PHYSICAL REVIEW A, VOLUME 62, 033810

Competition between orthogonally polarized transverse modes in vertical-cavity surface-emitting
lasers and its influence on intensity noise
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The influence of transverse modes on the intensity fluctuations of the two orthogonally polarized field
components of the electric field in a vertical-cavity surface-emitting laser is analyzed both experimentally and
theoretically. It is shown that a very high degree of anticorrelation can be obtained in the presence of bistability
between two orthogonally polarized first-order modes.

PACS numbgs): 42.55.Sa, 42.65.Pc, 42.5(¢

[. INTRODUCTION evant for the dynamics. Bistability is between the state where

both modes have the same polarization and a state of mixed

Vertical-cavity surface-emitting Laser6VCSELs are  polarization. In a bistable system, noise can induce transi-

characterized by complicated behaviors involving both transtions from one state to the other. As a consequence, strongly
verse modes and the polarization state of the emitted ligh@nticorrelated fluctuations in the two polarization compo-
Because of their geometry, VCSELs are able to suppor'?ems are observed, the total intensity remaining almost con-
o ' stant. The aim of our paper is to provide a theoretical expla-

Gauss-Hermite-like modes and, even at moderate pump le

o ; Yiation for such behavior.
els, they exhibit a multitransverse mode behajior3]. The Noise-induced polarization hopping in a bistable VCSEL

fact that in these lasers the polarization state of light is lesgas peen studied previously [it6], using the model for po-
controlled than in conventional edge emitting lasers adds @rization dynamics introduced by San Migwlal. in [17].
degree of freedom to transverse-mode competifid/b].  More recently it was demonstrated that polarization switch-
Several experiments show, for instance, that first-order transng can be regarded as a Kramers hopping probtesh and
verse modes lase orthogonally polarized with respect to tha simple analytical expression for the two-well potential of
fundamental Gaussian mod6-9]. Therefore at least two the bistable system was derivgtB]. However, in these pa-
orthogonally polarized transverse modes commonly coexigpers the electric field is treated in the plane-wave approxi-
and compete, and this circumstance may have important cofffation, a limitation that makes impossible a direct compari-
sequences for the intensity noise spectra. son with the' results of 'the. experiment _descrlbedlm,lﬂ,

. . . where polarization switching affects first-order transverse

In [10Q] it was shown that incomplete cancellation of the modes.

fluctuations in the _two polarizations may cause excess NOIS€. The model adopted in this paper is an extensiofild,
The cross correlation between the two orthogonally polarizegyhich includes different transverse modes similar to those
components of the electric field in that experiment was fOUI"IChsed |n[20,2];] to numerica”y Study the dynamics of trans-
to be on the order of-0.4 to —0.7. An increase in intensity verse modes in index- and gain-guided VCSELs. We show
noise caused by energy partition between orthogonally polaithat with a choice of parameters as close as possible to the
ized modes was also reported [ihl]. Conversely, in12],  experimental ones, the model indeed predicts the existence
squeezing in the total intensity was observed and interpretedf a bistable domain. The numerical integration of the dy-
as the result of nonclassical correlations between two ordamical equations, supplemented by noise terms that simu-
thogonally polarized transverse modes. It was demonstratdgte the effects of spontaneous emission, confirms the exis-
in [13] that squeezing is possible when the two polarizatiorfence of a strong anticorrelation in the fluctuations of the two

components have the same intensity or when one of the tw8rthogonal polarizations. _ _
is much larger than the other one, i.e., in the limit of single- "€ experimental results are summarized in Sec. II. In
mode operation. Sec. lll we introduce the model and present the results of the

The role of bistability between orthogonally polarized linear stability analysis and a deterministic simulation that
transverse modes was shown by some of Ui 15. The demonstrates that a bistable domain exists. The results of the

statistical analysis of the intensity fluctuations in the twonumerlcal simulations with noise are presented n Sec. vV
polarizations suggests that the laser operates in a regime Bf“.j compared to the expenm_ental measurements in Sec. V,
bistability between two states with approximately the saméNh'Ch also contains some critical remarks.

spatial configuration, but different polarization properties. To
simplify as much as possible the description, one can assume
that only two transverse modes, the fundamental Gaussian The experimental investigations discussed here are de-
mode TEMg and, say, the first-order mode TEM are rel-  scribed in detail in Refs[14,15,23. The lasers have been

IIl. EXPERIMENTAL RESULTS
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FIG. 1. Experimental setup. POL, polarizer; BS, beamsplitter;
Ol, optical isolator; FP, Fabry-Perot analyzer; CCD, video camera; A R )
HWP, half-wave plater; PBS, polarizing beamsplitter; D1, D2, PIN 10 8 10 12 14 16 18
photodiode with amplifier; APD, avalanche photodiode; SD, sum I(mA)
and difference device; SA, spectrum analyzer.

FIG. 2. Experiment(a) Laser intensity in the principal and in
the secondary polarization aril) deviations from “perfect” anti-

provided by Centre Suisse d’Electronique et de IV'icrOteCh'correlation[i.e.,ny(0)=71] between the intensity signals in the

nique (Zurich) [23]. The device is an air-post quantum well yq polarizations vs pump current. Regions |-IV are defined by the
VCSEL, fabricated by selective lateral etChing, with distrib- vertical lines at the currents=19.8 mA, 12.8 mA, and 14.3 mA.

uted Bragg reflectors. The output window has a diameter of 8 )

um. Two perpendicular linear polarizations are defined, parin€ most relevant features that must be considered for the
allel and perpendicular to tHd. 10y crystal directior[9]. The theoretical analysis:

. . . . (i) Just above threshold, the laser is well polarized in a
g:;i?;ol? Oci"\rﬁ/?; 'nse:rbtohurgsshé?aa‘ and the differential effi- single TEM,o mode belonging to the polarization component

. : . . .. which oscillates at the larger frequency. In agreement with
The experimental setup is schematically illustrated in Fig 9 9 y 9

o L the notations of the theoretical modske Sec. I we will
1. A complete characterization of the laser behavior first rezofar 1o this polarization axis asy""

quires the determination of spatial structure, polarization, (i) |ncreasing the pump current, the first-order modes ap-
and optical frequency for each of the lasing modes. To thigsear. In particular, the rise of mode TEMx (in the or-
purpose, the different modes are frequency separated Ryiogonal polarization leads to anticorrelated polarization
means of a monochromatéinstrumental linewidth of 0.06 flyctuations, with Gaussian statistics.
nm) and two confocal Fabry-Perot spectrum analyzerith (iii ) Further increasing the pump, mode TEM shows
a free spectral range of 2.5 and 3 GHz, respectivelyie  large intensity fluctuations and then disappears; in this re-
assignment of the different modes in the transmitted signal ofime the statistics of the polarization fluctuations are non-
the spectrometers is done using polarizers and moving slit$Gaussian, displaying fast jumps between two well defined

Afterwards, the dynamics is investigated by analyzing thdevels. Observing the histograms of the polarized intensity,
fluctuations of the different modes. Two different detectionwe deduced that the system is bistable in that region.
techniques are employed. The laser intensity is observed by These experimental findings are displayed in Figs. 2 and
means of an avalanche photodetector, whose large ban@: Figure Za) shows the average intensities of the two po-
width (about 2 GHz allows fast details to be uncovered. A larization components as functions of the pump current. In
couple of balanced PIN detectors allows the measurement oégions | and IV the intensity of the secondary polarization is
strongly correlated fluctuations and an accurate calibration odlmost equal to zero while in regions Il and Il mode TEM
the shot-noise level. They exhibit a high quantum efficiencyx is active. The boundary between the two regions is defined
and a precise gain factor, at the expense of a narrower banf@ly the value of the pump current at which the average inten-
width (about 20 MH2. sity of the secondary polarization is maximum.

While a detailed description of the experimental findings In Fig. 2(b) we plot as a function of the pump current the
is reported in the references cited above, we summarize heriantity 1+C,,(0), C,,(7) being the correlation between
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- (a) = (b) E (<) named SFM in the following. This denomination has a
double meaning: it refers to the initials of the authors of that
paper, but it could be also intended as the acronym for the
spin-flip model, indicating that spin-flip processes between
= - = the two carrier subpopulationd . and N_ with opposite
values of the total angular momentum are one of the main
ingredients of the model25]. In the Cartesian basis

02 (d) = (e) - (f) (Ex,Ey), the equations of SFM read
10—3_ B B - . . .
';;10_‘_ i | Ex=—(k+n+tio)Ex+k(1+ia)(NE+inEy), (1)
zoT B i E,=—(x—7—i0)E,+ k(1+ia)(NE,~inE), (2
10°F B B
%] IPPTY P PV PYPIE TTOTE IS Lol b doadi, Dbl N 2 2\ * _ *
i 05 0 5 10 N=—N(1+]Ey] +|Ey| )—in(EyEY —ExEY) +u, (©)]

. = — + 2+ 2 1 * * .
FIG. 3. Experiment. Histograms of the intensity signal for the n=—n+[ESH B -INEE-EE). @

principal polarization at different values of the pump current: | H . has b led h binati ik
10.9 mA (@), 12.4 mA(b), 12.8 mA(c), 13.0 mA(d), 13.1 mA(e), ~ [1ere ime has been scaled to the recombination Hms, «

and 13.5 mA(f). The histograms are normalized in such a way thatis th‘? cavity linewidth,I ,iS the spin-flip rate7 and o are.
the area is the relative noise. amplitude and phase anisotropy parameters related to dichro-

ism and birefringence, respectively. All these parameters are
the intensity signals of the two polarizations, which will be scaled toy. In particular, the birefringence parameterep-
defined explicitly in Sec. lll. The logarithmic scale allows resents one half of the scaled frequency difference of the two
one to appreciate the high level of anticorrelation in the tranlinearly polarized components, andE, of the electric field
sition region from Il to lll. The maximum level of anticor-
relation isC,(0)~ —0.997. Wy Oy

Finally, Fig. 3 shows the intensity histograms of the prin- 7= 2y )

cipal polarization for six values of the pump current around
the point of maximum anticorrelation. The two maxima of Considering positive values af, as we do in this paper,
the histograms, visible for some current values, can be ass@mounts to defining thg-polarized component of the elec-
ciated with two metastable states. Interpreting the histogramgic field as the one oscillating at the larger frequency. The
as quasipotentialf24], we can establish a relation between carrier populationd\ andn are defined adl=(N, +N_)/2
the variations of the histogram shape and the crossing of thgnd n=(N_—N_)/2. Finally, « is the linewidth enhance-

bistable region, increasing the pump currgtf]. In fact, we  ment factor angk is the pump parameter, proportional to the
cannot observe directly a bistability because of the intrinsigntensity of the injected current.
noise of the system, which forces the jumps between the two As shown in[26], the x- and y-polarized solutions have
states. However, as shown in Sec. lll, the model confirmgjifferent stability domains and this provides a theoretical ex-
such a deduction. planation for the polarization switchings that are commonly
In order to realistically modelize the laser behavior, weghserved in vertical cavity semiconductor lasers. Although
have performed a series of preliminary measurements, of th@ye equations are derived in the plane-wave approximation,
frequency splittings among the different laser modes. Fromhey can be easily adapted for fields with a Gaussian profile
these measurements, important parameters of the laser, sygty),
as birefringencésee Sec. Il can be evaluated. In this paper we extend the analysis to the situation where
We found that the frequency of the TEMy mode is  the first-order transverse modes are also active. In the experi
about 80—-100 GHz lower than that of the first-order modesnent, the two modes TEMx andy polarized were detected,
(the splitting increases with the pump current at a rate ofyt only the mode TENy polarized was detectd@2]. This
about 2 GHz/mA. The TEM;—y and the TEM;—x modes  asymmetric behavior cannot be explained in a simple way by
are at the same frequency, while the TiMy mode is split  the model, in the sense that if the four first-order modes are
at a higher frequencithe splitting is 8 GHz, increasing at a included with the same losses, all of them participate in the
rate of 1 GHz/mA. The cavity linewidthx can be deduced dynamics. Therefore since we are interested mainly in the
from the structure of the laser cavity and corresponds tQynamics caused by the polarization switchings of mode

about 1200 ns’. TEM,;, we decided to consider only those modes and the
fundamental ones. Accordingly, each component of the elec-
IIl. THEORETICAL ANALYSIS AND DETERMINISTIC tric field is written as
BEHAVIOR
2
Our theoretical analysis is based on the model introduced _ _ _
by San Miguel, Feng, and Moloney [17], which will be B0y ;1 AT, ©
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2 1.5 T T
Ey(0y,0= 2 Ay (1), (7) Wy
= 1.4 F
where
1.3} O-Y
A(x,y)= \ﬁe(xz*yzh ® 25 0-y and 0-x
T
11F
2 2 2
Ag(x,y)= \ﬁZye‘(X e 9 . , , :
™ 1'o.1 1 10 100

c
are the modal functions that describe, respectively, the fun-
damental Gaussian mode TEpMand the first-order mode
TEMp; . Here the transverse coordinateandy are scaled to

the beam waist of the fundamental Gaussian mode.  fysjon would greatly complicate the theoretical analysis, be-
Gauss-Hermite modes are not in general exact eigensy se the presence of the Laplacian in the equations for car-
modes for a vertical cavity laser, but we are confident thafiers makes it impossible even to determine analytically the
they represent a good approximation of the real modeSsiationary states of the laser. However, numerical simula-
These modes are exact solutions of the wave equation in the,ns herformed irf29] have shown that, for what concerns
presence of a parabolic profile of the refractive index. Undetye stapility of first-order modes, the effects of carrier diffu-
these conditions, which can be attributed to thermal lensingsjoy are mainly quantitative, in the sense that the stability
one can derive the dynamical equations for mode amplitudegymains are simply shifted toward higher values of the pump

FIG. 4. Stability domains of modes TEjyix andy polarized for
k=600, I'=300, =0.05, =2, andy=3.

fioc iy [28]: current. An explanation for this is that carrier diffusion partly
. . ) . refills the spatial hole burnt by the lasing mode, making it
fjx=—(xtp=iad tio)fj+x(ltia) more stable. If we were interested in a direct comparison
w0 - between the observed values of the pump curteat the
X f dxf dyA(NE,+inE,y), (100  lasing thresholds of the different modes, and the correspond-

ing values of the pump parametgr, we should take into
account carrier diffusion. But this comparison is made prob-

fiy=—(k—n—iad ;—io)fj y+x(l+ia) lematic by the absence of any precise information about the
. . relationship betweem andl. For these reasons we believe
xf dxf dyA (NE,—inE,). (11  that, for the purposes of this paper, carrier diffusion can be
— —® neglected.

) ] The parameters that appear in the modelaré’, », o,
The parameten is the scaled frequency spacing betweeny 4 andy. For some of them we have a direct estimation

modes TEM; and TEMy: from the experiment. Assuming=2 ns ™!, the scaled cavity
linewidth is k=600, the birefringence parameter is
q= 201~ Yoo (12  ~12.5, and the frequency spacingais-300. The dichroism
Y parameter; is unknown, but it has to be positive in order to

) o . reproduce in the numerical simulations the observed prefer-
The equations fo_N andn coincide with Eqs.(3) and (4), ence for the high-frequencye() component of the electric
even in the multitransverse-mode model. It must be takegq4 Wwe assumedy=0.05. The spin-flip ratd” has been

into accqunt, however, that nol andn are functions not recently measured in a VCSHI30] and the valud® =290
only of time but also of the transverse coordinaxeg. A +100 was found. In this paper we sBt=300. As for the

dependence owr andy may also be assumed for the pump remaining parametera and ¢, we chose the valuea=2

parameteru, in order to take into account the finite cross and =3, because they maximize the extension of the
section of the active region. To simplify both analytical and bistable dbmain

numerical calculations we assumed that the injected current In Fig. 4, the stability domains for the two fundamental

has a Gaussian profile, with widix modesx andy polarized are shown. Due to the positive value

of 7, the only stable mode close to threshold is always the
(13) y-polarized one. Even when increasing the pump, the
bistable domain is reached, the laser keeps emitting on the
y-polarized mode. A switch to thepolarized mode is pos-
With this assumption, the fundamental Gaussian mode hasible only for values of the birefringence parametethat
the lowest threshold, given by, =1+ 1/4°. are much larger than the experimental one, for which this
The smoothening of the transverse profile of the carriemode is the only stable solution of the laser. Thus with our
density described by Eq13) could be attributed to carrier choice of parameters, the fundamental mode is always-
diffusion. A rigorous description of the effects of carrier dif- larized, and it never switches to the orthogonal polarization,

x2+y?
p(X,y)=pexp —2 7
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FIG. 5. Instability thresholds of mode TEMy polarized with
respect to the t\_/vo fl_rst order modes TEM andy polarized. Same 1o°k s
parameters as in Fig. 4 ard=300. \\

in agreement with the experiment. I

The instability thresholds of thg-polarized fundamental :
mode with respect to the two first-order modrgndy po- :
larized, are shown in Fig. 5. In spite of the fact that the ;
y-polarized modes are favored by dichroism, yhgolarized 10%F

fundamental mode is first destabilized by tkeolarized I

first-order mode, at least for moderate birefringence. This

result, _Whlch agrees with s_everal previous ok_)servatlons L T T VTRV IR

[6-9], is also of fundamental importance for the interpreta- Wi,

tion of our experiment, because it is at the basis of the

bistable behavior that can be observed sweeping the pump FIG. 7. Same as Fig. 2 for numerical simulations. Regions |-V

parameter adiabatically forward and backward. are defined by the vertical lines at the pump valpes1.26uy,,
The bistable cycle is shown in Fig. 6, whewéw, varied  ©=1.35uy,, andu=1.39uy,.

from 1.25 to 1.4 and back in 3@s. In the forward sweep, in

agreement with the stability analysis, we observe the growth IV. NUMERICAL SIMULATIONS WITH NOISE

of mode TEM); X polarized, starting from aboutu

=1.265u4,. But, since we are in parametric conditions that

are favorable for they-polarized modes, at abouf

=1.35u,, mode TEM,; y-polarized also starts growing. The

two_first-order r_nodes coexist until aboyt=1.38u, . _spontaneous emission. The complex functigngt) have a

where thex-polarlz_ed modes switch off, and the laser emits_ o+ mean value and agcorrelated in time 16];

on the twoy-polarized modes. In the backward sweep, the

A comparison with the experiment requires the inclusion
of noise in the dynamical equations. Sources of Gaussian
white noise(; ;(t) (i=x,y,j=1,2) were added to the equa-
tions for mode amplitudes in order to simulate the effects of

situation does not change until, at abqut 1.32uy,,, the (¢ i(H))=0, (14)
first-order mode switches from theto the x polarization. In !

this way, hysteresis cycle is realized. Bistability is between (& (D)4 (t))=0, (15)
the state where both modes argolarized and a state of ! ’

mixed polarization. <§k,j(t)§k,l(t1)>:B5i,k5j,l5(t_t,)- (16)

1.0 T T . . .
The absence of correlation for noise sources of different

modes with the same polarization follows from the orthogo-
nality of the mode$31]. We adopted the value>x210™* for
the parametegB, which measures the strength of noise. For
each pump value we integrated the dynamical equations for
50 us, recording 10 data, with a sampling rate of 2
Gsamples/s, identical to that of the experiment. The time step
was 0.5 ps.
As a first effect of noise, we observed the disappearance
s - of the hysteresis cycle. In fact, in a pictorial way, one can
125 o 140 imagine that the system in the bistable domain is described
e by a two-well potential. The shape of the potential changes
FIG. 6. Bistability domain obtained by an adiabatic sweep, for-inside the domain. In proximity of the extrema, one well is
ward and backward, of the pump parameierSame parameters as much more shallow than the other. In these conditions even a
in Fig. 5, withc=12.5. small quantity of noise is able to force the system to switch

< o o
IS o o

field intensity (arb. units)

o
o
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to the state corresponding to the deeper well, even if itarizationl,, obtained for values of the pump close to the
started in the other state. If noise is not too large, the systermpoint of maximum anticorrelation. The histograms show the
will then remain forever in the deeper well. In these condi-transition from the lower to the upper state. They provide an
tions bistability cannot be observed, since it stems from theipside down representation of the generalized potential, with
fact that the system can remain in the shallower well. In thehe two peaks in the histograms of Figgc)8-8(e) corre-
central part of the bistable domain the two wells have comsponding to the two wells in the potential.
parable depth. In this case noise makes the system switch
continuously from one state to the other and back, and strong
fluctuations appear. V. COMPARISON WITH THE EXPERIMENT AND

In Fig. 7 we show the results of our numerical simulations CONCLUSIONS
in a way that allows a direct comparison to be made with the o ) ) o
experimental results shown in Fig. 2. The meaning of regions _ !N this final section we compare the experimental findings
| to IV is the same in both figures. Regions | and IV are thoseVith the numerical results derived from the model. The com-
where the secondary polarizatibpis negligible: the bound-  Parison of the average intensities in the two pplar!zatlons
ary between regions Il and Il is represented by the pumpFigs- 48 and 7a)] of the cross-correlation functiofFigs.
value at which the secondary polarization is maximum. InZ(b) and qb)] and of the histograms of the main polarization
the numerical simulations this maximum is placed ;at around the point of maximum anticorrelatigifigs. 3 and 8

=1.35u,. show very good agreement between the experiment and the
The properties of the intensities fluctuations are describe§Umerical results based on SFM. ,
by the cross-correlation function defined as In parUcngr, we remark that excellent agreement is found
for the following aspects.
(Al (t+T)AL(L)) (i) Preference for a given polarizatiodust above thresh-
Cyy(7)= . (170 old, the laser emits a single mode TE well polarized
\/(Ali(t))mlf,(t)) along a plane that is always the same every time the laser is

switched on. Even for larger pump currents, mode tEM
The quantity 1 C,(0) is O for perfect anticorrelation, 1 for never switches to the orthogonal polarization. The mode be-
no correlation, and 2 for perfect correlation. The behavior oflongs to the polarization component that oscillates at the
the correlation is very different in the four regions. Unlike in higher frequency, i.e., thg component in the theoretical
the experiment, the point of maximum anticorrelation doesmodel. This behavior can easily be reproduced in the simu-
not coincide with the point where the secondary polarizationations assuming that thecomponent is favored by dichro-
is maximum, but it is placed close to it, at=1.36u, . At ism. As shown in Fig. 4, if this component is stable at thresh-
this point the correlation i€,,(0)~ —0.982. old, it remains stable for any value of the pump for the

Figure 8 shows the intensity histograms for the main po-adopted value of the birefringence parameter
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(ii) Bistability. At a certain pump current, a first-order  These considerations probably help to explain another dif-
mode starts oscillating in the secondary polarization. Furtheference between experiment and simulations, namely, the
increasing the current, this mode switches to the principaVery different degree of anticorrelation, especially in region
polarization. On the basis of the analysis of the intensityll, where the measured correlation is abeu®.98, while in
histograms, such a switching was interpreted1f] as the numerical simulations it varies from0.4 to —0.75. The
manifestation of a bistable behavior of the laser. Such a bipoint is that in numerical simulations in a large part of region
stability is also found in the numerical simulations, as a condl mode TEMy; v is still below threshold, and hence the
sequence of the fact that the fundamental Gaussian modedominant fluctuations are those of the two modes FEM
polarized is first destabilized by a first-order modeolar-  and TEM,;, x, which, being only partially overlapped, display
ized. a small degree of anticorrelation.

(iii) Anticorrelation in the intensity fluctuationsn both The anticorrelation observed in numerical simulations re-
the experiment and the numerical simulations we found thatnains smaller than the experimental one even in region Ill,
the intensity fluctuations in the two orthogonally polarizedbut there the differences are smaller. For instance, the mini-
components of the electric field can reach very high levels ofnum value ofC,,(0) is —0.982 in the numerical simula-
anticorrelation in the presence of bistability. tions and—0.997 in the experiment. This discrepancy could

There are also some discrepancies between theory amg@ related to the fact that in the numerical simulations the
experiment. The most relevant consists in the fact that theatio I,/1, is always smaller than in the experiment. This
correct order of appearance of the first-order modes is naheans that the relative weight of first-order modes to the
reproduced exactly in the numerical simulations. In the exfundamental one is smaller; since the total anticorrelation is
periment, at the rise of the secondary polarization bothjue essentially to the fluctuations of the first-order modes,
modes TEM, y and TEM,, y are already lasin§22]. Con-  this may explain the lower level found in the numerical
versely, in the numerical simulations the first mode thatsimulations. It must also be taken also into account that in
grows is mode TEM; x, and this is a necesssary condition the numerical simulations the fluctuations of the fields are
for bistability. Moreover, bistability disappears when modesanalyzed inside the cavity, while in the experiment the mea-
TEMy, are included in the model with the same losses asurements are obviously performed outside.
modes TEM;. Finally, we observe that, while in the model used in this

There are many possible reasons for this different behavwaper and in the Langevin equation with quasipotentials
ior. For instance, it is known that the linear anisotropies ofadopted in15] it is assumed that the dynamics is generated
the laser are not constant but vary with the intensity of theby stochastic fluctuations, the polarization jumps could just
pump current. The dependence of birefringence on the pumas well be produced by a strictly deterministic dynamics. In
current was measured, but we did not include it in the theoerder to discriminate between noisy and deterministic dy-
retical analysis because it has negligible consequences on theamics we performed a fractal dimension analysis of the ex-
stability properties of the different modes. Conversely, suctperimental data in the transition regime using the
properties could be greatly influenced by even small changeSrassberger-Procaccia algoriti82]. We found no conver-
of the parametet;, which describes dichroism, and the se-gence of the method, with a dimension increase with the
quence of bifurcations could be more complex than the onembedding dimension up to 10. We conclude that either the
obtained with» constant. However, in the absence of anydynamics is high dimensional, or the possible deterministic
precise experimental measurement, we preferred not to addatures are masked by noise.
any ad hochypothesis just to fit the experimental data.

Another possible explanation for the different behavior
could be that Gauss-Hermite modes represent only a first
approximation of the real modes of a VCSEL. A more pre- We thank K. Gulden and M. Moser of the CSEM,; rifin
cise determination of the field profiles of the different modes(formerly the Paul Scherrer Institytéor providing us with
could reveal different stability properties. the lasers. This work was partially supported by the Euro-

However, as a general comment, it must be observed thaiean Strategic Program for Research and Development in
in the numerical simulations mode TEMy appears at about Information TechnologfACQUIRE 20029, by CNR Con-
the middle of the hysteresis cycle, where the secondary inract Nos.  96.00267.CT02, 97.00073.CT02, and
tensityl, stops growingFig. 6). So, at least in the right part 98.00444.PF48(MADESS), by the EEC Contract No.
of the bistable domain, the simulations faithfully reproduceERBFMRXCT960010, and by the PAIS project “Quantum
the experimental observations, with both of the two orthogonoise reduction in semiconductor optical systems” of the
nally polarized modes TEM above threshold. INFM (Istituto Nazionale per la Fisica della Materia
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