represents the genera
two-mode coupling problem which has realizations in ma
subfields of physics@25#. In terms of the general coupling
formalism, the diagonal elements describe the~complex! de-
tuning of the basis states, whereas the off-diagonal elem
describe their coupling. In our case, we apply either linea
circular birefringence to the devices, and we study the f
quency splitting and the polarization state of the VCS
eigenmodes as a function of the strength of the applied
isotropy. Application of linear and circular birefringence co
responds to a~real! detuning of a linearly or circularly po-
larized basis set, respectively, and the behavior of
frequency splitting and the polarization state will depend
the coupling between these basis states introduced by
native anisotropies in the VCSEL. As generally all nati
anisotropies need to be considered, the behavior of the m
splitting and polarization state as a function of the appl
anisotropy can be rather complicated. It is therefore instr
tive to consider first the special case that the coupling ma
M̃ in Eq. ~2! is given by:

M̃5S d M12

M21 2d D . ~4!

In this expression,d denotes the strength of the controlle
anisotropy and the native anisotropies enter only as the
diagonal elementsM12 andM21, i.e., they lead to a ‘‘pure’’
coupling. The case where the coupling in Eq.~4! is Hermit-
ian (M125M21* ) represents so-called conservative coupli
@25#. The eigenvalues of Eq.~2! are always real, with fre-
quenciesv given by

v656Ad21uM12u2. ~5!
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This avoided crossing behavior of the eigenfrequencies a
function of the detuningd is depicted by the solid curves in
Fig. 1~a!. As compared to the uncoupled case~M12
5M2150, indicated with the dashed lines in the figure!, the
eigenfrequencies of the coupled eigenmodes are pushed
by the coupling.

The case where the coupling in Eq.~4! is anti-Hermitian
(M1252M21* ) represents so-called dissipative couplin
@25#. The eigenfrequencies are now given by

v656Ad22uM12u2. ~6!

As shown in Fig. 1~b!, the eigenfrequencies are now pulle
together by the coupling as compared to the situation with
coupling ~dashed lines!. They become imaginary for
udu,uM12u, which means that the eigenmodes have the sa
frequency~‘‘frequency locking’’! but a different damping.

III. EXPERIMENTAL TECHNIQUES

In the experiments we use electrically pumped plan
VCSELs, grown on~100! substrates@26#. The devices have
1l cavities with three GaAs quantum wells, are proton i
planted for current confinement, and operate at 850 nm.
experiments are restricted to the range of injection curre
where only the fundamental transverse TEM00 mode is
present. For all devices we studied, this single-mode op
tion extends to at least 1.6 times the threshold currentI thr ,
with I thr'5 mA. High-resolution spectral measurements
veal that two polarization modes are present. Figure 2 gi
an example of a spectrum, measured with a planar Fa
Pérot interferometer. The solid curve represents
polarization-unresolved measurement, showing only the n
row lasing component. The dotted curve is a measurem
for which the lasing polarization component has been ma
mally blocked with a crossed Glan-Thomson polarizer. T
reveals a broader and much weaker component at the
frequency side of the lasing component, which is fed
spontaneous emission. The polarization of this componen
orthogonal to that of the lasing mode. The two compone
are spectrally nondegenerate as a result of residual bire
gence in the devices. For the devices we studied the ma
tude of the native spectral splittingDv0/2p varied between 0
and 30 GHz; the spread inDv0 is ascribed to random strain

FIG. 1. Eigenfrequenciesv as a function of detuningd for ~a!
conservative and~b! dissipative coupling. The dashed lines repr
sent the eigenfrequencies without coupling (M125M2150).
a

art

ut

e

r

-
e
ts

a-

-
s
y-
a
r-
nt
i-
s
w-
y
is
ts
in-
ni-

@18,19#. As a result of this random strain, the native pola
ization orientationf0 also varies from device to device; th
distribution of polarization angles is not isotropic, but
peaked around the face-diagonal crystalline axis@110# or
@11̄0#. This tendency to align with the face-diagonal crys
axes has been shown to result from a pronounced anisot
in the relation between strain and birefringence@19#.

For most of our experiments, devices are used in wh
the native strain has been changed in a permanent way
a localized damage technique@27#. This technique consists
of locally melting the surface of the wafer by focusing
powerful laser beam next to the electrical bond pad of
VCSEL. The stress profile around the damage spot leads
change of the strain in the aperture of the VCSEL, and t
to an irreversible change of the native birefringence in
VCSEL. By choosing the proper position of the damage sp
the birefringence can, within certain limits, be changed
will. The technique generally does not affect the overall o
put characteristics of the devices, which can be underst
by considering that the strain induced in the aperture of
VCSEL is relatively small@19,27#. The technique allows us
to prepare devices with arbitrary birefringence splitting a
polarization orientation, so that we do not have to depend
the statistical distribution of these parameters over an a
to select a ‘‘suitable’’ device for a specific experiment. In t
following, the word ‘‘native’’ is also meant to include suc
suitably prepared devices.

For accurate determination of the polarization state of
emitted light, polarization-resolved spectral measurement
in Fig. 2 play a crucial role. The polarization state of t
eigenmodes is conveniently described with the orientatiof
of the polarization ellipse and its ellipticity anglex. This
latter angle is given byx5arctan(Ey/Ex), whereEx andEy
are the field amplitudes along the long and the short ellip
ity axis, respectively~245°<x<45°!. The polarization angle
f was measured by rotating a Glan-Thomson polarizer
front of the Fabry-Pe´rot interferometer such that the comp
nent under study was maximally suppressed in the spectr
the ellipticity anglex was determined in a similar way, bu
now by using the combination of a quarter-wave plate a
the polarizer. For the lasing polarization, these angles co
be determined with an accuracy of typically 0.3°, at le

FIG. 2. Typical Fabry-Pe´rot spectrum of VCSEL, measure
without polarizer~solid curve! and with polarizer set for maximum
blocking of the lasing component~dotted curve!, which reveals also
the orthogonally polarized spontaneous emission component.
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when the polarization components could be spectrally
solved. Measurements on the nonlasing component w
generally less accurate due to the proximity of the mu
stronger lasing polarization component for these meas
ments. The values forf andx were therefore measured fo
the lasing polarization component.

The first controlled anisotropy that we use is linear bi
fringence induced by means of the so-called hot-spot te
nique @18,19#. This technique consists of locally heating th
surface of the array in the vicinity of the studied VCSEL
means of a tightly focused cw Ti-sapphire beam. The wa
length of this heating beam is tuned to a minimum in t
reflection spectrum of the VCSEL~'770 nm! to achieve
sufficient absorption. Thermal expansion around the t
created hot spot induces strain and consequently bire
gence in the VCSEL. The magnitude of the birefringence
be tuned in a continuous and reversible way by varying
applied heating power. This magnitude is found to be p
portional to the temperature riseDT of the VCSEL that re-
sults from the heating with the hot spot; the temperature
can be accurately deduced from the spectral shift of the
ing mode@18,19#. Also the orientation of the induced bire
fringence can be chosen at will by proper positioning of
hot spot on the surface of the array.

The second controlled anisotropy is circular birefringen
induced by an axial magnetic field, i.e., a magnetic fi
parallel to the direction of beam propagation. For these
periments, the VCSEL array was positioned between
pole pieces of a strong electromagnet~uBu&0.5 T!. The
VCSEL light was collimated with a lens mounted inside
center hole in one of the pole pieces; the experimental res
were corrected for the~small! Faraday rotation in the colli-
mating lens.

IV. CONSERVATIVE COUPLING

A. Strain-induced birefringence

In a linearly polarized basis set with its axes along@100#
and@010#, we find that the birefringence induced with the h
spot is described by@19#

M̃5n2v0gDTS cos2c A sin2c

A sin2c 2cos2c D , ~7!

wherec denotes the orientation of the hot spot relative
@100#. The proportionality constantg in this equation de-
pends on the thermal expansion coefficienta @28#, the elastic
tensor componentsCı j @28#, and the elasto-optic tensor com
ponentspi j @19# according to

g5
a~C1112C12!~p112p12!

24C11
. ~8!

The parameterA in Eq. ~7! is the ratio of the anisotropy o
the elasto-optic tensor and that of the elastic tensor, and
presses the anisotropy of the relation between stress
birefringence:

A5
2p44/~p112p12!

2C44/~C112C12!
. ~9!
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For an isotropic material,A51, and inspection of Eq.~7!
shows that in that case the axis of the birefringence is in
direction of the hot spot. In our VCSELs, the relation b
tween stress and birefringence has been found to be an
tropic, with a measured value for the anisotropy fac
A52.7 @19#. In that case, the orientationf of the induced
birefringence is generally different from the orientationc of
the hot spot. Note that also the magnitude of the indu
birefringence depends onc.

For comparison with experiment, also the native birefr
gence in the VCSEL should be included in Eq.~7!. For ease
of notation we choose a basis set along the axes of the
spot induced birefringence, i.e., we diagonalize Eq.~7!, and
express the magnitude of the induced birefringence
dhot}DT. If the native birefringence is oriented at an ang
f0 with respect to the hot-spot induced birefringence, an
the native spectral splitting has a magnitudeDv052d0, the
coupling matrix can be written as follows:

M̃5S ~dhot!8 d0 sin2f0

d0 sin2f0 2~dhot!8
D . ~10!

In this expression, we have combineddhot with the x com-
ponent of the native birefringence to ~dhot!8
5dhot1d0 cos2f0. Note that the coupling resulting from th
native birefringence is maximum for sin2f0561
~f05645°!, in which case also~dhot!85dhot.

The eigenmodes of Eq.~10! are always linearly polarized
with an orientationf given by

tan2~f245°!5
~dhot!8

d0 sin2f0
. ~11!

This expression shows that the orientationf of the net bire-
fringence rotates over 90° when~d hot!8 is varied from2` to
`. Furthermore, the dependence off on ~dhot!8 is antisym-
metric around~dhot!850, i.e., around the situation for whic
f545°. As a function of~dhot!8, the frequency splittingDv
shows the avoided crossing behavior of Fig. 1~a!. By using
Eq. ~11!, the frequency splitting can be written in a form th
no longer explicitly depends onDT:

Dv5~Dv0!minA11tan22~f245°!, ~12!

where ~Dv0!min52d0sin2f0 is the frequency splitting for
~dhot!850, i.e., the minimum frequency splitting of th
avoided crossing.

Figures 3 and 4 give an experimental demonstration of
behavior off and Dv, respectively, as a function of th
hot-spot induced temperature riseDT of the VCSEL. For
these measurements, the hot spot was oriented along
@010# direction~f590° in Fig. 3!. For this particular position
of the hot spot, the applied birefringencedhot will also be
along the@010# axis @see Eq.~7!#. The native polarization of
the lasing mode was oriented at an anglef0521° from
@100#, i.e., at269° from the applied birefringence, and th
lasing mode had the higher optical frequency. The so
curve in Fig. 3 is a fit through the data according to Eq.~11!,
i.e., tof545°11

2 arctan@a~DT2DTmin!#, usinga andDTmin
as fitting parameters; note the excellent agreement with
periment. The next step is to analyze the mode-splitting
sults in Fig. 4. According to Eq.~12!, these results should
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55 1477COUPLED-MODE DESCRIPTION FOR THE . . .
directly follow from the behavior off(DT) already given in
Fig. 3, in combination with~Dv0!min , i.e., the minimum
achieved spectral splitting atf545°. We therefore used th
measured value~Dv0!min and the relation forf(DT) to pre-
dict the data in Fig. 4. The dotted curve in this figure sho
this predicted curve; although the overall behavior is v
similar to the experimental results, a significant differen
for the magnitude of the spectral splitting is found. This d
crepancy is somewhat surprising, as the results for the po
ization orientation as a function ofDT were generally very
accurately described with the linear model.

The discrepancy can be removed when we assume
the actual birefringence in the device is slightly smaller th

FIG. 3. Example of measured polarization orientationf of the
lasing mode, as a function of hot-spot-induced temperature riseDT
in the VCSEL. The applied birefringence is in the@010# direction
~90°!, and is proportional toDT. The solid curve is a theoretical fi
through the data. The dotted lines indicate the symmetry poin
this fitted curve, i.e.,f545° andDT52.4 K.

FIG. 4. Measured mode splittingDv/2p as a function of hot-
spot-induced temperature riseDT in the VCSEL. The measure
ments correspond to those of Fig. 3. The dotted curve represe
theoretical prediction using the fitted relation betweenf andDT
from Fig. 3 and the measured mode splitting at the avoided cr
ing. The solid curve through the data has been derived from
dotted curve by assuming that the actual birefringence in
VCSEL is slightly smaller than expected from the measured
quency splitting~see text!.
s
y
e
-
r-

at
n

expected from the measured mode splitting; we therefore
crease~Dv0!min in Eq. ~12! by a small amount and add th
same amount to the mode splitting as calculated on the b
of this reduced value of~Dv0!min . The solid curve in Fig. 4
shows that excellent agreement can be obtained using a v
for ~Dv0!min that is only 0.2 GHz smaller than the actual
measured minimum mode splitting. Also for other devic
measurements similar to those of Figs. 3 and 4 were ex
lently described by assuming that the measured mode s
ting consisted of a part described with the linear model an
small offset. This deviation from the linear model cannot
explained by the presence of residual dichroism: using
method explained in Sec. V we explicitly checked that t
birefringence was sufficiently large as compared to the
chroism that corrections to both the mode splitting and
polarization angle were negligible. Note, furthermore, th
such dichroism will generally lead to adecreaseinstead of
the observedincreaseof the mode splitting@cf. Fig. 1~b!#.
The reason for the deviation might well be of a nonline
nature and could thus signal a limit to the validity of appro
mating Eq.~1! with the linear model.

B. Application of an axial magnetic field

As a second demonstration of conservative coupling,
consider the influence of an axial magnetic fieldB on the
polarization properties. The magnetic field leads to a Fara
effect in the semiconductor materials of both the active la
and the Bragg mirrors, i.e., it leads to a different refract
index for left- and right-handed circularly polarized ligh
[n(s1)Þn(s2)]. As experimentally demonstrated in Re
@20#, the magnetic field changes the polarization of a VCS
from linear to elliptical; if B is reversed the ellipticity
changes sign. The ellipticity shows a gradual increase a
function of the magnetic field, and is accompanied by
change of the mode spectrum. An example of the measu
frequency splitting as a function of the magnetic field
shown in Fig. 5. Note again the clear avoided crossing
havior.

Generally, an excellent fit to the experimental results w
obtained by regarding the combined effect of circular a

f

s a

s-
e
e
-

FIG. 5. Measured frequency splittingDv/2p as a function of
magnetic-field strengthB. The solid curve is a theoretical fi
through the data; the dotted lines represent the calculated as
totes of the frequency splitting.
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linear birefringence. For that, we express the coupling ma
in a circularly polarized basis, which leads to the followin
expression for the evolution of the optical field:

]

]t SE1

E2
D 5 i S V d0

d0 2V
D SE1

E2
D . ~13!

The Faraday effect enters as a detuning of the circularly
larized basis states~V}B!, whereas the native birefringenc
enters as the couplingd0 between these basis states. T
frequency difference between the~elliptically! polarized
eigenmodes is found in a straightforward way:

Dv5Dv0A11~V/d0!
2, ~14!

whereDv052d0 is the native birefringence splitting, i.e., fo
V50 ~B50!. Experimentally,B is known; therefore the
strength of the Faraday effect, i.e.,dV/dB, is the only un-
known parameter in this equation. Fitting Eq.~14! through
the data in Fig. 5 yielded the value (dV/dB)/2p51.7
GHz T21. The solid curve in Fig. 5 shows the fitted curv
note the excellent agreement with the experiment. The do
lines in the figure represent the asymptotes of the mode s
ting ~i.e., forB→6`! based on the fitted value ofdV/dB.

Measurements on devices with very small birefringen
i.e., for uDv0/2pu,1 GHz, could sometimes not be proper
described with Eq.~13!, i.e., by considering only circular an
linear birefringence. For instance, sometimes a rotation
the ellipticity axis was observed upon increasing the m
netic field. Furthermore, on some occasions such meas
ments revealed that the ellipticity axis of the lasing polari
tion component was not perpendicular to that of t
nonlasing component, but deviated by a small amo
Df&3°. These observations cannot be understood by con
ering only birefringence: the axes of the elliptical polariz
tion eigenmodes of Eq.~13! coincide with the axes of the
birefringence, i.e., they remain fixed and are mutually p
pendicular, irrespective of the value ofV(B). That this is not
always the case for small birefringence does not necess
indicate that the linear model breaks down: in practice als
small amount of dichroism is present~see Sec. V!, which
requires addition of extra~anti-Hermitian! terms in Eq.~13!.
Note that inclusion of linear dichroism in Eq.~13! will make
the description of the polarization state as a function oB
substantially more complicated, as two more parameters~i.e.,
the orientation and magnitude of the dichroism! will be
needed to describeM̃ . We have not yet pursued this in
quantitative manner, but in principle dichroism can expla
the experimental observation that the~relative! orientation of
the polarization ellipse varies as a function of the magn
field.

V. MIXED COUPLING

Experimentally, careful analysis of the polarization sta
of our VCSELs reveals that the lasing mode has general
small residual ellipticity~uxu,4°! even in the absence of
magnetic field. The presence of this residual ellipticity c
for instance, be inferred from Fig. 2: in this figure, the lasi
component cannot be completely blocked with the polariz
but a small fraction~'1024! remains visible in the spectrum
With the combination of a quarter-wave plate and the po
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izer, however, suppression of the lasing component to be
than 1026 can be achieved, the suppression now being l
ited by the quality of the polarizer. This demonstrates t
lasing occurs in a pure mode which, however, is not co
pletely linearly polarized, but has a small residual elliptici
Within the linear mode-coupling framework, this ellipticit
for zero magnetic field can only be explained by the sim
taneous presence of linear birefringence and linear dich
ism, their orientations being different. For the results p
sented in Sec. IV A and in previous articles@18–20#, this
dichroism could be neglected from the analysis, as in th
experiments the birefringence largely dominates the po
ization state. As will be demonstrated in Sec. V B, the eff
of dichroism can be rather dramatic if the hot-spot techniq
is used to achieve complete cancellation of the native b
fringence. To understand these measurements, it is nece
to know a priori the magnitude and orientation of the r
sidual dichroism; we will therefore first concentrate on ho
these can be determined with the hot-spot technique.

When birefringence and dichroism are both present,
coupling matrix can be written in the following form:

M̃5S d1 ig cos2Df ig sin2Df

ig sin2Df 2~d1 ig cos2Df!
D , ~15!

where we have chosen a linearly polarized basis set with
axes along those of the net birefringenced, i.e., the sum of
the native and hot-spot induced birefringence. The dichro
is characterized with its magnitudeg, and with its orientation
Df with respect to the birefringence.

Contrary to the situations described in Sec. IV, the eig
modes of Eq.~15! are generally not orthogonal. It is straigh
forward to show that the polarization eigenmodes have
fact equal ellipticity and equal helicity, in contrast to equ
ellipticity and opposite helicity as in the case of Hermitia
M̃ . Furthermore, the major axes of the polarization ellips
of the two eigenmodes are always perpendicular. Th
statements only hold in the absence of a magnetic field:
clusion of circular birefringence in Eq.~15! will generally
result in elliptical eigenpolarizations with mutually nonpe
pendicular orientations and with different ellipticities~cf. the
situation described in the last paragraph of Sec. IV B!.

Equation ~15! reduces to the form of Eq.~4!, i.e., the
coupling becomes purely dissipative, forDf5645°. As a
function of d the eigenfrequencies then behave as in F
1~b!. For udu.ugu, the ellipticity axes are oriented along thos
of the birefringence~f50° and 90°! and the ellipticity of
both eigenmodes is given by

tan 2x5g/Ad22g2. ~16!

For udu,ugu, i.e., in the frequency locking region, the elliptic
ity axes are oriented along those of the dichroism~f5
645°!, and the ellipticity is given by

tan 2x5d/Ag22d2. ~17!

Note that except ford50, the eigenmodes are always ellip
tically polarized, whereas for the particular situation thatudu
5ugu the eigenmodes are circularly polarized~x5645°!, i.e.,
the ellipticity achieves its maximum value. Note, furthe
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55 1479COUPLED-MODE DESCRIPTION FOR THE . . .
more, that in this latter situation both the real and the ima
nary parts of the eigenfrequencies are degenerate.

The coupling introduced by the dichroism is maximu
for the just described dissipative coupling case~Df5645°!.
In contrast, no coupling is present when the axes of
birefringence and those of the dichroism are aligned~Df
50°!; in that case the eigenmodes are always linearly po
ized. General expressions forDv, x, andf for arbitrary ori-
entation Df of the dichroism can be derived in
straightforward way, but are substantially more complica
than for the situations mentioned above. For fixed valuesd
and g, all parameters vary in a continuous way betwe
those found for the maximally coupled and the uncoup
situation. Generally, the mode splitting will be smaller th
without the dichroic coupling, the eigenmodes will be elli
tically polarized, and the orientationf of the polarization
ellipse will coincide neither with the orientation of the bir
fringence nor with the orientation of the dichroism.

For the situation in which the dichroism is much smal
than the birefringence, i.e.,ugu!udu, simple approximate ex
pressions can be found that are useful for the determina
of the orientation and magnitude of the dichroism. To fi
order, both the orientation of the polarization ellipse and
spectral splitting have the same values as without dichroi
The ellipticity, however, does depend to first order ong/d :

x'
g

2d
sin2Df. ~18!

Note that this expression is exact for the uncoupled situa
~Df50!. The difference in damping of the~elliptically po-
larized! eigenmodes is, to first order, given by

Dg'Dg0cos2Df, ~19!

where we have introducedDg052g for the magnitude of the
dichroism. This expression is exact both forDf5645° and
0°; in the first situation the two~elliptically polarized! eigen-
modes have equal damping, whereas in the latter situa
the difference in damping of the~linearly polarized! eigen-
modes is determined only by the dichroism.

A. Experimental determination of residual dichroism

Equation~18! suggests that both the magnitude and
orientation of the dichroism can be determined by vary
the orientation of the birefringence. Figure 6 shows the
sults of such measurements for two different devices, b
operated at 1.3I thr . The hot-spot technique was used to rota
the polarization~cf. Sec. IV A! in such a way that for each
individual measurement the resulting mode splitting w
equal to its native valueDv0. The orientationf of the po-
larization ~or, to first order, of the net birefringence! in this
figure is expressed relative to the@100# crystalline axis. The
two devices used have different values of the native biref
gence: Dv0/2p51.4 GHz for the solid dots and
Dv0/2p521.2 GHz for the open dots, where a positi
value forDv indicates that the lasing mode has the high
optical frequency. For both devices, the native polarizat
orientationf0 was about 40°.

As expected, the measured ellipticity varies as a funct
of the orientationf of the birefringence. The two dashe
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curves are fits through the data according to Eq.~18!, i.e., to
x5x0sin@2~f2fg!#, with the orientationfg of the dichroism
and the amplitudex0 as fitting parameters. The positions
the zero crossings of these curves, i.e., the angles where
light is exactly linearly polarized, directly yield the orienta
tionsfg of the dichroism. For the measurements represen
by the solid and open data points we findfg541° and 47°,
respectively. The fitted parameterx0 in combination with the
value of the native birefringence splittingDv052d yields the
magnitudeDg0 of the dichroism. Note thatx0 is of opposite
sign for the two data series; as the native spectral splittin
also of opposite sign for the two measurements series,
indicates that the sign of the dichroism is equal for the t
devices. From the fitted curves, we findDg0/2p520.32 and
20.49 GHz for the data represented with the solid and
open dots, respectively. This leads toug/du'0.3, so that we
satisfy the first-order approximation implied in Eqs.~18! and
~19!. The thus determined sign and orientation of the dich
ism indicates that, as to be expected, the lasing polariza
component has the lower loss for all measurements in
'90° interval of polarization angles plotted in Fig. 6. Fu
thermore, when the polarization is rotated more than
away fromfg , it was found that lasing had switched to th
orthogonal polarization component, which, according to E
~19! then has the lowest loss. These findings leave little ro
for a role of nonlinear anisotropies in selecting the las
polarization.

Also the spectral width of the nonlasing mode was o
served to vary as a function off. This behavior is illustrated
in Fig. 7, where the measured full widths at half maximu
~FWHM! widths, corrected for the instrumental resolution
the Fabry-Pe´rot interferometer, are shown as a function
the orientationf of the birefringence. The measuremen
correspond to those of the solid dots in Fig. 6. The width
largest aroundf5fg541° @Df50° in Eq. ~19!#, and shows
a gradual decrease whenDf changes towards645°. We
expect that these measured widths are directly related to
imaginary partG of the eigenvalue of the nonlasing, i.e., th
spontaneous emission mode~DvFWHM52G!. We do not
know the total loss rateG for the spontaneous emissio

FIG. 6. Ellipticity anglex as a function of polarization orienta
tion f relative to@100#. The two data series correspond to differe
lasers with opposite sign of the native birefringence~see text!. The
dashed curves are theoretical fits through the data.
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1480 55A. K. JANSEN van DOORNet al.
mode, but wedoknow the difference of its loss rate with tha
of the lasing mode, namely,Dg~f! as found from Fig. 6 and
Eq. ~19!. For comparison with experiment, we plotte
u2Dg~f!u as the solid curve in Fig. 7. Although the measur
widths are appreciably above this calculated curve, the
havior as a function off is rather similar. Part of the dis
crepancy is certainly due to the finite width of the lasi
component~'0.2 GHz!, which produces an offset of th
solid curve. The rest of the discrepancy remains unexplai
and might have the same origin as the offset found earlie
Fig. 4.

The dichroism was measured for various devices an
different values of the injection current. Generally, the ma
nitude of the dichroism showed a gradual decrease with
creasing current. Its orientation also showed a grad
change with current, but the magnitude and direction of t
change were different from VCSEL to VCSEL. For vario
devices and at various values of the injection current,
measured values forDg0/2p between 0.1 and 1.0 GHz. Th
orientation of the dichroism was found to be always with
20° from the@110# crystalline direction.

The measurements described above indicate that kn
edge of both the native birefringence and of the native
chroism is essential for a proper description of the polari
tion state of VCSELs. To demonstrate this further,
measured the polarization state of a specific device as a f
tion of the injection current; Fig. 8 shows the measured
lipticity. For this device the threshold current was 5.5 m
whereas first-order transverse modes appeared as la
I'10 mA. The measurements show a pronounced chang
the ellipticity anglex with current; the ellipticity even re-
verses sign aroundI59 mA. The orientationf of the polar-
ization ellipse also showed a gradual change with inject
current which, however, amounted to only 2.1° in the ran
depicted in the figure. The measured mode splitting show
a gradual decrease with current fromDv/2p51.80 GHz at
I56 mA to Dv/2p51.05 GHz atI510 mA. Based on in-
spection of the birefringence alone, one would have expe

FIG. 7. Measured width of nonlasing polarization componen
a function of the polarization orientationf of the lasing component
The data correspond to the measurements of the solid dots in F
The solid curve represents the theoretical behavior of the differe
between the widths of the two cavity resonances, using the de
mined values of the dichroism of Fig. 6~see text!.
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an increaseinstead of the observed decrease of the elliptic
with injection current. These measurements are an inter
ing test case for the linear model: as rather high inject
currents are involved, one could wonder whether the
crease with injection current should be ascribed to nonlin
effects. In order to see whether the linear model ho
throughout the current range depicted in Fig. 8, the curr
dependence of all four independent parameters has to
measured. Determination of the magnitude and orientatio
the birefringence as a function of the injection current
done in a straightforward way by measuring the birefr
gence splittingDv and the polarization orientationf. Deter-
mination of the magnitude and orientation of the dichroism
done using measurements as in Fig. 6, which requires c
siderably more work. The dichroism was measured at 6, 7
and 9 mA. Its magnitude was found to decrease fr
Dg0/2p520.68 GHz atI56 mA to20.38 GHz atI59 mA.
The orientationfg of the dichroism, and therefore also th
angleDf between dichroism and birefringence, showed
pronounced change with current. AtI56 mA, Df was as
large as 15°, whereas the birefringence and dichroism w
roughly aligned~i.e.,Df50°! at I59 mA. After having de-
termined both the birefringence and the dichroism as a fu
tion of the injection current, we can use Eq.~18! to predict
the ellipticity as a function of the injection current. Th
yields the dotted curve in Fig. 8, which shows very go
agreement with experiment. It should be noted that no f
parameters were involved to obtain this curve. The obser
change of the ellipticity with current is found to be dom
nated by the changes inDv and Df: the decrease of the
birefringence tends to increase the ellipticity, which, ho
ever, is counteracted by the rotation of the dichroism in
direction of the birefringence. The example shown in Fig
also demonstrates that it is difficult to formulate gene
statements on the behavior of the polarization state as a f
tion of the injection current: generally, all four paramete
needed for the linear model show seemingly uncorrela
variations with injection current.

B. Polarization behavior of nearly isotropic VCSELs

The hot-spot technique can also be used to comple
cancel the native birefringence in a VCSEL. For that p

s

6.
ce
r-

FIG. 8. Example of measured ellipticity anglex as a function of
injection currentI . The dashed curve shows the calculated ellipt
ity, based on an independent experimental determination of
birefringence and the dichroism.
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55 1481COUPLED-MODE DESCRIPTION FOR THE . . .
pose, the applied birefringence should be exactly in the s
direction and of opposite sign. An example of such measu
ments is shown in Figs. 9 and 10. The solid dots in Fig
show the measured frequency differenceDv between the las-
ing and nonlasing polarization component as a function
the hot-spot induced temperature riseDT. The solid line in
this curve is a linear regression through the data, which s
gests a frequency crossing atDT53.8 K. Note that there are
no data points near the actual zero crossing; the reason is
the individual polarization components cannot be spectr
resolved near the crossing due to their intrinsic widths~'0.8
GHz for the spontaneous emission mode!. In this region,
however, measurement of the polarization state is still p
sible because the lasing component is much stronger tha
spontaneous emission mode. Figure 10 shows the meas
polarization angles and ellipticity angles as a function ofDT.
The native polarization orientation was at 44.5° from@100#;

FIG. 9. Measured spectral splittingDv/2p as a function of hot-
spot induced temperature riseDT. Due to the intrinsic widths of the
spectral components, the mode splitting could not be resolved in
range DT'2.5–5.0 K. The dashed line is a linear regress
through the data, which has its zero crossing atDT53.8 K.

FIG. 10. Polarization anglef ~solid dots! and ellipticity anglex
~open dots! as a function of hot-spot induced temperature riseDT.
The data correspond to the measurements in Fig. 9. The cu
through the data represent theoretical fits based on an indepe
determination of the dichroism.
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for ease of presentation we have denoted this native orie
tion asf50°. Near the crossing atDT53.8 K, the polariza-
tion rotates slightly~solid dots!, whereas we also observe
small variation of the ellipticity withDT ~open dots!.

To explain this behavior, both the orientation and mag
tude of the dichroism were determined in a separate exp
ment as described in Sec. V A. The dichroism was found
be oriented atwg515°61°, which agrees with the polariza
tion orientation observed atDT53.8 K in Fig. 10. This sug-
gests that the dichroism is responsible for the behavior of
polarization state as a function ofDT in Fig. 10. As a further
check, we used the measured values of the dichroism to
dict the ellipticity as a function ofDT. In fact, the best agree
ment between the experimental and the calculated beha
was achieved by assuming a small misalignmentDw520.2°
between the native and applied birefringence; the calcula
polarization and the ellipticity angles are shown by the so
and the dotted curve in Fig. 10, respectively.

The behavior of the polarization state around the ant
pated zero crossing shows a dramatic change if the angleDw
between the applied and the native birefringence is o
slightly increased with respect to the measurements of F
9 and 10. An example thereof is shown in Fig. 11; this m
surement was performed on the same device and at the s
injection current as the preceding experiment. Note the
ference of the vertical scale as compared to that of Fig.
The misalignmentDw of the orientation of the applied bire
fringence can be inferred from the ‘‘asymptotic’’ value o
the polarization angle, namely,Dw53.2°. Again, the solid
and the dotted curve are calculated curves for the polar
tion angle and the ellipticity~see below!.

Comparison of Figs. 10 and 11 shows that the behav
around the anticipated zero crossing is very sensitive t
misalignment of the orientation of the native and the appl
birefringence. This can be understood by first considering
effect of this misalignment on the~net! birefringence as a
function ofDT: this will lead to the avoided crossing beha

he

es
ent

FIG. 11. Polarization anglef ~solid dots! and ellipticity anglex
~open dots! as a function of hot-spot induced temperature riseDT.
The measurements were performed on the same device as in F
and 10, but with a slightly different orientation of the controlle
birefringence. The minimum net birefringence occurs atDT54.0
K, as found from the accompanying measurements of the spe
splitting. The curves through the data represent the theoretica
~see text!.
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1482 55A. K. JANSEN van DOORNet al.
ior of the ~net! birefringence as described in Sec. IV A. Als
the orientation of the birefringence will vary as a function
DT, the change being most prominent around the avoi
crossing. For the results in Fig. 10, the misalignmentDw
between the native and the applied birefringence was s
~'0.2°!, and the minimum achieved birefringence is es
mated as~Dv/2p!min50.02 GHz ~cf. Sec. IV A!. This is
much smaller than the experimentally determined magnit
of the dichroismDg0/2p520.3060.05 GHz. The dichroism
will thus dominate the polarization properties near the ant
pated zero crossing for the mode splitting in Fig. 9. For
results in Fig. 11, however, the misalignmentDw is an order
of magnitude larger, so that the minimum magnitude of
birefringence is comparable to that of the dichroism. T
polarization state will therefore be much more sensitive
the variation of the relative orientation of the dichroism a
birefringence that occurs around the anticipated zero cr
ing of the mode splitting. This explains the large variatio
of both the polarization angle and the ellipticity in Fig. 1
Furthermore, the theoretically calculated behavior of the
larization state was found to depend strongly on the pre
magnitude of the dichroism, which is again consistent w
the fact that for these measurements the minimum biref
gence is comparable to the magnitude of the dichroism.
calculated behavior of the polarization state was found to
best to the experimental data when usingDg0/2p520.33
GHz, which nicely corresponds to the other measuremen
this quantity.

The theoretical curves in Figs. 10 and 11 were calcula
using the same values of the dichroism~wg55° and
Dg0/2p520.3360.05 GHz!. The misalignment angleDw
was thus the only free parameter in these calculations~Dw5
20.2° for Fig. 10 andDw523.2° for Fig. 11!. The calcu-
lated behavior agrees reasonably with that found from
periment. In this context, it should be noted that the accur
of the measurements is limited around the position of
zero crossing forDn. This is mainly due to the large varia
tions off andx as a function ofDT in this region: accurate
determination requires extreme stability of the magnitude
the applied birefringence~or, equivalently, of the power o
the Ti-sapphire heating beam!. Furthermore, the fact that th
two polarization components cannot be spectrally resolv
also somewhat decreases the accuracy.

VI. CONCLUDING DISCUSSION

By applying a controllable amount of either linear or c
cular birefringence to our VCSELs, we have examined
influence of these anisotropies on their polarization st
The results were found to be in good agreement with a lin
rate-equation model that describes the influence of lin
anisotropies on the vectorial cavity eigenmodes. The anal
shows that the polarization state is generally determined
the combined effect of different anisotropies. As an exam
thereof, we experimentally demonstrated and quantified
presence of residual dichroism. This dichroism was show
explain the observation that the emitted light is genera
elliptically polarized even in the absence of a magnetic fie

The origin of the dichroism is not clear at present. It cou
be related to growth on a~slightly! misoriented substrate
Such tilting, typically a few degrees, provides a feasible
d
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planation for our observation that for all lasers the dichroi
is roughly along one specific orientation, corresponding t
face-diagonal crystalline axis~@110# or @11̄0#!. It cannot,
however, explain the observed spread of both the magnit
and orientation of the dichroism. Note that the measured
chroism is not necessarily the only mechanism that leads
difference in loss for two polarization eigenmodes: when
modes have a different frequency, they will naturally exp
rience a difference in loss due to the spectral dependenc
the gain. However, this mechanism cannot change the po
ization state of the cavity eigenmodes, and the experime
determination of the dichroism as described in this sectio
in fact insensitive to the spectral dependence of the gain.
spectral splitting of the cavity modes will only give rise to a
extra contribution to their loss; note that in fact this w
codetermine the selection of one of the two polarizat
modes.

The linear description suggests a convenient way to st
the effect of such a loss difference in a VCSEL in a syste
atic way. The loss difference that results from the dichroi
can be varied in a continuous way between6Dg0 by chang-
ing the orientation of the birefringence. The net loss diffe
ence, i.e., the sum of that resulting from the dichroism a
that of the spectral dependence of the gain, will depend
the magnitude of the spectral splitting and on the orientat
between birefringence and dichroism. The net loss differe
can thus be changed at will by varying both the magnitu
and the orientation of the birefringence. Specifically the p
larization behavior of devices which have been prepa
such that the eigenmodes have equal loss is an intere
subject for future research.

The ellipticity resulting from the simultaneous presen
of both birefringence and dichroism is most evident for si
ations in which the native birefringence was nearly cance
In fact, we showed that nearly circularly polarized emissi
can result when the magnitude of the linear birefringence
roughly equal to that of the residual dichroism. This is
demonstration of the fact that the polarization state is de
mined by theratio of the various anisotropies, rather than b
their absolute values. This observation can be of importa
for the development of methods to stabilize the polarizat
of VCSELs: from a fabrication point of view it might be
simpler to decrease a particular anisotropy than to incre
another one.

Our experimental results were generally in good agr
ment with the coupled-mode model. We found, howev
also a few discrepancies between the experiments and
predictions of the linear model. The first discrepancy w
found in Sec. IV A, where we measured the behavior of b
the polarization angle and the mode splitting as a function
the applied birefringence. Combination of these measu
ments revealed that the spectral splitting was slightly lar
~'0.2 GHz! than expected from the linear model. Also th
spectral width of the nonlasing mode was found to be lar
than expected from a simple linear argument based on
measured dichroism~Sec. V A!. It is interesting to note tha
we found a similar offset in another context, namely, f
devices that showed a switch to the other polarization m
upon increasing the injection current. In these situations,
mode splitting before and after the switch was different by
amount ranging from 0.3 to 1 GHz. The results indicate t
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the frequency of the lasing polarization component is sligh
higher than expected from the linear model, which is con
tent with the measurements presented in Sec. IV A. To
plain these discrepancies, it will be necessary to cons
also the nonlinear terms in Eq.~1!. We stress, however, tha
discrepancies were only observed for the spectrum of
emitted light; the polarization orientation and ellipticity we
still in good agreement with the linear model. Even for t
smallest achieved linear anisotropy in the present exp
ments, which was limited to about 0.3 GHz by the prese
of residual dichroism, the polarization state could still
accurately described by considering only the measured lin
anisotropies. Apparently, under the present experime
conditions, i.e., for linear anisotropies*0.5 GHz, nonlinear
effects do not influence the polarization state.

This conclusion may be compared with a recent theor
cal discussion of the polarization behavior of VCSELs wh
includes nonlinear effects@24,29,30#. In that work the quan-
tum well gain medium of the VCSEL is modeled, in th
spirit of gas-laser theory, as an atomic four-level sche
introducing populations of spin11

2 and 21
2 electrons and

spin 1 3
2 and2 3

2 ~heavy! holes. Apparently the competitio
between thes1 ands2 modes that couple to the61

2↔63
2

transitions is sufficiently close to neutral that in practic
VCSELs the preference for linear polarization is imposed
the dominant linear anisotropy~namely, the birefringence!.
Nonlinear effects could still play an important role in switc
ing between the two linear orthogonal polarizations of
VCSEL @30#.

It would be interesting to investigate the polarizati
properties for even smaller linear anisotropies than achie
so far. For this purpose, control of also the linear dichroi
is required. This could, for instance, be achieved by apply
s.
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~weak! polarization-anisotropic feedback, as has been de
onstrated for gas lasers@31#. When all linear anisotropies ar
sufficiently reduced, one expects that nonlinear anisotrop
the gain, i.e., anisotropy of the gain saturation, will start
dominate the polarization properties. Note, however, tha
the present experiments the minimum achieved magnitud
the linear anisotropies is already comparable to the spe
widths of the individual polarization components. The
widths are a measure for the quantum noise in the devi
eventually the polarization will start to diffuse under the i
fluence of spontaneous emission. The region on the Poin´
sphere over which this diffusion takes place will strong
depend on the precise form of the nonlinear anisotropy of
gain @32#.

In conclusion, we have demonstrated that the polariza
of a VCSEL is dominantly determined by linear optic
anisotropies. The relative importance of the various aniso
pies was addressed in a quantitative way. So far, nonlin
effects were found to influence the polarization eigenmo
only to a minor extent. To achieve a fundamental und
standing of also the nonlinear effects, aiming for a perfec
isotropic VCSEL forms a natural learning route.
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