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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
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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 rg&1050-294{@7)05202-3

PACS numbd(s): 42.55.Px, 42.60.Da

[. INTRODUCTION been proposed and demonstrated to stabilize the polarization
properties. These methods aim at the introduction of struc-
During the last decade, a major effort has been put intdural anisotropy to invoke a specific polarization preference
development of vertical-cavity surface-emitting lasers[1-3,12—-17. Although it has been shown that the polariza-
(VCSELS. This novel type of semiconductor laser has sometion can thus be manipulated, the stabilization achieved is
distinct advantages compared to conventional edge-emittingever complete. A possible explanation for this limited suc-
semiconductor lasers. Most of these advantages are relateddess is that the intentionally introduced anisotropies are not
the fact that the light is emitted in the vertical direction, i.e., sufficiently large to dominate unintentional ones. Clearly,
normal to the semiconductor wafer. This feature opens thesuccessful stabilization of the polarization requires knowl-
possibility to fabricate two-dimensional arrays of lasers, al-edge of the relative importance of the various anisotropies.
lows for on-wafer testing of the devices, and gives a large In this article we present a systematic experimental and
freedom for shaping the transverse waveguide. theoretical study of the combined effect of various optical
Cylindrical symmetry of the transverse optical confine-anisotropies that are possible in a VCSEL. The experimental
ment, which is advantageous for, e.g., coupling into fibers, impproach we follow is to add a controlled amount of anisot-
naturally achieved in a VCSEL. This has interesting conseropy and study its effect on the polarization state. Experi-
guences for their polarization properties: contrary to the situmentally, we use two controlled anisotropies, namely, strain-
ation for edge-emitting semiconductor lasers, where thénduced linear birefringence produced with the so-called hot-
stripe waveguide has a strong anisotropy, the transverse syrspot techniqug 18,19, and circular birefringence produced
metry of the waveguide of a VCSEL imposes in principle noby the application of a magnetic fie[@0]. The aim of our
constraints on the polarization. Also the commonly used custudy is threefold(i) we develop a unified theoretical frame-
bic crystalline materials, in our case,Ma _,As, are opti- work for describing the combined effect of all conceivable
cally isotropic, at least as far as their linear optical propertiesinear anisotropies on the polarization behavidr, we ex-
are concerned. For completeness we note that this isotropy erimentally confirm some of the key predictions of this lin-
generally broken by the use of quantum wells as active meear model, andiii) we explore the validity regime of this

dium [1-3]. For VCSELs grown on the usu&l00 sub- linear model by realizing situations where the dominant na-
strate, however, the linear optical properties are again isotrdive anisotropy, namely, birefringence, has been canceled al-
pic for light propagating normal to the substraie?]. most perfectly by applying a controlled additional birefrin-

Practical VCSELs are reported to emit linearly polarizedgence with opposite polarity. For sufficiently good
light. The orientational stability of this polarization, how- cancellation one would expect the nonlinear anisotropy asso-
ever, is poor: the orientation shows a rather large spread fariated with gain saturation to take over.
different VCSELs of the same array, generally with a pref- The outline of the article is as follows. In Sec. Il we
erence for thd110] or [110] crystalline axe§4—11]. It has  present a linear mode-coupling model for the intracavity
been found that considerable changes of this orientation mafjeld to describe the influence of various optical anisotropies
occur upon changing either the injection current or the operen the stationary polarization states. The VCSELs and the
ating temperaturf4—6)]. Also bistability of two linear polar- experimental techniques are described in Sec. lll. In Sec. IV
izations (polarization switchiny is often reported6-10.  we concentrate on situations in which birefringence is the
That in fact there is a preference for a particular polarizatiordominant native anisotropy in the devices; the effect of ad-
indicates the presence of residual optical anisotropies. A fredition of linear and circular birefringence is discussed in
qguently reported example of such an anisotropy is birefrinterms of the mode-coupling model and experimentally dem-
gence, which may result from residual strain left during theonstrated. In Sec. V we explore situations in which birefrin-
fabrication proces§6,7,11]. gence no longer dominates the polarization state, by aiming

For applications, the poor orientational stability of the po-at complete cancellation of the native birefringence. We end
larization is a disadvantage. Therefore several methods hawe Sec. VI with a concluding discussion.
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Il. THEORETICAL FRAMEWORK M — %(M + MT)_,_ %(M _ MT), 3

Generally, the polarization state of a laser depends on _ _
anisotropies of the passive cavity and Qf the gai_n mediumwhereM T denotes the Hermitian conjugate . The Her-
To describe the effect of these anisotropies we write the elegnitian part describes phase anisotropies. For comparison

tric field in the cavity byﬁ(t)exp@wot), Whereé(t) denotes vv_ith (_experiment, we distinguish_ between Iinea_r and (_:ircular
the vectorial amplitude and, the angular frequency of the birefringence, leading to detuning of, respectively, linearly

emitted light. The vectorial amplitud:za(t) then satisfies the anq cwcularly_ poIanzgd states. The anti-Hermitian part de-
following differential equatior21-23; scribes amplitude anisotropies. Again we distinguish be-

tween linear and circular dichroism. In total four parameters

= are needed to describe the magnitudes of all these optical
JE ~s o~ - - . .
i —=—AE+SE—(---EEE---), (1)  anisotropies, whereas two more are needed to describe the
ot orientations of the linear birefringence and the linear dichro-

hereA i hat d ibes th _ fth ism, respectively21]. The identification of the six indepen-
whereA Is a tensor that describes the properties of the emptye .y harameters with the optical cavity anisotropies is only

cavit_y (IOSS. and dispersic)ranqs s a tensor th?t desgribes valid when the change of the polarization state per cavity
the linear(i.e., unsaturatedgain and its associated disper- round-trip is small[21], as is generally the case for a

sion. The last term in the equation symbolically indicates the\/CSEL When we choose a basis along the axes of one of
sa}tur?nor(lj of the galrr(ang its ﬁgsomate_d dlspehrS)hOby the linear anisotropies, which may always be done, only the
stimulated emission. To obtain this equation, both the INVeryy | 4iye orientation between the linear birefringence and the

sion and the dipole moment have been adiabatically elimif,oar gichroism enters the problem; we are then left with
five instead of six parameters. It can be shown that the oc-

nated; therefore we may use E@) to describe polarization
Currence of circular birefringence and circular dichroism re-

behavior on a time scale which is long as compared to th
lifetime of th_e Inversion and the d|pole_ moment. uires the presence of a magnetic figdd]. Thus, except for
The polarization eigenmodes and eigenfrequencies of thgg |y g where we discuss the effect of a magnetic field, we
laser are determined by the anisotropic part of the right-hand v heed to consider linear birefringence and linear dichro-
side of Eq.(1). This problem has been extensively studiedism_
for gas lasers, bOFh experl_mentally "’.‘”d theoretidallly-23. It is interesting to note that E@2) represents the general
In that case the linear gain tensor is a scalar and the polagg, node coupling problem which has realizations in many
ization is determined by the anisotropy of the empty cavityg pfie|gs of physic$25]. In terms of the general coupling
("e.‘" the teF‘SOA) ar_1d that .Of the gain saturation. The Iatter.formalism, the diagonal elements describe (@mplex de-
anisotropy 1 associated W!th the anisotropy of the eleCtron'?uning of the basis states, whereas the off-diagonal elements
wave func_tlons of the. excned—state and ground—state. aloM3ascribe their coupling. In our case, we apply either linear or
that constitute the gain medium. The eventual polarization.; . jar birefringence to the devices, and we study the fre-
state will be the result of a subtle interplay of the Sat“ratiorhuency splitting and the polarization state of the VCSEL

effeActsdwnh the Imedar_ anrlls_otrop_lels n the_ SYStem‘ he i eigenmodes as a function of the strength of the applied an-
S .emonstrqte_ In this article, I’e.SFI’ICtIOI’] fot e Inearisotropy. Application of linear and circular birefringence cor-
terms in Eqg.(1) is in most cases sufficient to describe the

S . ; g responds to drea) detuning of a linearly or circularly po-
polarization behavior of practical VCSELSs. In fact, in order Iarizped basisa setD respecEtJiver and t¥1e behaviory (F))f the

to distinguish linear from nonlinear effects, a thorough un'frequency splitting and the polarization state will depend on

derstanding of the linear problem is a prerequisite anywayyne coupling between these basis states introduced by the
We start therefore by considering the linear part of &g,

hich b ; native anisotropies in the VCSEL. As generally all native
which can be written as anisotropies need to be considered, the behavior of the mode

- splitting and polarization state as a function of the applied
E —iME ) anisotropy can be rather complicated. It is therefore instruc-
ot ' tive to consider first the special case that the coupling matrix

. . ) M in Eq. (2) is given by:
where we have combined the matrix for the gain and that for

the cavity toM=A—S. The stable polarization states are s M
found by solving the eigenstates M in Eq. (2). The eigen- M = 12 @)
values correspond to the complex eigenfrequencies of the M, —6/°

polarization eigenmodes. The real part corresponds to a

(r.eab frequencdy, an% thehimaglingry part foa darfnpri1ng. Theln this expressiong denotes the strength of the controlled

e|genvectors escribe the po ar|;at!on states o the e'ge'?:inisotropy and the native anisotropies enter only as the off-

modes, which will generally be elliptically polarized. diagonal element®l 1, andM ,;, i.e., they lead to a “pure”
The four tensor componentd; ; are generally complex, o, hjing. The case where the coupling in E4). is Hermit-

. ; i]
$0 that in total eight real parameters are needed to describe (M1,=M%) represents so-called conservative coupling
[25]. The eigenvalues of Eq2) are always real, with fre-

M. If we transform the isotropic part, i.e., the average fre-

guency and dgmpmg of the two modes, away from (=0 guencieSw given by
we are left with six real parameters. The resulting traceles

tensor can always be separated in a Hermitian and an anti-

Hermitian part, i.e., w. =28+ M) (5)
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FIG. 1. Eigenfrequencies® as a function of detuning for (a)
conservative andb) dissipative coupling. The dashed lines repre-  FIG. 2. Typical Fabry-P®t spectrum of VCSEL, measured
sent the eigenfrequencies without couplid 6=M ;= 0). without polarizer(solid curve and with polarizer set for maximum

blocking of the lasing componefdotted curvg which reveals also

This avoided crossing behavior of the eigenfrequencies as tae orthogonally polarized spontaneous emission component.
function of the detuning is depicted by the solid curves in
Fig. 1(@. As compared to the uncoupled cas#,, [18,19. As a result of this random strain, the native polar-
=M,,=0, indicated with the dashed lines in the figyrdne ization orientationg, also varies from device to device; the
eigenfrequencies of the coupled eigenmodes are pushed apéistribution of polarization angles is not isotropic, but is
by the coupling. peaked around the face-diagonal crystalline d%i%0] or

The case where the coupling in Ed) is anti-Hermitian  [110]. This tendency to align with the face-diagonal crystal
(M,=—M3)) represents so-called dissipative couplingaxes has been shown to result from a pronounced anisotropy

[25]. The eigenfrequencies are now given by in the relation between strain and birefringen6].
For most of our experiments, devices are used in which
w.=* =M (6)  the native strain has been changed in a permanent way with

a localized damage techniq(ia7]. This technique consists

As shown in Fig. 1), the eigenfrequencies are now pulled of locally melting the surface of the wafer by focusing a
together by the coupling as compared to the situation withoupowerful laser beam next to the electrical bond pad of the
coupling (dashed lings They become imaginary for VCSEL. The stress profile around the damage spot leads to a
|8/<|M 15, which means that the eigenmodes have the samehange of the strain in the aperture of the VCSEL, and thus
frequency(“frequency locking”) but a different damping.  to an irreversible change of the native birefringence in the
VCSEL. By choosing the proper position of the damage spot,
the birefringence can, within certain limits, be changed at
will. The technique generally does not affect the overall out-

In the experiments we use electrically pumped planaput characteristics of the devices, which can be understood
VCSELSs, grown on(100) substrate$26]. The devices have by considering that the strain induced in the aperture of the
1\ cavities with three GaAs quantum wells, are proton im-VCSEL is relatively smal[19,27]. The technique allows us
planted for current confinement, and operate at 850 nm. Th® prepare devices with arbitrary birefringence splitting and
experiments are restricted to the range of injection currentpolarization orientation, so that we do not have to depend on
where only the fundamental transverse TfMmode is the statistical distribution of these parameters over an array
present. For all devices we studied, this single-mode operde select a “suitable” device for a specific experiment. In the
tion extends to at least 1.6 times the threshold curtgpt  following, the word “native” is also meant to include such
with I, ~5 mA. High-resolution spectral measurements re-suitably prepared devices.
veal that two polarization modes are present. Figure 2 gives For accurate determination of the polarization state of the
an example of a spectrum, measured with a planar Fabremitted light, polarization-resolved spectral measurements as
Paot interferometer. The solid curve represents ain Fig. 2 play a crucial role. The polarization state of the
polarization-unresolved measurement, showing only the nareigenmodes is conveniently described with the orientagion
row lasing component. The dotted curve is a measuremenf the polarization ellipse and its ellipticity angpe This
for which the lasing polarization component has been maxitatter angle is given by=arctang,/E,), whereE, andE,
mally blocked with a crossed Glan-Thomson polarizer. Thisare the field amplitudes along the long and the short elliptic-
reveals a broader and much weaker component at the lovity axis, respectively—45°<y=<45°). The polarization angle
frequency side of the lasing component, which is fed by¢ was measured by rotating a Glan-Thomson polarizer in
spontaneous emission. The polarization of this component iont of the Fabry-Pet interferometer such that the compo-
orthogonal to that of the lasing mode. The two componentsient under study was maximally suppressed in the spectrum;
are spectrally nondegenerate as a result of residual birefrirthe ellipticity angley was determined in a similar way, but
gence in the devices. For the devices we studied the magniow by using the combination of a quarter-wave plate and
tude of the native spectral splittinkwy/27 varied between 0 the polarizer. For the lasing polarization, these angles could
and 30 GHz; the spread ifdw, is ascribed to random strain be determined with an accuracy of typically 0.3°, at least

IIl. EXPERIMENTAL TECHNIQUES
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when the polarization components could be spectrally reFor an isotropic materialA=1, and inspection of Eq(7)
solved. Measurements on the nonlasing component werghows that in that case the axis of the birefringence is in the
generally less accurate due to the proximity of the muchdirection of the hot spot. In our VCSELSs, the relation be-
stronger lasing polarization component for these measurdween stress and birefringence has been found to be aniso-
ments. The values fo$ and y were therefore measured for tropic, with a measured value for the anisotropy factor
the lasing polarization component. A=2.7 [19]. In that case, the orientatio# of the induced
The first controlled anisotropy that we use is linear bire-birefringence is generally different from the orientatigrof
fringence induced by means of the so-called hot-spot techthe hot spot. Note that also the magnitude of the induced
nique[18,19. This technique consists of locally heating the birefringence depends an
surface of the array in the vicinity of the studied VCSEL by  For comparison with experiment, also the native birefrin-
means of a tightly focused cw Ti-sapphire beam. The wavegence in the VCSEL should be included in E@). For ease
length of this heating beam is tuned to a minimum in theof notation we choose a basis set along the axes of the hot-
reflection spectrum of the VCSEIl=770 nn) to achieve spot induced birefringence, i.e., we diagonalize &, and
sufficient absorption. Thermal expansion around the thugxpress the magnitude of the induced birefringence as
created hot spot induces strain and consequently birefring,,<AT. If the native birefringence is oriented at an angle
gence in the VCSEL. The magnitude of the birefringence canp, with respect to the hot-spot induced birefringence, and if
be tuned in a continuous and reversible way by varying thehe native spectral splitting has a magnitulle,=24,, the
applied heating power. This magnitude is found to be pro-coupling matrix can be written as follows:
portional to the temperature rigeT of the VCSEL that re- )
sults from the heating with the hot spot; the temperature rise ~ [ (Gno)" 8o SiN2pg
can be accurately deduced from the spectral shift of the las- N 8o SiN2py  —(Shop' |
ing mode[18,19. Also the orientation of the induced bire-
fringence can be chosen at will by proper positioning of theln this expression, we have combinégl with the x com-
hot spot on the surface of the array. ponent of the native birefringence to (&)’
The second controlled anisotropy is circular birefringence= o+ & C0s2h,. Note that the coupling resulting from the
induced by an axial magnetic field, i.e., a magnetic fieldnative birefringence is maximum for sihg==1
parallel to the direction of beam propagation. For these ext®y==+45°), in which case als68,q)' = dho-
periments, the VCSEL array was positioned between the The eigenmodes of E4L0) are always linearly polarized,
pole pieces of a strong electromagn@B|=<0.5 T). The with an orientationg given by
VCSEL light was collimated with a lens mounted inside a

(10

center hole in one of the pole pieces; the experimental results tan2 ¢— 45°) = (Shot)’ (11)
were corrected for thésmall) Faraday rotation in the colli- dg Sin2pq°
mating lens.

This expression shows that the orientatiprof the net bire-
fringence rotates over 90° whéa,,,)’ is varied from—o to
IV. CONSERVATIVE COUPLING «. Furthermore, the dependence gfon (&) is antisym-
A. Strain-induced birefringence metric around(&,,)’ =0, i.e., around the situation for which
¢$=45°. As a function of(&,,)', the frequency splitting\w
shows the avoided crossing behavior of Fi¢)1By using
Eq. (11), the frequency splitting can be written in a form that
no longer explicitly depends oAT:

In a linearly polarized basis set with its axes al¢tag0]
and[010], we find that the birefringence induced with the hot
spot is described bj19]

W= n2ogyat| SO AN @) Aw=(Awg)mny/1+tarf2(¢— 459, (12
A sin2y —coszy
where (Awg)min=28Sin2¢, is the frequency splitting for
where ¢ denotes the orientation of the hot spot relative to(dy' =0, i.e., the minimum frequency splitting of the
[100]. The proportionality constany in this equation de- avoided crossing.

pends on the thermal expansion coefficiei28], the elastic Figures 3 and 4 give an experimental demonstration of the
tensor components,; [28], and the elasto-optic tensor com- behavior of ¢ and Aw, respectively, as a function of the
ponentsp;; [19] according to hot-spot induced temperature ri®el of the VCSEL. For
these measurements, the hot spot was oriented along the
a@(C11+2C1) (P11~ P12) [010] direction(¢=90° in Fig. 3. For this particular position

(8) of the hot spot, the applied birefringendg,; will also be
along the[010] axis[see Eq(7)]. The native polarization of

. . . ; the lasing mode was oriented at an anglg=21° from
The parameteA in Eq. (7) is the ratio of the anisotropy of %100], i.e., at—69° from the applied birefringence, and the

the elasto-optic tensor and that of the elastic tensor, and ex: ing mode had the higher optical frequency. The solid

E{;ﬁﬁizet:;_amsc’tmpy of the relation between stress arve in Fig. 3 is a fit through the data according to Bd,),

i.e., to p=45°+3 arctafa(AT—AT,)], usinga andAT i,
as fitting parameters; note the excellent agreement with ex-
= M (9) periment. The next step is to analyze the mode-splitting re-
2C44/(C11—Cya) sults in Fig. 4. According to Eq(12), these results should
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FIG. 3. Example of measured polarization orientatipiof the FIG. 5. Measured frequency splittinw/27 as a function of

lasing mode, as a function of hot-spot-induced temperatureAfise  magnetic-field strengttB. The solid curve is a theoretical fit
in the VCSEL. The applied birefringence is in ti@10] direction  through the data; the dotted lines represent the calculated asymp-
(90°9), and is proportional t& T. The solid curve is a theoretical fit totes of the frequency splitting.
through the data. The dotted lines indicate the symmetry point of
this fitted curve, i.e.p=45° andAT=2.4 K. expected from the measured mode splitting; we therefore de-
crease(Awg)min iN EQ. (12) by a small amount and add the
directly follow from the behavior ot5(AT) already given in  same amount to the mode splitting as calculated on the basis
Fig. 3, in combination with(Awg)min. i-€., the minimum  of this reduced value ofAwg) i, The solid curve in Fig. 4
achieved spectral splitting a#=45°. We therefore used the shows that excellent agreement can be obtained using a value
measured valuéAwg),» and the relation fop(AT) to pre-  for (Awg)mi, that is only 0.2 GHz smaller than the actually
dict the data in Fig. 4. The dotted curve in this figure showsmeasured minimum mode splitting. Also for other devices,
this predicted curve; although the overall behavior is verymeasurements similar to those of Figs. 3 and 4 were excel-
similar to the experimental results, a significant differencelently described by assuming that the measured mode split-
for the magnitude of the spectral splitting is found. This dis-ting consisted of a part described with the linear model and a
crepancy is somewhat surprising, as the results for the polasmall offset. This deviation from the linear model cannot be
ization orientation as a function &T were generally very explained by the presence of residual dichroism: using the
accurately described with the linear model. method explained in Sec. V we explicitly checked that the
The discrepancy can be removed when we assume thairefringence was sufficiently large as compared to the di-
the actual birefringence in the device is slightly smaller thanchroism that corrections to both the mode splitting and the
polarization angle were negligible. Note, furthermore, that
such dichroism will generally lead to decreasanstead of
the observedncreaseof the mode splittind cf. Fig. 1(b)].
The reason for the deviation might well be of a nonlinear
nature and could thus signal a limit to the validity of approxi-
mating Eq.(1) with the linear model.

2.00 1

150

1oo | B. Application of an axial magnetic field

Aw/2r (GHz)

As a second demonstration of conservative coupling, we
050 + ] consider the influence of an axial magnetic fi@don the

polarization properties. The magnetic field leads to a Faraday
effect in the semiconductor materials of both the active layer

0 0 N 4 6 3 and the Bragg mirrors, i.e., it leads to a different refractive
index for left- and right-handed circularly polarized light
AT (K) [n(c")#n(c7)]. As experimentally demonstrated in Ref.

[20], the magnetic field changes the polarization of a VCSEL

FIG. 4. Measured mode splittingw/27 as a function of hot- from Iinear to eIIiptic_aI;_ |_f B is reversed the_ ellipticity
spot-induced temperature riseT in the VCSEL. The measure- Cchanges sign. The ellipticity shows a gradual increase as a
ments correspond to those of Fig. 3. The dotted curve representsignction of the magnetic field, and is accompanied by a
theoretical prediction using the fitted relation betweprand AT ~ €hange of the mode spectrum. An example of the measured
from Fig. 3 and the measured mode splitting at the avoided crosdrequency splitting as a function of the magnetic field is
ing. The solid curve through the data has been derived from th&éhown in Fig. 5. Note again the clear avoided crossing be-
dotted curve by assuming that the actual birefringence in théavior.

VCSEL is slightly smaller than expected from the measured fre- Generally, an excellent fit to the experimental results was
guency splitting(see text obtained by regarding the combined effect of circular and
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linear birefringence. For that, we express the coupling matrixzer, however, suppression of the lasing component to better
expression for the evolution of the optical field: ited by the quality of the polarizer. This demonstrates that
lasing occurs in a pure mode which, however, is not com-
J [Eq| [ & \[E,
ot \E_ - 5 —QJ\E_)° Within the linear mode-coupling framework, this ellipticity
for zero magnetic field can only be explained by the simul-
larized basis state)>B), whereas the native birefringence ism, their orientations being different. For the results pre-
enters as the coupling, between these basis states. Thesented in Sec. IV A and in previous articlgs8—20, this

in a circularly polarized basis, which leads to the following than 10° can be achieved, the suppression now being lim-
pletely linearly polarized, but has a small residual ellipticity.

The Faraday effect enters as a detuning of the circularly potaneous presence of linear birefringence and linear dichro-

frequency difference between thelliptically) polarized  dichroism could be neglected from the analysis, as in these

eigenmodes is found in a straightforward way: experiments the birefringence largely dominates the polar-
5 ization state. As will be demonstrated in Sec. V B, the effect
Ao=AwoV1+(Q/5)%, (14 of dichroism can be rather dramatic if the hot-spot technique

is used to achieve complete cancellation of the native bire-
fringence. To understand these measurements, it is necessary
to know a priori the magnitude and orientation of the re-
sidual dichroism; we will therefore first concentrate on how
these can be determined with the hot-spot technique.

whereAwy=246, is the native birefringence splitting, i.e., for

Q=0 (B=0). Experimentally,B is known; therefore the

strength of the Faraday effect, i.€l€)/dB, is the only un-

known parameter in this equation. Fitting Ed4) through

the dat? n F'g'. > yleldgd t_he vaIued&(l/dB)(2w:1.7 When birefringence and dichroism are both present, the

GHz T ". The solid curve in Fig. 5 shows the fitted curve; oo njing matrix can be written in the following form:

note the excellent agreement with the experiment. The dotted

lines in the figure represent the asymptotes of the mode split- ~ [S+iycosAd iy Sin2A ¢

ting (i.e., for B—*) based on the fitted value of}/dB. M=| . . . , (15
Measurements on devices with very small birefringence, iysinA¢  —(5+iy cosA¢)

i.e., for |[Awy/27<1 GHz, could sometimes not be properly . . : oy
described with Eq(13), i.e., by considering only circular and where we have chosen a linearly polarized basis set with its

linear birefringence. For instance, sometimes a rotation ofXeS along those of the net birefringengd.e., the sum of

the ellipticity axis was observed upon increasing the mag;[he native and hot-spot induced birefringence. The dichroism

netic field. Furthermore, on some occasions such measurks characterized with its magnitude and with its orientation
A¢ with respect to the birefringence.

ments revealed that the ellipticity axis of the lasing polariza- S X i ,
tion component was not perpendicular to that of the Contrary to the situations described in Sec. IV, the eigen-
fodes of Eq(15) are generally not orthogonal. It is straight-

nonlasing component, but deviated by a small amoun R . .
A¢=3°. These observations cannot be understood by considerward to show that the polarization eigenmodes have in

ering only birefringence: the axes of the elliptical polariza-act equal ellipticity and equal helicity, in contrast to equal

tion eigenmodes of Eq13) coincide with the axes of the &lliPticity and opposite helicity as in the case of Hermitian
birefringence, i.e., they remain fixed and are mutually per_M. Furthermo_re, the major axes of the polanzgtlon ellipses
pendicular, irrespective of the value @{B). That this is not ©f the two eigenmodes are always perpendicular. These
always the case for small birefringence does not necessarig)latements only hold in the absence of a magnetic field: in-

indicate that the linear model breaks down: in practice also §USion of circular birefringence in Ed15) will generally
small amount of dichroism is presefgee Sec. ¥, which result in elliptical eigenpolarizations with mutually nonper-

requires addition of extréanti-Hermitian terms in Eq.(13). pendipular orientatiqns and with different ellipticitied. the
Note that inclusion of linear dichroism in E€L3) will make  Situation described in the last paragraph of Sec. }v B
the description of the polarization state as a functiorBof _Eduation(15 reduces to the form of Eq4), i.e., the

substantially more complicated, as two more paraméters ~ cOUPling becomes purely dissipative, fagh==45° As a
the orientation and magnitude of the dichrojsmill be function of § the eigenfrequencies then behave as in Fig.

needed to describd. We have not yet pursued this in a 1(0)- For|8>|, the ellipticity axes are oriented along those
quantitative manner, but in principle dichroism can explain®f the birefringence(¢=0° and 907 and the ellipticity of

the experimental observation that tfielative) orientation of ~ POth €igenmodes is given by
the polarization ellipse varies as a function of the magnetic
P P g tan 2y=y/\6°— 2.

field. (16)

For |8]<[4l, i.e., in the frequency locking region, the elliptic-

ity axes are oriented along those of the dichroisgi=
Experimentally, careful analysis of the polarization state+45°), and the ellipticity is given by

of our VCSELSs reveals that the lasing mode has generally a

small residual ellipticity(|x|<4°) even in the absence of a tan 2y= 6/ y°— &°. (17

magnetic field. The presence of this residual ellipticity can,

for instance, be inferred from Fig. 2: in this figure, the lasingNote that except fo6=0, the eigenmodes are always ellip-

component cannot be completely blocked with the polarizertically polarized, whereas for the particular situation tfht

but a small fractiori~10"“) remains visible in the spectrum. =|y the eigenmodes are circularly polarizeg= +45°), i.e.,

With the combination of a quarter-wave plate and the polarthe ellipticity achieves its maximum value. Note, further-

V. MIXED COUPLING
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more, that in this latter situation both the real and the imagi- —

nary parts of the eigenfrequencies are degenerate. 10 -
The coupling introduced by the dichroism is maximum ~

for the just described dissipative coupling céde)=+45°). AN -8

In contrast, no coupling is present when the axes of the

birefringence and those of the dichroism are aligriad

=0°); in that case the eigenmodes are always linearly polar- ‘

ized. General expressions fAww, x, and ¢ for arbitrary ori- B e ™9

entation A¢ of the dichroism can be derived in a DR N

straightforward way, but are substantially more complicated o

than for the situations mentioned above. For fixed value$ of -10 “oi

and vy, all parameters vary in a continuous way between ; : :

those found for the maximally coupled and the uncoupled 0 15 30 45 60 75

situation. Generally, the mode splitting will be smaller than

without the dichroic coupling, the eigenmodes will be ellip- ¢ (degree)

tically polarized, and the orientatiosh of the polarization

ellipse will coincide neither with the orientation of the bire- k|G 6. Ellipticity angley as a function of polarization orienta-

fringence nor with the orientation of the dichroism. tion ¢ relative to[100]. The two data series correspond to different
For the situation in which the dichroism is much smaller|asers with opposite sign of the native birefringerisee text The

than the birefringence, i.ely|<|d, simple approximate ex- dashed curves are theoretical fits through the data.

pressions can be found that are useful for the determination

of the orientation and magnitude of the dichroism. To ﬁrstCurves are fits through the data according to @8), i.e., to
order, both the orientation of the polarization ellipse and the = oSN 2(¢— ¢.)], with the orientations., of the di,chro,ism
spectral splitting have the same values as without dichroisrr‘gnd the amplituyde’(0 as fitting parameters. The positions of
The ellipticity, however, does depend to first order@d: 0 ;o1 crossings of these curves, i.e., the angles where the
light is exactly linearly polarized, directly yield the orienta-
X~ Y Sin2A ¢. (18)  tions ¢, of the dichroism. For the measurements represented
26 by the solid and open data points we figgg=41° and 47°,
respectively. The fitted parametgy in combination with the
Value of the native birefringence splittidguy,=248 yields the
magnitudeAy, of the dichroism. Note that, is of opposite
sign for the two data series; as the native spectral splitting is
. also of opposite sign for the two measurements series, this
Ay=AyocosA s, (19 indicates that the sign of the dichroism is equal for the two
devices. From the fitted curves, we fiAdy/27=—0.32 and
—0.49 GHz for the data represented with the solid and the

% (degree)
(o]
o

Note that this expression is exact for the uncoupled situatio
(A¢p=0). The difference in damping of thelliptically po-
larized eigenmodes is, to first order, given by

where we have introducetly,=2y for the magnitude of the

dichroism. This expression is exact both =+45° and
b by open dots, respectively. This leads|td~0.3, so that we

0°; in the first situation the twéelliptically polarized eigen- : \ > TEatS VIO TV
modes have equal damping, whereas in the latter situatiofdtsfy the first-order approximation implied in E¢$8) and
the difference in damping of th@inearly polarizedl eigen- _(19)._Th_e thus determined sign and orientation of the d|_chr_o-
modes is determined only by the dichroism. ism indicates that, as to be expected, the lasing poIan;ann
component has the lower loss for all measurements in the
~90° interval of polarization angles plotted in Fig. 6. Fur-
thermore, when the polarization is rotated more than 45°
Equation(18) suggests that both the magnitude and theaway from¢,,, it was found that lasing had switched to the
orientation of the dichroism can be determined by varyingorthogonal polarization component, which, according to Eqg.
the orientation of the birefringence. Figure 6 shows the re{19) then has the lowest loss. These findings leave little room
sults of such measurements for two different devices, botfior a role of nonlinear anisotropies in selecting the lasing
operated at 113,,. The hot-spot technique was used to rotatepolarization.
the polarization(cf. Sec. IV A in such a way that for each Also the spectral width of the nonlasing mode was ob-
individual measurement the resulting mode splitting wasserved to vary as a function @f. This behavior is illustrated
equal to its native valudw,. The orientationg of the po- in Fig. 7, where the measured full widths at half maximum
larization (or, to first order, of the net birefringencin this  (FWHM) widths, corrected for the instrumental resolution of
figure is expressed relative to tht00] crystalline axis. The the Fabry-Peot interferometer, are shown as a function of
two devices used have different values of the native birefrinthe orientation¢ of the birefringence. The measurements
gence: Awy2m=1.4 GHz for the solid dots and correspond to those of the solid dots in Fig. 6. The width is
Awy2=—1.2 GHz for the open dots, where a positive largest aroundp=¢,=41°[A¢=0° in Eq.(19)], and shows
value for Aw indicates that the lasing mode has the highera gradual decrease whekyp changes towards=45°. We
optical frequency. For both devices, the native polarizatiorexpect that these measured widths are directly related to the
orientation¢, was about 40°. imaginary parl” of the eigenvalue of the nonlasing, i.e., the
As expected, the measured ellipticity varies as a functiorspontaneous emission mod@wgyyy=21"). We do not
of the orientation¢ of the birefringence. The two dashed know the total loss rateI’ for the spontaneous emission

A. Experimental determination of residual dichroism
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FIG. 7. Measured width of nonlasing polarization component as FIG. 8. Example of measured ellipticity angfeas a function of
a function of the polarization orientatiafof the lasing component.  injection current. The dashed curve shows the calculated elliptic-
The data correspond to the measurements of the solid dots in Fig. #Y. Pased on an independent experimental determination of the
The solid curve represents the theoretical behavior of the differenclirefringence and the dichroism.
between the widths of the two cavity resonances, using the deteg

mined values of the dichroism of Fig. 6ee text nincreaseinstead of the observed decrease of the ellipticity

with injection current. These measurements are an interest-
ing test case for the linear model: as rather high injection
mode, but welo know the difference of its loss rate with that currents are involved, one could wonder whether the de-
of the lasing mode, namelyy(¢) as found from Fig. 6 and crease with injection current should be a_scribed to nonlinear
Eq (19) For Comparison W|th experiment, we p|0tted effects. In Order to see Whether the.“ne.ar mOde| h0|dS
|2Ay(¢)| as the solid curve in Fig. 7. Although the measuredthroughout the current range depicted in Fig. 8, the current
widths are appreciably above this calculated curve, the bedependence of all four independent parameters has to be
havior as a function ofb is rather similar. Part of the dis- measured. Determination of the magnitude and orientation of

crepancy is certainly due to the finite width of the IasingfjhoenebiEﬁfgngterg?geht?grﬁafrzns\}?yn bc;/f :;]:aisrﬂﬁﬁgo?hgut:irfeq:irf
component(~0.2 GH2, which produces an offset of the ence splittingAw and the polarization orientatioh. Deter-

solid curve. The rest of the d_ls_crepancy remains uneXplfr’“negnination of the magnitude and orientation of the dichroism is
and might have the same origin as the offset found earlier iNone using measurements as in Fig. 6, which requires con-

Fig. 4. siderably more work. The dichroism was measured at 6, 7, 8,

The dichroism was measured for various devices and alnq4 9 mA. Its magnitude was found to decrease from
different values of the injection current. Generally, the mag-py /27r=—0.68 GHz at =6 mA to —0.38 GHz at =9 mA.

nitude of the dichroism showed a gradual decrease with inthe orientationd,, of the dichroism, and therefore also the
creasing current. Its orientation also showed a graduaingle A¢ between dichroism and birefringence, showed a
change with current, but the magnitude and direction of thissronounced change with current. A=6 mA, A¢ was as
change were different from VCSEL to VCSEL. For various |arge as 15°, whereas the birefringence and dichroism were
devices and at various values of the injection current, waoughly aligned(i.e., A¢p=0°) at | =9 mA. After having de-
measured values fakyy/27 between 0.1 and 1.0 GHz. The termined both the birefringence and the dichroism as a func-
orientation of the dichroism was found to be always withintion of the injection current, we can use EG8) to predict
20° from the[110] crystalline direction. the ellipticity as a function of the injection current. This
The measurements described above indicate that knowlelds the dotted curve in Fig. 8, which shows very good
edge of both the native birefringence and of the native diagreement with experiment. It should be noted that no free
chroism is essential for a proper description of the polarizaparameters were involved to obtain this curve. The observed
tion state of VCSELs. To demonstrate this further, wechange of the ellipticity with current is found to be domi-
measured the polarization state of a specific device as a funfated by the changes ihw and A¢: the decrease of the
tion of the injection current; Fig. 8 shows the measured e|birefringence tends to increase the ellipticity, which, how-

lipticity. For this device the threshold current was 5.5 mA, €Vers is counteracted by the rotation of the dichroism in the

whereas first-order transverse modes appeared as late JEECtion of the birefringence. The example shown in Fig. 8
So demonstrates that it is difficult to formulate general

| ~10 mA. The measurements show a pronounced change Statements on the behavior of the polarization state as a func-

ii?szglﬁlcgya&nuggzgwgg C#Lf';tr;igzteatieélt"at'gf'ti’hgve;:arf' tion of the injection current: generally, all four parameters

I 9 : € polar-  noeded for the linear model show seemingly uncorrelated

ization ellipse also showed a gradual change with injection _ " e
X o variations with injection current.

current which, however, amounted to only 2.1° in the range

depicted in the figure. The measured mode splitting showed B. Polarization behavior of Wi i VCSEL

a gradual decrease with current fraw/27=1.80 GHz at - Polarization behavior of nearly isotropic s

| =6 mA to Aw/27=1.05 GHz atl =10 mA. Based on in- The hot-spot technique can also be used to completely

spection of the birefringence alone, one would have expectecancel the native birefringence in a VCSEL. For that pur-
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FIG. 9. Measured spectral splittinkw/27r as a function of hot- FIG. 11. Polarization anglé (solid dot3 and ellipticity angley

spot induced temperature ridél. Due to the intrinsic widths of the (open dots as a function of hot-spot induced temperature Ase
spectral components, the mode splitting could not be resolved in th€he measurements were performed on the same device as in Figs. 9
range AT~2.5-5.0 K. The dashed line is a linear regressionand 10, but with a slightly different orientation of the controlled
through the data, which has its zero crossing @t=3.8 K. birefringence. The minimum net birefringence occursAdt=4.0

K, as found from the accompanying measurements of the spectral

pose, the applied birefringence should be exactly in the Sam%pIitting. The curves through the data represent the theoretical fits

direction and of opposite sign. An example of such measure'Se€ Xt
ments is shown in Figs. 9 and 10. The solid dots in Fig. 9 . . . .
show the measured frequency differerae between the las- fpr ease of presentation we have denoted this native .0r|enta—
ing and nonlasing polarization component as a function ofion as¢=0°. Near the.crossmg AT=3.8 K, the polariza-
the hot-spot induced temperature ris&. The solid line in tion rOtat?S.S“ghtMSOI'd.d(.)t.$’ Whereas we also observe a
this curve is a linear regression through the data, which sugs—maII varlat_|on c_)f the elll_pt|C|ty WItA T (_open .do& .
gests a frequency crossing&T =3.8 K. Note that there are To explaln_ this _behawor, both th_e orlgntatlon and magni-
no data points near the actual zero crossing; the reason is e of tr:je dlc.rg)ro&s_m évere\(/jife_rrnr:lnzq ;1” a separat;a exsen-
the individual polarization components cannot be spectrall ent as SSC” _e gl+ff hi .h € dic ro_|?]mhwas loqn to
resolved near the crossing due to their intrinsic wid#§.8 € ongnte ,at"v_bJr - q &VYI-lC3 ;?(r?efzwltlot (_?_r?.o ariza-
GHz for the spontaneous emission mpdm this region, tion orientation observed —o.0 1IN Fg. 10 1hiS Sug-
however, measurement of the polarization state is still posgeStS_ tha_\t the dichroism is r_espons!ble_for the behavior of the
sible because the lasing component is much stronger than ﬂpglanzatlon state as a function AfT in Fig. 10. As a further

I

spontaneous emission mode. Figure 10 shows the measurg eck, we.us.e.d the measu_red values of the dichroism to pre-
polarization angles and ellipticity angles as a functio df ct the ellipticity as a funpnon OAT. In fact, the best agree- .
The native polarization orientation was at 44.5° froh00; ment beftween the experlmental and .the'calculated behavior

was achieved by assuming a small misalignmpt —0.2°
between the native and applied birefringence; the calculated
polarization and the ellipticity angles are shown by the solid
and the dotted curve in Fig. 10, respectively.

The behavior of the polarization state around the antici-
pated zero crossing shows a dramatic change if the angle
between the applied and the native birefringence is only
slightly increased with respect to the measurements of Figs.
9 and 10. An example thereof is shown in Fig. 11; this mea-
surement was performed on the same device and at the same
injection current as the preceding experiment. Note the dif-
ference of the vertical scale as compared to that of Fig. 10.
The misalignmeniA¢ of the orientation of the applied bire-
fringence can be inferred from the “asymptotic” value of

0, y (degree)

0 2 4 6 8 the polarization angle, namelp=3.2°. Again, the solid
and the dotted curve are calculated curves for the polariza-
AT (K) tion angle and the ellipticitysee below

Comparison of Figs. 10 and 11 shows that the behavior

FIG. 10. Polarization angle (solid dot$ and ellipticity angley ~ around the anticipated zero crossing is very sensitive to a
(open dots as a function of hot-spot induced temperature Afe ~ Misalignment of the orientation of the native and the applied
The data correspond to the measurements in Fig. 9. The curvddirefringence. This can be understood by first considering the

through the data represent theoretical fits based on an independegffect of this misalignment on théned birefringence as a
determination of the dichroism. function of AT: this will lead to the avoided crossing behav-
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ior of the (neY birefringence as described in Sec. IV A. Also planation for our observation that for all lasers the dichroism
the orientation of the birefringence will vary as a function of is roughly along one specific orientation,_corresponding to a
AT, the change being most prominent around the avoidefice-diagonal crystalline axig110] or [110]). It cannot,
crossing. For the results in Fig. 10, the misalignmdrt  however, explain the observed spread of both the magnitude
between the native and the applied birefringence was smadind orientation of the dichroism. Note that the measured di-
(=0.2°, and the minimum achieved birefringence is esti-chroism is not necessarily the only mechanism that leads to a
mated as(Aw/27)5i,=0.02 GHz (cf. Sec. IVA. This is  difference in loss for two polarization eigenmodes: when the
much smaller than the experimentally determined magnitudenodes have a different frequency, they will naturally expe-
of the dichroismAy,/27m=—0.30£0.05 GHz. The dichroism rience a difference in loss due to the spectral dependence of
will thus dominate the polarization properties near the anticithe gain. However, this mechanism cannot change the polar-
pated zero crossing for the mode splitting in Fig. 9. For theization state of the cavity eigenmodes, and the experimental
results in Fig. 11, however, the misalignme\p is an order  determination of the dichroism as described in this section is
of magnitude larger, so that the minimum magnitude of thdn fact insensitive to the spectral dependence of the gain. The
birefringence is comparable to that of the dichroism. Thespectral splitting of the cavity modes will only give rise to an
polarization state will therefore be much more sensitive teeXxtra contribution to their loss; note that in fact this will
the variation of the relative orientation of the dichroism andcodetermine the selection of one of the two polarization
birefringence that occurs around the anticipated zero crosébodes. o .

ing of the mode splitting. This explains the large variations ~ The linear description suggests a convenient way to study
of both the polarization angle and the ellipticity in Fig. 11. the effect of such a loss difference in a VCSEL in a system-
Furthermore, the theoretically calculated behavior of the po@tic way. The loss difference that results from the dichroism
larization state was found to depend strongly on the precisg@n be varied in a continuous way betweefy, by chang-
magnitude of the dichroism, which is again consistent withind the orientation of the birefringence. The net loss differ-
the fact that for these measurements the minimum birefrin€Nce, i.e., the sum of that resulting from the dichroism and
gence is comparable to the magnitude of the dichroism. Thihat of the spectral dependence of the gain, will depend on
calculated behavior of the polarization state was found to fith€ magnitude of the spectral splitting and on the orientation
best to the experimental data when usifigy/27=—0.33 between birefringence and dichroism. The net loss difference

GHz, which nicely corresponds to the other measurement dfan thus be changed at will by varying both the magnitude
this quantity. and the orientation of the birefringence. Specifically the po-

The theoretical curves in Figs. 10 and 11 were calculatedfrization behavior of devices which have been prepared
using the same values of the dichroistp,=5° and such that the eigenmodes have equal loss is an interesting
Ayy2m=-0.33+0.05 GH2. The misalignment angla.e  Subject for future research. _
was thus the only free parameter in these calculatidgs= The ellipticity resulting from the simultaneous presence
—0.2° for Fig. 10 andAe=—3.2° for Fig. 11. The calcu- of both birefringence and dichroism is most evident for situ-
lated behavior agrees reasonably with that found from exations in which the native birefringence was nearly canceled.
periment. In this context, it should be noted that the accuracy? fact, we showed that nearly circularly polarized emission
of the measurements is limited around the position of th&an result when the magnitude of the linear birefringence is
zero crossing for\v. This is mainly due to the large varia- roughly equal to that of the residual dichroism. This is a
tions of ¢ and y as a function oA T in this region: accurate demonstration of the fact that the polarization state is deter-

determination requires extreme stability of the magnitude offined by theratio of the various anisotropies, rather than by
the applied birefringencéor, equivalently, of the power of their absolute values. This observation can be of importance
the Ti-sapphire heating beanfFurthermore, the fact that the for the development of methods to stabilize the polarization

two polarization components cannot be spectrally resolvec?f VCSELs: from a fabrication point of view it might be
also somewhat decreases the accuracy. simpler to decrease a particular anisotropy than to increase

another one.

Our experimental results were generally in good agree-
ment with the coupled-mode model. We found, however,

By applying a controllable amount of either linear or cir- also a few discrepancies between the experiments and the
cular birefringence to our VCSELSs, we have examined thepredictions of the linear model. The first discrepancy was
influence of these anisotropies on their polarization statefound in Sec. IV A, where we measured the behavior of both
The results were found to be in good agreement with a lineathe polarization angle and the mode splitting as a function of
rate-equation model that describes the influence of lineathe applied birefringence. Combination of these measure-
anisotropies on the vectorial cavity eigenmodes. The analysisients revealed that the spectral splitting was slightly larger
shows that the polarization state is generally determined by~0.2 GH2 than expected from the linear model. Also the
the combined effect of different anisotropies. As an examplepectral width of the nonlasing mode was found to be larger
thereof, we experimentally demonstrated and quantified théhan expected from a simple linear argument based on the
presence of residual dichroism. This dichroism was shown toneasured dichroisrtSec. V A). It is interesting to note that
explain the observation that the emitted light is generallywe found a similar offset in another context, namely, for
elliptically polarized even in the absence of a magnetic fielddevices that showed a switch to the other polarization mode

The origin of the dichroism is not clear at present. It couldupon increasing the injection current. In these situations, the
be related to growth on &slightly) misoriented substrate. mode splitting before and after the switch was different by an
Such tilting, typically a few degrees, provides a feasible examount ranging from 0.3 to 1 GHz. The results indicate that

VI. CONCLUDING DISCUSSION
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the frequency of the lasing polarization component is slightly(weak polarization-anisotropic feedback, as has been dem-
higher than expected from the linear model, which is consisenstrated for gas lasef31]. When all linear anisotropies are
tent with the measurements presented in Sec. IV A. To exsufficiently reduced, one expects that nonlinear anisotropy of
plain these discrepancies, it will be necessary to considethe gain, i.e., anisotropy of the gain saturation, will start to
also the nonlinear terms in E@l). We stress, however, that dominate the polarization properties. Note, however, that in
discrepancies were only observed for the spectrum of théhe present experiments the minimum achieved magnitude of
emitted light; the polarization orientation and ellipticity were the linear anisotropies is already comparable to the spectral
still in good agreement with the linear model. Even for thewidths of the individual polarization components. These
smallest achieved linear anisotropy in the present experiwidths are a measure for the quantum noise in the devices:
ments, which was limited to about 0.3 GHz by the presenceventually the polarization will start to diffuse under the in-
of residual dichroism, the polarization state could still befluence of spontaneous emission. The region on the Poincare
accurately described by considering only the measured lineaphere over which this diffusion takes place will strongly
anisotropies. Apparently, under the present experimentalepend on the precise form of the nonlinear anisotropy of the
conditions, i.e., for linear anisotropies0.5 GHz, nonlinear gain[32].
effects do not influence the polarization state. In conclusion, we have demonstrated that the polarization
This conclusion may be compared with a recent theoretiof a VCSEL is dominantly determined by linear optical
cal discussion of the polarization behavior of VCSELSs whichanisotropies. The relative importance of the various anisotro-
includes nonlinear effec{4,29,3Q. In that work the quan- pies was addressed in a quantitative way. So far, nonlinear
tum well gain medium of the VCSEL is modeled, in the effects were found to influence the polarization eigenmodes
spirit of gas-laser theory, as an atomic four-level schemegnly to a minor extent. To achieve a fundamental under-
introducing populations of spirr3 and —3 electrons and standing of also the nonlinear effects, aiming for a perfectly
spin +3 and —3 (heavy holes. Apparently the competition isotropic VCSEL forms a natural learning route.
between thes™ and ¢~ modes that couple to the 3—=+3
transitions is sufficiently close to neutral that in practical
VCSELs the preference for linear polarization is imposed by
the dominant linear anisotropynamely, the birefringenge
Nonlinear effects could still play an important role in switch-  This work is part of the research program of the “Stich-
ing between the two linear orthogonal polarizations of ating voor Fundamenteel Onderzoek der Matef®©M).”
VCSEL [30]. The research of M.P.v.E. has been made possible by the
It would be interesting to investigate the polarization“Royal Dutch Academy of Arts and Sciences.” We ac-
properties for even smaller linear anisotropies than achievekinowledge support from the European Union in the ESPRIT
so far. For this purpose, control of also the linear dichroismProject 20029ACQUIRE) and the TMR Network ERB4061
is required. This could, for instance, be achieved by applyind?L951021(Microlasers and Cavity QED
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