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We study the dynamics of a vertical-cavity surface-emitting laser operating near threshold and with isotropic
optical feedback, using a model developed by San Miguel, Feng, and MdlBhgy. Rev. A62, 1728(1995].
The model couples the polarization state of the electric field to the semiconductor medium by including the
magnetic sublevels of the conduction and valence bands in the quantum wells. The laser dynamics depend
significantly on the value of the relaxation rate,, of the material magnetization. For low relaxation rates the
time-averaged intensity abruptly drops to zero and then recovers, a phenomenon revealed to be a sequence of
picosecond pulses. The dropouts are similar to those occurring in conventional semiconductor lasers, but
underlying the dropouts there is an antiphase competition between the time-averaged orthogonal linearly
polarized components of the electric field. For large values of the relaxation rate, the dropouts tend to disappear
and the time-averaged intensity is nearly constg®it050-29479)09603-1

PACS numbdp): 42.55.Px, 05.45-a, 42.65.Sf

I. INTRODUCTION ture changes as the injection current increases.
An alternative explanation of the polarization switching is
A vertical-cavity surface-emitting lasefVCSEL) is a  based on the San Miguel, Feng, and Molor8¥M) model
relatively new type of semiconductor laser that has a differ{6]. In conventional edge-emitting semiconductor lasers the
ent geometry from that of a convention@dge-emitting ~ anisotropies, geometry, and waveguiding effects of the cav-
laser diode. A VCSEL consists of a semiconductor laser gaiffy lead to emission of linearly polarized light with the po-
medium sandwiched between two highly reflective mirrors,jarization locked onto a fixed axis. However, the polarization
thus the laser output occurs normal to the wafer. VCSEL'sState of the light of a laser is linked, not only to cavity
have several advantages for applications. Because of theynisotropies, but also to the field-material physits the
short cavity lengtt{few um), VCSEL's emit in a single lon- angular momentum of the quantum states involved in the

gitudinal mode. They have low threshold currents and can b ansitions for emission and absorptif). The SEFM model

modulated at high speeds. They are compact, thus it is ea\?kes Into account thg §p|n.sublevels of thg conduction and
alence band and distinguishes the amplitudes of the or-
to form laser arrays.

. L . thogonal circular polarizations of the light that are associated
An_ |m|_oort§nt drz_ayvback to applications of VCSEL sis the witr£1J transitions bztween different spir?sublevels. In the ab-
polarization instability. The output of a VCSEL is usually gonce of anisotropies, the stationary solutions of the SFM
linearly polarized along one of two orthogonal directions asyqqe| are linearly polarized states with arbitrary polarization
sociated with crystalline or stress orientations. When the VCyjrection. In the presence of anisotropies the direction of the
SEL begins to lase, one linear polarization dominates anlnear polarization is no longer arbitrary, and the stationary
when the injection current is increased about 20—30 % abovgp|utions are two orthogonal linearly polarized states. The
the lasing threshold, in many devices the emission switchege|ative strength of the gain for the two states and the bire-
to the other polarization statgolarization switching [1].  fringence and saturable dispersion of the material determine
These two linearly polarized states have different optical frethe stability of these states. A linear stability analysis ex-
guencies, splitfrom 2 to 20 GH3, by the material birefrin-  plains the polarization switching for increasing injection cur-
gence. Sometimes there is simultaneous emission on both oént[8,9].
the orthogonal linearly polarized states with different emis- Physical insight into the nature of the polarization switch-
sion frequenciegpolarization coexistengg¢2], and there are ing was recently put forward by van der Lem and Lenstra
a few reports of emission on both orthogonal linearly polar-{10] and van Exteet al. [11], who showed analyticallyby
ized states with the same emission frequefatlptically po-  adiabatically eliminating the spin dynamicthat the pres-
larized lighy [3]. If the injection current is increased further, ence of a strong lasing state with a certain polarization leads
higher-order transverse modes emerge, usually with a polate a broadening and redshift of the weak orthogonal nonlas-
ization state that is orthogonal to the polarization of the fundng state.
damental modg4]. The spin dynamics is especially relevant when a VCSEL

An explanation for the polarization switching phenom-is in an externally applied magnetic field. In that case the
enon, proposed by Choquette and co-workgr§], relies on ~SFM model predicts emission in an elliptically polarized
variations in the gain profile and in the optical frequencies ofstate [12,13, which was verified experimentall{3]. The
the orthogonal linearly polarized states, induced by temperaswitching between orthogonal linearly polarized states then
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becomes switching between elliptically polarized stiies. modes but do not take into account the fact that two orthogo-
This polarization instability enhances the intensity noisenal linearly polarized states exist for each tranverse mode
[15] and degrades polarization sensitive applications such d44—46. These models are those used for conventional,
magneto-optic disk recording. However, since the polarizapolarization-stabilized semiconductor lasers, though with
tion Switching occurs very qu|ck|y and requires on|y sma||different parameter values. However, when a VCSEL with
variations of the injection current, the polarization state carPptical feedback is operated near the lasing threstwlére
be a good property to choose for optical logic gates. Method&e Polarization switching often takes placene would ex-
to control the polarization state of a VCSEL include breakingP€Ct that the polarization instability would influence the dy-
the transverse devise symmetlyy introducing anisotropic n@mics significantly. To Fake into account t.he polarization
gain [16] or loss[17], or by using an asymmetric cavity degree of freedpm, we slmulate 'the dynamics based on 'the
geometry[18]), optical injection[19], current modulation SFM model, which considers a single transverse mode with

about the polarization switching poif0], and external op- two orthogonal _IinearIy po_larized state, ‘.EY’ couplgd
tical feedbac21—24. through two carrier pop_ulatlor(ﬂ;he total carrier pqpulatlon,
Optical feedback is an especially attractive way to achievd: and the population differenca, between the spin sublev-

polarization switching. By coupling a VCSEL to an external ﬁls Og the conduction and :j/atlen(iedba::]dﬁ;e SM'.: mo]‘(jE|VC
microcavity (with an external cavity length of the order of as been successiully used 1o study the dynamics or a V-

microng, a single transverse mode operation can be main-SEL ynder polarized feedbaginto one of t.he .tWO I|near!y
tained even at high injection currei&5]. Slight movements polarized s.tates[47,48:|) and under polarlza.tlon-changmg
of an external mirror can tune a VCSEL in wavelenf2s]. feedback(with a quarter-wave plate placed in the external

However, in a conventional linearly polarized single-modecavity [49)). With polarized feedback the SMF model pre-

semiconductor laser it is well known that uncontrolled opti-fj'ct_S the observed polarization switchirigd] when _the n-
gction current or the feedback phase varies. With

cal feedback degrades the performance by exciting additiond L . : .
external cavity modegi.e., the stationary solutions of the poIanzauon-changlng feedback, t_he. Intensity \_/vaveforms
compound system formed by the laser cavity and the externzﬂreqmed by the model agree qualitatively well with the ex-
cavity), which may lead to a chaotic state termed “coherencéaer'mem"’lI measuremer(ig2].

" : Another proposed model for polarization dynamics in
collapse” (see, e.9.[27,28 and references thergirlt could . v X . .
be expected that the high facet reflectivity of a VCSEE VCSEL'’s describes the interaction of the two linearly polar-

the order of 99% might mitigate the effects of backreflec- ized states of the fundamental mode through a single carrier

tions. However, the extremely short cavity length of a Vc_density and non]inear gain terms. The predictiqns .Of this
SEL (of the order of micronscancels out the effect of highly thdel. forf p(:jlgrlzed4 feedbackﬁ] tﬁnd for _polailzlatlgn-
reflective mirrors, and VCSEL's usually display a feedback®anding fee ack24] agree wi € experimental obser-

sensitivity comparable to that of conventional semiconductoy21ONS and with the predictions of the SFM model. Here we

lasers[29—34]. The threshold current is reduced by externalcOMpare the predictions of these two models in the LFF's

feedback, and the five characteristic regimes of feedback thagg'me- . . .

occur in edge-emitting lasef85] also occur in VCSEL's. 'Th|s paper IS organized as follows. Seqtlon Il presents a
A well-known feedback-induced instability is the low- brief deSC“F’“O’F of the SMF model with isotropic opt|c_al

frequency fluctuationgLFF’s), which occur for moderate fgedba(_:k. Section Il contains the res_,ults of the numerlcal

feedback when the laser is operated near the lasing threshoﬂ.mmat'ons' We stgdy the ime evolution .Of the fotal Inten-

These consist of sudden power dropouts followed bys'ty’ of the intensity of Fhe orthogonal I|.nearly poIan;ed

gradual, stepwise recoveriei86-38. Fischer and co- components, and of the mtensﬂy of the qrcglarly polarized

workers[39] observed with a streak camera that the intensitfomp.onents' The dynamlcs Of_ thgz polarization state O.f the

dropouts are actually a slow modulation of a series of fastIIght IS re_zvealed W'th the Poincasphere representation

picosecond pulses. The model commonly used to interpre[ll“:’o]' Section IV contains a summary and the conclusions.

the experimental observations is the Lang-KobaydkHi)

model[40] for a single-mode semiconductor laser. Numeri- Il. THEORETICAL MODEL

cal simulations of the LK model show that the time-averaged

laser intensity exhibits dropouts similar to those observeq[jlé The rate equations for a VCSEL with external isotropic

experimentally, and that underlying these dropouts there is edback operating in the fundamental transverse mode are

fast pulsing behavidr39]. However, recent experimental sta-
tistical analysis of the intensity fluctuations during the drop- .
outs[41] and of the statistical distribution of the time inter- Ex=k(1+ia)[(N-1)E,+inE,]
vals between power dropouté2] shows discrepancies with . iwgr

the predictions of the single-mode model. Moreover, the ex- ~(vatiyp Bt yBdt=r)e ' @)
perimental observations of Huyet al.[43] indicate that the )

emergence of low-frequency fluctuations is associated with Ey=k(1+ia)[(N-1)E,—~inE,]

the excitation of several longitudinal modes of the solitary

H _ —lwyT
laser. In this paper we investigate the occurrence of LFF's in +(vativp) Byt yEy(t—m)e 1o, )
VCSEL's. .
Computational studies of VCSEL'’s with optical feedback N=— yn[N—u+N(|Ex?+|E,|?)

have often used models that do not consider the vectorial ) . .
nature of VCSEL'’s, i.e., they consider several transverse +in(EyEY —EEJ)] ()
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h=—yn— 7N[n(|Ex|2+|Ey|2) +iN(EyE§ — EXE;’)], Second, wheny, takes its minimum valuégiven by the
(4) radiative lifetime of carriersy,=yy) one then obtains two
modal amplitude& | ,E_ coupled to two carrier populations
where E, ,E, are the slowly varying amplitudes of the or- N, ,N
thogonal linearly polarized components of the electric field,

N is the total population difference between conduction and E.=k(l+ia)(N.—1)E, — YaEz—17pE=
valence bands, and is the population difference between ,

the carrier densities with positive and negative spin valkes. +yEL(t—T1)e 07, (8
is the field decay rat€l/2k is sometimes called the photon

lifetime), yy is the decay rate of the total carrier population, N.=—y[N.—pu+2N.|E.|?], 9)

and v, is the decay rate which accounts for the mixing of the

populations with different spins is the linewidth enhance- whereE. =E,+IiE, are the slowly varying amplitudes of

ment factor, which indicates the dependence of the index athe left and right circularly polarized components of the elec-

refraction on the carrier numbé¢b1]. x is the normalized tric field, andN_.=N=*n.

injection current(which takes the value of 1 at the solitary  For each linearly polarized state of the solitary laser, op-

laser thresholdand w, is the optical frequency of the soli- tical feedback creates a series of new stationary solutions,

tary laser at the lasing threshold in the absence of lineawhich are analogous to the so-called external cavity modes

anisotropies. of conventional lasers with optical feedbaf®7,28. They
The model incorporates the effects of isotropic opticalare of the form

feedback through a delayed term in Eq%) and (2). We . A . _

follow the Lang-Kobayashi approad#0] and consider a E.=E.exfi(ws—wo)tx¢'], N=Nj, n=0, (10)

single reflection in the external cavity is the feedback ‘ .

intensity andr=2L/c is the round-trip time in the extended whereEy, ¢', and N} satisfy for thex-polarized state,

cavity of lengthL.

Usually the two orthogonal linearly polarized steady-state i Ya—ycoswgr . [m—Ng| "
solutions have different optical frequencies, which are asso- ¢ =0, Ng=1+————, E=|—G—| .
ciated with the birefringence of the medium, and different s (11)

gain-to-loss ratios. These effects are modeled by the param-
eters y, and y, . Positive y, gives they-polarized state a and ! is a solution of
lower threshold, andy, leads to a frequency difference of

Yp! 7 between thex- andy polarized states in the absence of 0= wo=aya— ¥p— ¥(a cosw.r+sinwir), (12
gain anisotropies and external feedb&eken y, is positive
the x-polarized state has the lower frequency and for they-polarized state,
Takingn=0, E,=E,=E/2, andy,=v,=0, Egs.(1)—(4)
reduce to the familiar equations for a single-mode A Yat yCOSwiST - NiS 12
polarization-stabilized semiconductor laser with optical feed- ¢'=m/2, Ny=1— — K E'S:( N ) ,
S

back (where N is the difference between the actual carrier
density and the carrier density at transparency

The parametetys models the population equilibration of
the magnetic sublevels due to a variety of complicated mi-
croscopic processes termed spin-flip relaxation processes.
Experimental measurements of spin relaxation times in quan
tum wells[52,53 yield values fory, of the order of 10 ns.
However, such values apply to VCSEL'’s operating at low
temperature; at room temperatusg,is expected to be of the
order of 100 ns! [13].

To study the influence of spin relaxation, we consider two
limiting cases. First, the mathematical limit of very large
(very fast mixing of populations with different spinsvhich

wis— wo=—aYat v~ Y« COSwLT-I- sin wisT). (14

Stationary solutions that correspond to elliptically polar-
ized states also exist. They are of the form

EX: Exei(ws— wO)H—icpx, Ey: Eyei(ws— wo)t+i<py,
N=Ng, n=nq, (15

whereE,, Ey, Ng, ng, os, andAe=¢,— ¢ verify

is equivalent to setting equal to zero in Eqg.1)—(4). One _ n ; _ _

then obtains the following equations in which the two modal KL(Ns= DE#nsEy(sind¢ = a cosAe) ]~ vaEy
amplitudesE, ,E, are coupled to a single carrier population + yE, cosws7=0, (16)
N,

' i k[ a(Ng—1)E,+ngEy(cosA @+ asinAe)]
Ex=K(1+ia)(N=1)Ex—(yativyp) Ext yEx(t—7)e ', .
©) — ¥pEx— YExSiNwsT

. E — , 1
Ey:k(1+ia)(N—1)Ey+('ya+iyp)Ey-}- ')’Ey(t_’i’)e_lon, x(ws (1)0) ( 7)
© K[(Ns—1)Ey+ngEy(sinA o+ a cosA )]+ v,E,

N=—y\[N—p+N(|E2+|EyD)]. 7) + yE, coswsm=0, (18)
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FIG. 1. Polarization switching for increasing injection current. o o ] o
The parameters arg,=0.1ns?, y,=2ns*, andy;=50ns ™. (a) FIG. 2. Polarization switching for increasing injection current

Time-dependent normalized injection currgnt (b),(c) Intensities ~ With ¥,=10ns % All other features are the same as in Fig. 1.

(in arbitrary unit$ of the x- and y-polarized components, respec- )
tively, without feedback(d),(e) Intensities(in arbitrary unit3 of the ~ increased in steps; each new value was held constant for 120

x- andy-polarized components, respectively, with a feedback leveround trips in the external cavity, 360 ns to let transients die

y=0.5GHz. away) The intensities of the linearly and circularly polarized
components of the electric field are defined gg=|E, ,|2,
k[ @(Ng— 1)E,—nE,(cosA p— asinA )] l.=|EL|%
) Under weak feedback levels, the polarization switchings
+¥pEy— vEy SinwgT=E (05— o,), (19  that occur for increasing injection current are similar to those

2 2 . that occur for the VCSEL without feedback, but the values of
— N1+ E+E)) +2nE,Eysinde=0, (200 e injection current at which the polarization switchings oc-
cur are slightly different from those for the solitary laser.
; _ Figure 1 shows polarization switching from tkepolarized
T 2NEE, sind¢=0. @D state to they-polarized state. In the absence of feedbfese
) o . Figs. 1b) and Xc)] for increasing injection current the
The symmetry of these equations implies that two ellipti-y_qarized state loses stability and a state of mixed polariza-
cally polarized states_eX|st with the same _optlcal frequencyign (with a periodic modulation of the intensities of the
s . They have opposite values of, and their values dh¢ |inearly polarized componentappearg9]. For larger injec-
differ by . tion current the system switches to tmpolarized state. For
a feedback levely=0.5 GHz[see Figs. (d) and Xe)] we

Ne sy EZ+E]
YN

Ill. NUMERICAL RESULTS

We solved Eqs(1)—(4) with weak stochastic noise per- 16
turbations added to each of the variabl@g strength 8 o8
=10 “*ns %) and an integration step of 0.5 p&s discussed 0.0
in Ref.[47], in many cases without noise terms no polariza- .02
tion switching is observed The initial conditions are taken 8:(1)
in the x- or y-polarized states of the solitary laser, and the 0.2
parameters chosen in our simulation are the same as in Ref. — 0.1
[9]: «=3, k=300ns?, yy=1ns?! 7=3ns, andw,r 0.0
=6 rad. The parameterg,, v,, vs, 7 andu are free pa- _ g-f
rameters, varied to study the different dynamical regimes. 0.0
Conditions of monostability, bistability, and dynamical insta- 0.2
bility of the laser without feedback were studied in detail in ~ ot ‘
[9]. It was shown there that_ the_ saturable dlspe_r$repre- 00 ""3e0 720 1080 1440 1800 2160
sented by ther facton and birefringence determine the sta- Time (ns)

bility of the linearly polarized states when they have approxi-

mately the same gain-to-loss ratio. Here we study how FIG. 3. Effect of increasing the feedback level. The parameters

optical feedback modifies these conditions. arey,=0.1ns ', y,=6ns*, y,=50ns™, andu=1.05.(a) Time-

dependent feedback levigh GHz).  (b),(c) Intensities(in arbitrary

units) of the x- andy-polarized components when the initial condi-

tions are chosen in thepolarized state of the solitary laser, respec-
Figures 1 and 2 show the effect of weak optical feedbackively. (d),(e) Intensities(in arbitrary units of thex- andy-polarized

on the polarization switching that occurs fps=0.1nstas  components, respectively, when the initial conditions are chosen in

the injection current is increase@he injection current was the y-polarized state of the solitary laser.

A. Dynamics for weak optical feedback
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FIG. 5. As in Fig. 4, but the initial conditions are chosen in the
FIG. 4. Total intensitya), intensities ofx- (b), andy- (c) polar-  y-polarized state of the solitary laser.

ized components, and intensities of the rigtht and left(e) circu-

larly polarized components, averaged over 1(fisRepresentation  in this case in terms of competing states is difficult, since the
on the Poincarephere of the instantaneous intensity. The paramamplitude variables used in the rate equations are the result
eters arey,=—0.1ns*, y,=6ns", ,=50ns*, u=13,andy  of an arbitrary selection of basis states for the electric field.
=50 GHz. Thex- andy-polarized states are stable for the solitary Eyen the basis states that diagonalize the linear terms in the
Ias_er. The initial conditions are chosen in thpolarized state of the |5t equations will not provide an ideal set for the dynamics
solitary laser. because of the nonlinear interactions. Depending on the

. o value of the spin-flip relaxation rate, it can be more conve-
also observe a state of mixed polarization before the polar

- o . ) nient to select linearlyfor large values ofy,) or circularly
Ization SW'tCh”.‘g oceurs. .W'th vyeak feedb_ack there Is a Ioe'(for low values ofy,) polarized basis states. For intermediate
riodic modulation of the intensity of the linearly polarized

tat ) K feedback excit tained intensit dvalues ofyg, the best basis set for a description of the po-
states, since weak feedback excites sustained INtensity MoGtr7 4o, fluctuations, if it exists, probably consists of ellip-

lation as it does in conventional semiconductor lasers. tically polarized states.

Figure 2 shows a switching from thepolarized state to The ellipti . .
: I ptically polarized steady statgsvhich appear
thex-polarized statghere again Figs.(8) and 4c) are for no above the value of the injection current at which the linearly

feedback, and Figs.(@) and Ze) are for feedback When polarized states of the solitary laser lose stabil@y) are

the feedback level isy=0.5 GH.Z'. th_e polarization switch stable in very narrow parameter regions and are easily desta-
occurs at a lower value of the injection current than for thebiIizeol by optical feedback

IasE_r withgutr:‘eedbtﬁck.ﬁ tof i ina the feedback | For moderate feedback we usually find solutions with
Igure 5 shows the eflect of Increasing the feedbac e\/‘31!ime-dependent polarization. Averaging the intensity over 1

whi]e keeping the valu'e of the injection cur'rent constant in %hs (to simulate the finite bandwidth of the detectors used in
region of parameters in which the laser without feedback I$nost experimenis the total and modal intensities of the lin-

bistable. For Figs. @& and 3b), the initial conditions are . : :
: ) . ; early polarized components and of the circularly polarized
chosen in the-polarized state, and for Figs(c3 and 3d) in components fluctuate chaotically.

the y-polarized state. With low feedback the intensity main-
tains its polarization state but fluctuates chaotically. If the
feedback level is increased above a certain value, the output
is not linearly polarized but has two orthogonal linearly po-  For low injection currents £<1.4—1.5) and for moder-
larized components that fluctuate very rapidtitis occurs  ately strong feedback leve(soughly y>30 GH2, different
even in parameter regions where the solitary laser islynamic regimes are found. Each regime exists for a range
monostable The description of the polarization fluctuations of values of y;. For fast spin relaxation(roughly 7y,

B. Dynamics for moderately strong optical feedback
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0.0 ! } I : FIG. 7. Time dependence of the total time-averaged intensity for
2,087 ] parameters y,=0.5ns!,  y,=8ns?'  y,=10ns?,  and
v g;‘ ”“V""V’*;“V'“r‘ }"I "(‘”'Vf ™ ‘"/' s u=1.1. (@ y=30GHz, (b) y=40GHz, andc) y=50 GHz.
A 08 F . As an example, in Figs. 4 and 5 we show the time-
v 04 WWWW averaged total and modal intensitigise intensities were av-
0.0 : ‘ : v eraged over 1 nstaking initial conditions in thex- and

o 1000 2000 3000 4000 5000

Time (ns) y-polarized states of the solitary laser, respectively, and the

polarization state representation of the instantaneous signal
FIG. 6. Time-averaged total intensity, intensities sof and  on the Poincarephere. On the Poincasphere, in the first
y-polarized components, and intensities of the left and right circu-case there seems to be a competition between two elliptically
larly polarized components. The parameters gge=—0.1ns?, polarized states, while in the second case, there seems to be
Yp=4ns?, y;=10ns ', u=13, andy=100 GHz. a competition between an elliptically polarized state and the
y-polarized state.
>40ns 1) the time-averaged total intensity is either constant  For slow spin relaxatiorfroughly ys<40ns?) the total
or approximately constant, depending on the stability of thgime-averaged intensity is not constant but shows abrupt
linearly polarized states of the solitary laser. In this paramdropouts(Fig. 6). When a dropout occurs, the time-averaged
eter region, either one or both of the two linearly polarizedintensitiesl,, 1,, I, andl_ vary in such a way that the
states are stable. When the laser without feedback itotal time-averaged intensity markedly decreases. In between
monostable, the laser with feedback tends to operate on oriBe dropouts, there are anticorrelated variations of the time-
of the stable linearly polarized stationary solutions intro-averaged modal intensities that keep the total time-averaged
duced by the feedbadkhey are the solutions of either Egs. intensity nearly constant.

(11 and (12) or Egs.(13) and (14) with wi5< w,, and the The dropouts in the total intensity present the same strik-
behavior is analogous to that of conventional semiconductoind features as those occurring in conventional semiconduc-
lasers[54]]. tor lasers. They occur suddenly, and are followed by step-

In the parameter regions where the laser without feedbacWise recoveriesthe width of the steps in the recovery phase
is bistable, the dynamics of the laser with feedback depend§ the external cavity round-trip timeThe dropouts become
on the initial conditions. The laser might operate in eitherless frequent and eventually disappear for increasing feed-
one of the stable linearly polarized stationary solutions, or ifPack levels(Fig. 7) or decreasing injection current.
a state with mixed time-dependent polarization. In the latter Underlying the dropouts, there is a fast pulsing behavior
case the intensities of the linearly and circularly polarizedof the total and modal intensities. A dropout is accompanied
components fluctuate very rapidly and there is antiphase dy2y @ brusque increase of the phase delays of the linearly and
namics [55] of the time-averaged modal intensities thatcircularly polarized componentsA ¢, = ¢y (t) = ¢y y(t
makes the total time-averaged intensity nearly constant. —7), A¢.=¢.(t)—¢.(t—7), and then they slowly de-

To characterize the polarization state of the light, we userease back again during the build-up phdsg. 8). There is
the Poincaresphere plot, where for a given pair of field am- an antiphase dynamics of the time-averaged intensities of the
p||tude componentsE, (t)E (t) we ass|gn a pomt on the Ilnearly and C|rcularly polarlzed components before the drop—

Poincaresphere whose coordlnates are out occurs, which reappears during the build-up phase.
While the dynamics for weak feedback described in Sec.
|Ex(t)[?—|E,(1)]? 2 R4EL(HE] (1)] 1A is rather sensitive to the value of the feedback phase
()= [EXOP+]E,(O" y(t)= [ExOP+]E,(O" w,7 (since variations ofw,7 shift the external field from

constructive to destructive interferencthe dynamics of the
2 IM[E,(H)E* (1)] time-averaged intensity dropouts that occur for moderate
— X y feedback is independent of the valuewfr.
[Ex(D]*+]Ey(1)]* The role of 5 in causing(or allowing) the dropouts re-
quires further investigation, but the appearance of dropouts

The points in the Poincarsphere of unit radius are in seems to be a consequence of a reduced stability of the lin-
one-to-one correspondence with the different polarizatiorearly polarized states of the solitary VCSEL. Although in the
states of the laser bearthe south pole represents left- absence of anisotropies the linearly polarized states of the
circular polarization, the north pole represents right-circularsolitary laser are stable for all values ¢f (they become
polarization, the positivex axis representx polarization, marginally stable wheny,—~ [6]), in the presence of
while the negativex axis representg polarizatior). anisotropies, ifys is below a certain value the circularly
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FIG. 8. Time evolution of the modal intensities and of the phase delays during the dropouts. The parameters are as in Fig. 6.

polarized states of the solitary laser fail to phase lock to form E,=k(1+ia)(Nfy—1)E,+ (ya+iy,)E
stable linearly(or elliptically) polarized states. y oy e Iy

In the limiting case ofy,=yy=1ns! [in which each + yEy(t—7)e ', (23
modal amplitudeE.. is coupled to a different population
variable N.. , respectively, but the amplitudes are linearly N=— y[N— u+Nf |EJ2+NT,|E,|?] (24)
mixed by anisotropies as indicated in E¢8) and (9)], the X o
| . andl_ time-averaged intensities show dropouts that areith f=1—g, Ex|2—8xy| Ey|2, f,= l—s{yl Ey|2

generally not simultaneou§igs. 9 and 10 This causes the —e,JEJ% The parameters arey,=—0.1ns y
total time-averaged intensity dropouts to be less pronounced ,* 1 ye=50nst u=1.3 andyz?LOO GHz (the same
(the total time-averaged intensity drops to approximately half, .. Fi’ N ' e

of its value and more irregular.

On the contrary, in the limiting case of very fast spin
relaxation[ys—, which corresponds to integrating Egs.
(5)—(7), i.e., two-mode Lang-Kobayashi equatigns the
presence of birefringence, gain anisotropy, and moderatel
strong feedback usually one of the two linearly polarized
modes wins, and the laser output is consfamtiphase dy-
namics of the time-averaged modal intensities is observed in
the transient evolution to the stable steady $tafthis occurs 08 f Ll A At
for feedback levels for which, when Egd)—(4) are simu- v
lated with the same parameters but with low valuesygof
dropouts are observethe dropouts tend to disappear gs

increases V0.4 Wity A My

It is worth noticing that noisy dropouts are observed in
Egs. (5)—(7), but with lower feedback levels, and they tend A
to disappear as the feedback increases, since usually one of S A AL R
the two linearly polarized modes wins. However, when self- 0.0 ’ ’ ’ ’
and cross-gain saturation terms are included in the rate equa- 2,081 ]
tions (5)—(7), power dropouts occur for moderately strong V04 YT R
feedback, if the coupling is strong enough. Figure 11 shows 0.0 " ‘ ’ ‘
the results of simulating the rate equations, TA/ g-j L ]
NeusaNaN AN ANN
) 00, 1000 2000 3000 4000 5000
Ex=k(1+ia)(Nf,—1)Ex—(yativyp)Ex Time (ns)

g. 6, ande, =&y =&y =¢&,,=&=0.1. The modes
drop out simultaneously, as it occurs in the SFM model with
intermediate values ofs (compare with Fig. B However,

the mechanism that triggers the dropouts seems to be differ-
ent. While in the SFM model it is related with a reduced
gtability of the linearly polarized states of the solitary laser

+yEg(t—T)e @0, (22) FIG. 9. As in Fig. 6 but withy,=1 ns %,
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FIG. 10. As in Fig. 8 but withy;=1 ns™*.

for low values ofy,, in the model of Eqs(22)—(24) itis the  [43] that the statistics of the intensity fluctuations in the LFF
coupling introduced by the nonlinear gain which breaks theegime of conventional semiconductor lasers differs from the
antiphase dynamics and induces dropouts. For the pararmpredictions of the Lang-Kobayashi model. It will be interest-
eters of Fig. 11 and =0 the x-polarized state is the stable ing to compare our results with experimental results of the
solution, but if we gradually increase the valuesofve ob-  statistics of intensity fluctuations in the LFF regime of VC-
serve antiphase dynamics of the time-averaged modal inteiSEL’s (when they become availablen order to determine
sities, until a certain critical value @fabove which dropouts which model(if any) reproduces the experimental finding.

appear. The dropouts become more frequent agreases, For comparison, in Fig. 12 we show the results of simu-
but the time-averaged intensity drops always to the samkating the scalar Lang-Kobayashi equations, where the dy-
value, independent of. namics is governed by a single complex electric field ampli-

Although the mean values of the modal intensities areude and a single population variable=0, E,=E,=E/2,
approximately the same, the fluctuations of the instantaneowend y,=y,=0 in our equations In this case the time-
modal intensities after a dropout are much larger in the SFM

model than in the model of Eq&22)—(24). It was shown in o7
0.6
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FIG. 11. As in Fig. 6, but simulating the rate equatiq@)—
(24 with y,=0.1 nst, Yo=4 ns 1, pn=1.3, y=100GHz, and FIG. 12. Simulation of the single-mode model. The parameters
Exx= Exy= Eyx=&yy=0.1. are y,=v,=0 ns?!, u=1.3, andy=50 GHz.
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' ' ‘ ’ In the four cases studied abovéy;=1ns?, v,

108 i =10ns?, y,=o, and the Lang-Kobayashi equationthe
v 04 r ] effect of noise is to make the dropouts less frequétthe

00 * ‘ ’ ‘ Lang-Kobayashi model this was discussed by Hehhl.
A 08 ]

A [37]). As an example, we show in Figs. 13 and 14 the time-
v 04 WWMM’"NMWMW\ averaged modal intensities, the instantaneous modal intensi-
0.0 ‘ ' ‘ ’ ties, and the phase delay variations during the dropouts, for

» 08 WMWWWW the same parameters as Figs. 6 and 8 and a noise level of
v 04 B=100ns .

0.0 " ‘ " * In the SFM model noise does not modify the mean values
A, 08T ] of the time-averaged intensities, but makes the fluctuations

V04 Ry [ f [l of the instantaneous intensities after a dropout considerably

0.0 * * ‘ ’ smaller(compare the scales of the vertical axis of Figs. 8 and

A 08T ) ] 14). Also, noise often causes more “abrupt” phase delay
AL inanr At sk (et MO A b shifts during the dropouts. There are parameter regions
0.0, 1000 2000 3000 4000 5000 where in the absence of noise no dropouts occur but an-
Time (ns) tiphase dynamics of the time-averaged modal intensities ex-

ist, and in which sufficiently high noise levels break the an-
FIG. 13. Effect of noise in the time-averaged total and modaltiphase dynamics and induce intensity dropo(ite total
intensities. The parameters are as in Fig. 6 and the noise level is 1d0ne-averaged intensity drops to a value that is independent
ns L. of the noise level, but the frequency of the dropouts increases
with the noise level
averaged intensity dropouts are much more irregular than
those that occur when there is antiphase competition of the IV. SUMMARY AND CONCLUSIONS
two components of a vectorial electric field, and for increas-

ing feedback the dropouts become a feature of the transient We have studied in detail the dynamics of a VCSEL op-
to a stationary solution. erating near threshold and with isotropic optical feedback.

Weak feedback levels induce the same instabilities as in con-
ventional polarization-stabilized semiconductor lasers: the
relaxation oscillations become undamped and multiple
To investigate which features of the dynamics are essersteady-state solutions are creatadseries of external cavity
tially due to the mode competition and which might be modes for each linearly polarized state of the solitary laser
noise-induced, we increased the Langevin noise terms of th8ince the optical feedback that we consider is isotropic,
field rate equation&o strengths comparable to the feedbhack weak feedback levels usually do not modify the polarization
and studied how this noise variation modified the dynamicsstate of the laser, which is the same as the solitary laser.

C. Effect of spontaneous emission noise
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FIG. 14. Effect of noise in the time evolution of the modal intensities and of the phase delays during the dropouts. The parameters are
as in Fig. 13.
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However, for moderately strong feedback levels the vecnal cavity modes. In this interpretation a dropout occurs be-
torial degree of freedom of the electric field in VCSEL'’s cause the trajectorfn its attempt to reach a stable stationary
adds new interesting features to the dynamics, which arsolution collides with an antimodéi.e., a saddle stationary
sensitive to the value of the spin-flip relaxation rate. For lowsolution. Our results indicate that in VCSEL's, in which the
and intermediate values gf; the total time-averaged inten- fundamental transverse mode has two orthogonal linearly po-
sity shows randomly occurring sudden dropouts that have thlarized states, the collision with an antimode is not the only
same characteristics as those occurring in conventional lasaerechanism that might induce a dropout. We found situations
diodes. The dropouts tend to disappear for increasipg in which if the intensity of one linearly polarized mode un-
and this seems to be related with the fact that in the presenakergoes a dropout, the intensity of the orthogonal mode fol-
of birefringence and gain anisotropy, one of the two linearlylows it and drops out almost simultaneously. This occurs
polarized states of the solitary laser usually becomes stablehen the two linearly polarized modes interact with each
as vy, increases. If only one of the linearly polarized states isother through a single carrier density while the nonlinear
stable, the laser tends to operate on one of its stable statiogain is important, and when the two modes interact with each
ary solutions; if both states are stable, the laser might operatsther through two carriers densities, while the spin relaxation
in one of these stable stationary solutions, or there might beate takes intermediate values. We have also studied the ef-
antiphase dynamics of the time-averaged modal intensitiekect of noise, showing that noise does not modify the essen-
that makes the total time-averaged intensity nearly constariial features of the dynamics.

(underlying the antiphase dynamics, there is a fast pulsing
behavior of the_ instantaneous moda! intensjties . ACKNOWLEDGMENTS
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