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Theoretical modeling of vertical-cavity surface-emitting lasers with polarized optical feedback
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Vertical-cavity surface-emitting lasers have two preferential polarization states related to the crystal axes of
the quantum wells. In this work, we consider such a laser extended by means of a polarizer inserted in an
external cavity. When the phase of the external-cavity field is modulated, the laser switches from one polar-
ization state to the other. Experimental and theoretical results in which spin interactions are inserted are
presented and discussed. A linear stability analysis is applied to the two linearly polarized stationary states in
the case of structures with small amplitude anisotropies. It shows how the phase of the reinjected field affects
the stability of the mode. Coefficients for gain compression and spontaneous noise are mandatory to obtain
polarization flips in the simulation§S1050-294{®@7)02810-3

PACS numbgs): 42.60.Mi, 42.65-k, 42.55.Px, 42.55.Sa

[. INTRODUCTION work on the same polarization and this is why one can char-
acterize them by the expression “scalar laser.” This anisot-
Polarization properties of laser light have been a topic ofopy could be compensated using an antireflection coated
research since the discovery of the lgdr Until now it has  laser submitted to optical polarized feedbddk]. In fact,
not been used in coherent communication systems becauitere are different origins to anisotropieq(1) the host me-
the polarization state is lost during the propagation along théium (due to macroscopic stress, temperature effects, or gain
fiber. Nevertheless, a polarization-bistable laser diode coul@rofiles, etc), (2) the geometry of the optical waveguid&)
have some advantages over direct bias modulation such & linear microscopic properties of the physical system in-
less power dissipation, a high contrast ratio, or less freteracting with light(optical dipoles, (4) the saturation effect,
quency chirp. Chen and Lii2] have already proposed such and(5) the feedback light or external constraint. In a VC-
a scheme for optical logical gat¢3] which could present SEL, the light is emitted along a direction perpendicular to
better suitability for cascading4] (see Fig. 1 Unfortu-  the junction or to the quantum wells of the gain region. The
nately, components used in this study were not reproducibleanisotropy is very weak and the polarization is along the
Seemingly, identical structures do not always exhibit bistapreferential axe$110] or [110] for components grown on
bility. Later, reliable bistable devices have been pro-(00) substrates. These nearly degenerate orthogonal linearly
duced. (1) Klehr et al.[5] obtained TE-TM modulation up polarized eigenstates lead to a certain randomness in the di-
to 8 GHz with a strained ridge waveguide in InGaAsP InPrection of polarization which is not well defingelong[110]
lasers. (2) Ouchi etal. [6] fabricated bielectrode or[110]) from one component to another. It could be a main
Al,Ga,_,As GaAs distributed feedback lasers with TE-TM drawback as the control of the polarization properties is im-
polarization switching between two longitudinal modes.portant for polarization-sensitive applications. It can also be
Control of the bias current in each electrode enables the pdurned into an advantage if we know how to control it. To
larization state to switch and moreover to tune the lasingum up, VCSELs are lasers with weak anisotropies and able
wavelength. to work on several polarization states. One could thus speak
In these studies, the polarization state was switched b@f vectorial lasers This vectorial nature is the cause of an
changing the bias current. Some researchers proposed otHgtensity noise increasgl7,18 or polarization instabilities
ways to control the TE-TM switching: (1) use of an exter- [19]. Several techniques have been proposed to control the
nal electric field 7] in a tensile-strained quantum-well laser, .
(2) use of a saturable absorbing lay8t, (3) use of injection Optl cal Power
from an external radiatiof®,10], and(4) use of an extended A
cavity [11-13. In this last case, the modulation was A
brought by an electro-optic modulator. Toda, Ogasaware, A
and Ito[ 14] explained this setup by analyzing the net gain of
the two orthogonal modes. Choquetteal. [15] and Pan,
Jiang, and Dagenaj46] proposed to use cruciform vertical- B
cavity laser diodes. One difference between vertical-cavity
surface-emitting lasgivCSEL) and conventional laser struc-
tures rests on their respective anisotropies. The latter gener-
ally have a large anisotropy between the TE and TM modes
because of the asymmetry of the active zone. They always
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FIG. 1. Simple image showing how to modulate a signal using
*Electronic address: besnard@enssat.fr bistability.

1050-2947/97/5@4)/3191(15)/$10.00 56 3191 © 1997 The American Physical Society



3192 BESNARD, ROBERT, CHAR;B, AND STEPHAN 56

VCSEL polarization state. Most of the schemes rely on , I_ (110 planc)
breaking the symmetry in the plane of the quantum wells
during the process of fabricating the laser$i) use of po- P, a 1, (i)

larization properties of VCSELs which depends upon the
gain[20], (2) use of an anisotropic laser mirrf21,22, (3)

use of a misoriented substrd@3], (4) use of an anisotropic —_ M2
gain distribution in[110]-oriented strained quantum-well VCSEL . Mirror
structureg§24], and(5) use of asymmetric structuré®5s,26. Ng;g;’_“g;f;;;fe,
The other way to control the polarization of the laser light
is the polarized optical feedbadPOBP method. Here, one I= — = I H
takes advantage of the weak anisotropy of the VCSELs by Lens Polarizer Py Attenuator P,
breaking the symmetry from the outside. Previous works
have showr{27-3( that in the case of a single-frequency B E—— L ——

laser with weak anisotropies, it is possible to control the ) ) ]
polarization state by changing the phase difference between F!C: 2. Schematic representation of the experimental setup. The
the laser field and the external field. In the case of VCSEL&MOr is mounted on a piezoelectric ceramic. The polargis
this phase can be scanned by changing the external-cavi riented alqng the directio¥, perpendicular to the polarization of
length or the laser frequency. This last parameter can b e laser without feedbackq).
modulated through the bias currguhirp effects.

In Sec. Il we describe our experimental results using asignal along the two eigenaxes of the bare laser.
VCSEL submitted to polarized optical feedback. In Sec. llI
the model introduced if31] is used to understand the effect
of an extended cavity. In order to describe theoretically these
experiments, the vectorial nature of the laser should be taken
into account. Both orthogonal modes with a detailed descrip- V& have summed up the parameter values of the VCSELs
tion of the associated quantum transiticig?,31 are in- N Table I. If the surfacé of the four quantum wells is equal
cluded. In this model, the laser works at line center and© 78.5< 10" *? m? and the thickness of a quantum welhy
anisotropies originating from the gain profile are not takenis equal to 10 nm, then the theoretical currents at transpar-
into account. With these assumptions, in most cases, the®nCyJo and at thresholdy, are given by
are two stationary states which are linearly polarized. We
develop a linear stability analysis of these states in order to e4l oS e4L o,
study the effect of a weak feedback in the case of VCSELsJo=——— No=1.26 mA, ‘]th:_—T Nin=2.75 mA,
The optical feedback can make the laser bistable with the e piTe
optical phase of the external field as the control param-
eter. In Sec. IV numerical investigations indicate that only
one linearly polarized mode will survive in the bistable re-
gime. These results show that the control of polarizatio
state of the laser can be well simulated.

B. Numerical values

wheree is the electron charge angl the internal quantum
efficiency. 7, is relaxation time of the total carrier number.
e carrier density at threshold is then given Ky,=Ng
+ 1 Gy7, where, is the photon lifetime and\, the car-
rier density at transparency. is the confinement factor
Il. EXPERIMENT (=0.05) including the weak thickness of the quantum wells.
Gy, is the differential gaifm®s™!). Some parameters, such
as Henry's factora, were deduced by different measure-
We use commercially available components emitting aiments (linewidth versus bias current, oscillation frequency
850 nm. The devices have one wavelength cavity with foufsersus bias current using modulation techniques, frequency
GaAs quantum wells. Their threshold currents are 2.3-2.%hift versus feedback Strenglmther parameters were re-
mA and operate at a single frequency for normalized biagorted from the literaturé32]. As the polarization state can
currents between 1.0 ad1.8. Commercial drivers are used be controlled, the frequency splitting between orthogonal
for the temperature stabilization and the injection currentmodes is easily measurg80]: it is in the range 10—20 GHz
Modulation of the current was performed by an uhf generatofor our lasers. No switching between the two polarization
when needed. Two Fabry-Re interferometerdone with  states, as described [83] and in[34], is observed in the

10-GHz free spectral rang&SR and a finesse of 150 and |ight-intensity curves. This is in agreement with theoretical
another with variable FSR and a finesse greater thgne&0 results given i 34].

fast oscilloscope, an optical spectrum analyzer, and a rf spec-
trum analyzer allow for signal analysis.

A. Experimental arrangement

Figure 2 shows the experimental arrangement. A polarizer C. Control of the polarization state
P; is inserted in the extended cavity. The feedback light is
polarized along the directionY() perpendicular to the polar- The description of our results has already been given in

ization of the free-running laségmode X). P, controls its  [35]. Feedback phenomena could give rise to numerous ef-
amplitude. A piezoelectric ceramiPZ) can change the fects in conventional lasef86] and this optical perturbation
lengthL of the external cavity. A polarizing cube beam split- is known to affect the laser propertig37,3g. Several stud-
ter P4 and a half-wave plate allow for the detection of theies have been made to understand the dynamics of such
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TABLE I. Parameter values used in the theoretical analysis.

Meaning Parameter Numerical value
Laser cavity length Lqg 1 um

Diameter 10 um

Output coupling laser mirror r,(r,=99.95%) 99.75%

Internal quantum efficiency pi 0.7

Cauvity lifetime Te 26.6 fs

Phase index Ng 3.6

Group index Ng 4

Absorption losses ay 10cm?

Mirror losses apm=(Lg) "t In[(ryr) 7Y 30cm?!

Photon lifetime mp=(Vgay) * 3.3 ps
Differential gain Gy 2.9x10 2 m3st
Confinement factor r 0.05

Carrier density at transparency No 1.75x10%* m~3
Carrier density at threshold Nin=No+ (I'Gy7p) ~* 3.8x10%m™3
Carrier lifetime Te 1ns

Spin relaxation lifetime Ts 10 ps

Linewidth enhancement factor a 3.8
Spontaneous emission factor B 2x10°8

coupled cavitied39,40. Different regimes are defined ac- then driven by partition noise and mode competition. This
cording to the power of the reinjected light. Therefore onechange of behavior can be explained by the transition from
would usually try to design feedback-insensitive lagdfl.  thermal effects towards carrier effects in the current-
In our case, one has to consider the vectorial nature dfrequency transfer functiof3]. In semiconductor lasers, a
VCSELs. The solitary laser oscillates on a single transversedirst plateauthermal banglis in the range 1-100 MHg&ig.
longitudinal mode X) for any value of the injection current. 6 in Ref.[35]). The chirp for static measurements is higher in
The inherent anisotropy of the free-running laser is smallVCSELs (—320 GHz/mA) than in conventional lasefs 3
The laser submitted to the feedback field which is linearlyto —10 GHz/mA). It indicates the major importance of tem-
polarized alongY oscillates alongY or X following the perature effects in VCSEL(greater thermal resistance
phase of this field. Above the thermal band, the chirp is due to the electron-hole
The feedback strength does not need to be strong in orderairs (electronic bangso that in this region, the response is
to compensate for the internal anisotropy. The effective rethe same as the one encountered in conventional lasers. In
flectivity r 5 of the external cavity has been deduced from thethe thermal band, this transfer function explains why a small
measurements of the shift of the optical frequency.is  voltage amplitude could control the polarization as a small
between 102 and a few 1072 in the experiment. It follows value is sufficient to let the phase scan a complete cycle
that the laser oscillates in the first or second region of th¢0:27]. At 1 MHz, this voltage amplitude is as small as
Tkach-Chraplyvy classificatiofd2]. —20.5dBm. On the contrary, in the electronic band, the
The effective losses of the perpendicular matiare de-  chirp is smaller and the modulation depth has to be increased
pendent upon the phageof the external fieldys governs the
interference between the internal laser field and the feedbac

field. When this interference is positive the laser tends to

oscillate with theY polarization. Two control parameters

may be used to comman@=4=nL/\=w7: the lengthL of : 1%

the external cavity29] or the frequency = w/27. Here we

focus on the second method, which is based on the frequencg o] W [ ‘J "L

chirp, linked to a variation of the injection curren. The §= 1] o
laser frequency chirp produces a change in the phase of th= “ ’ N

feedback light A ¢=4m(L/c)Av). Figure 3 shows the cur- & o lﬁ " : - ‘
rent of the VCSEL(upper trace,,) and the output intensities 0 1000 2000
Ix andly as a function of time. The pump parametgris Time (ns)

modulated at 1 MHz. During a scan of the ordermfthere
is a polarization flip andy is complementary tdy . Switch- FIG. 3. Polarization switchings when bias currémpper tracg

ing between theX andY modes has been obtained up t0js modulated at 1 MHz with a modulation depth 6f20.5 dBm.
30-50 MHz depending on the laser component. Above thishe optical power(lower tracé detected alonge is off and on
value, the modulation depth has to be increased so much thaépending on the value of the phase. The complementary signal is
the laser reaches values of the bias current where severaihtained along/. The external cavity length is equal to 5 cm;
transverse modes exifB5]. The polarization switches are =1%.

rb units)
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electron chargey the quantum efficiengy 74(ys=1/7) is
the relaxation time associated with spin relaxatiopn. is

1=172 ﬁs\ 1=-17 the photon density of the righfieft) circular wave. Two
J=172 _< slight modifications(see Appendixes A and)Bhave been

brought to equations of Ref34]. The first one is the intro-

duction of the carrier number at transparemty as the no-
tion of holes has been introduced. The second one is the
insertion of self- and cross-gain-compression coefficients
B+, 0., B_, 6_. We have chosen to name them “gain-
compression” factors instead of “saturation” factors to
make a clear distinction with the saturation parameters usu-

Conduction Band

Valence Band ally defined in gas lasers and which are obtained by the adia-
_ batic elimination of the population inversion variable. These
FIG. 4. Four-level model used in the theory. compression terms are obtained in the scalar case by means

of an exact elimination procedure for the polarizat[dd].

with the consequences a"e?‘.dy mentioned. - They may be derived from theoretical calculatidd$]. In
The duration of the transition from one polarization stategomiconductor lasers. the equation for the carriersthe

to another depends dr, . Typical values are 10-30 ns for a inversion cannot be eliminated so that the saturation is con-
modulation frequency of 1 Mhz. Note that with this method,tained in Eq.(1) without gain-compression terms. In this

the polarization state of the laser can be chosen for any bigs,her the usual symbols for semiconductor lasers have been
current.

used.
Two equations will describe the evolution of the circular
Ill. THEORY componentE . of the field:
In this paper we will focus the theoretical study on the

influence of the external phase on the polarization stability of . E. ] 1
VCSELs. The other parameters will be considered as fixed. E+=— 2_7'p_l(w_ w)Es—(yativp)Ezt 2 I'Gy
A. Two-population model X(1=Bele=0.lz+ia)(NES=NpE., (3

A vectorial analysis of the field and the medium has beenyii,, |E.|2=1., ais the linewidth enhancement factoy, is
detailed in[34]. In this analysis, four levels have been taken,o ph5ton lifetime. It is related to the internak) and
into acc_ount as shown1 in Fig. 4. Transitions between thegfiection lossesdy): 1ry=vga,= (C/Ng)(aa+ ay) Where
conduction band [,=*z) and the heavy-hole band{= o = (1/L,)In(L/ryrp). r1(=99.95%), ro(=99.75%) are
+3) are considered. In a first approximation, the light-noley,e reflectivities of the laser mirrork, is the effective laser-
band is considered out of resonance as the quantum-welbyity length which is different from the geometrical length,
structure lowers its energy. The dipole moment which linkszs one should consider the penetration depth into the Bragg
the sublevels), =3 to 3 (J;= —3 to —3) is coupled with the  reflectors[46]. w is the optical angular frequency resulting
left (right) C|rcularly_ polarlze(_j light. The two systems are from the transition between the two bands, the angular
couplgd through spin relaxa'Flon. As the value of _the assOCifrequency at transparency, is the birefringence ang, the
atgd time constant, (10 p9 lies betwger) the carrier relax- anisotropic amplitude loss. #{—ay,) is the frequency
ation time 75 (1 n9 and the photon lifetimer, (3 p3, the  gyjitting between th&- ([110] or [110]) andy-polarized so-
equation for the population difference between the sublevelg ions [34]. As has been shown if84] for a free-running
with qpposite vaIue.oﬂZ cannot be adiabatically eliminatgd. laser, many of the interesting phenomena of polarization
The right and left C|rc_ular flelc_js are couplgd to the med'umswitching can be explained as a consequence of birefrin-
through the total carrier density and the differenceS be-  gence and saturable dispersion. Conditions of bistability,
tween the carrier densities with positive and negative valueg,onostability, and dynamical instabilities have been demon-
of J,. At line center these carrier density variables obey thestrate({34] for the free-running laser. In our experimetite

following equations: solitary laser is monostabl®r one component, the polariza-
tion is locked onto a main axis by the anisotropy due to a
dN N residual stress. The saturable dispersion maintains emission
G- P- . IGN(1=B-1-=6_1)(N=S=No)l - onto one of the linear polarized states. The components have
a small(often negligible gain anisotropy together with the
—TGnN(1=B414 =011 )(N+S=Ng)l ;, (1)  residual birefringenc&n which causes the two linear polar-
izations to have different frequencies. Typically, the splitting
ds S is 12 GHz (between 10 and 13 Ghizwhich givesAn=7
TS +I'GN(1—-B_1_—6_1 ) (N=S—Np)l _ X 10" ° or y,=37.5 GHz(between 31.4 and 41 GWif the
s amplitude anisotropy is taken equal to zero. However, the
—TGpN(1— B4l — 0,1 ) (N+S—Np)l ;. (2)  study will be devoted to the whole range of phase anisotro-

pies. The different causes of the anisotropies are taken into
P is the pump rate per unit volum@ = »J/ed with J the  account: the macroscopic host through its dichroism and bi-
bias-current densityd the thickness of the active zorethe  refringence(which will be represented, respectively, by
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and y,), the microscopic medium through the spin interac- I oefis
tion variable S, the compression of the gaifonly in the E: In _

: ; : 1 2 1 [roe By —12E,
numerical simulationsthrough 8., 6., and the feedback — " A~ ; E _IE
as developed in the next section. e\ g In( Zeﬁ‘) FaTe \T2eft-E=-"T2E-

Iz
B. Modeling the external cavity _ i M e_i“”( E,(t— 7')).
The extended cavity is taken into account by replacing the e - E_(t—7)

scalar reflectivityr, of the output laser mirror by an equiva-
lent reflectivity T o [47]. Due to the vectorial nature of the
problem, T . is no longer a scalar symbol but becomes a

Then Eq.(3) becomes

vector: . 1 .
Eizz I'Gy(1+ia)(NE=S—Ny)E-
+ o
Feeis B+ | [Ex n—1 1
(rZeff—E—) —I’z( E—) +r2xnzl ( r2r3) - E FGN(,Btl =t eil I)(Nis_ No)Et
. E . (t—n7)
no—inwr| —+t X .
S ] @ ~(at iy Ext — MLE.(t-re "
Cc
— . _ . . . _ X .
whgre r=2L/c is the rn?uncd tl’.lp time,L is the gxternal + D CLEL(t—r)eier, ©6)
cavity length, andM = (. * ) is the Jones matrik48] of e

e here, when the snisaropies are discrded, th carer cen-
field. We have assumed that the output mirror and the exters-Ity and the angular frequency become at threshold
nal mirror (reflectivity r3) are isotropic and thatX
=(r3/r2)(1—r§)=0.0053. For simplicity, diffraction
losses are included in;. The second matrix term in E4)
represents the total anisotropy induced by the external cavity.
Its Hermitian part is associated with amplitude losses and its

anti-Hermitian part with lineaKbirefringence and circular 0= wy=w+ @ I'Gp(Ngy—Ng) = w,+ @
2

N=Ngu=Np+ and

FGNTp

phase anisotropie@ircular dichroism. 27,

After one round-trip, the matrix for aX polarizer is in _ ) )
the x,y basis: § 9), whereas in the circular basig} 1).  The differencew,—w;=a/27, is the frequency shift from
We will take in the following aY polarizer and thus transparency(the medium does not absorb Bt=No) to

threshold. This definition gives a reference frequency equal
to zero at threshold, as we assume that above it, the carrier
( 1 — 1) density and the laser frequency are clamped atN,, and at
w=wq.

. . I ) C. Linear stability analysis
The equivalent reflectivity will give rise to two complex

photon lifetimes, one for each polarized mode: 1. Solutions without feedback

We will look for stationary solutions for the field of the
form E.=e,e(®=1*¢) with Aw,=w.—w,. Stationary
1 2 n(ﬂ) values for Egs(1), (2), and(6) are denotedN,, S;, wg, and
e. . A stationary solution will implyw,=w_=wg with
(5)  Aw.=Aw,the deviation from the optical angular frequency
wqg. The possibility of solutions with two frequencies has
In Eq. (3), the following term becomes been discussed if84]. In this analysis, we will ignore the
gain-compression terms. In the absence of gain anisotropy
and feedback, solutions are written for the carrier densities
E. E. E. |n<r29ﬁ+) and the field:

1
— =y
Tpi 9

1 | 1
J’_ —_
*a T Ly n M1l oefix

27p - 27y T¢ ro
2y, 27,
. _ Ni=Np+ == NI=Np— ==, S=0,
In this study|X||<107° and |r,rsMee '@7|<5x 1072 so T TGy sT TGy S
thatonly one round-trip term will be considerelth(r e+ /1)
may be expanded into, /r,—1 as long asE, (_(t—17) P_N./r
S e

are of the same order of magnitude as the delayed terms 2= S '°
E.(t), E_(1): = 2I'GN(Ns—No)
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for the angley and the difference frequency: AwiT= 0 T— woT=— ypT+ ay,T, (12)

X_ X_ X -
©*=0, Awi=wi—wo=—yptay, y y
AwitT=wiT— wgT

for x-linear polarized light(first solutionx), ;
= YpT— @y,7— X o V1+a? sifw{7+A tana)].

C

oY'=m2, Awl=y,—ay,

(13
for y-linear polarized ligh{second solutiory). Two ellip-
tical solutions could existsee Appendix € ~ From Egs.(10)—(13), one can see that only the gain and
In the following, we will analyze the stability of the lin- phase conditions on modéare affected because the optical

early polarized modes with weak polarized feedback. feedback is applied to this mode.
Equation(13) is similar to the usual one obtained for con-
2. Linearly polarized solutions with polarized optical feedback yentional lasers with optical feedbafB9]. Modes and anti-

If the polarizer makes an anglewith respect to the laser mModes are obtained. The frequency separation between two
axes (0% #<90°), thenc.#c_ andn.#0, e, #e. The Stationary solutions ix/4L [39]. They are located on an
stability of elliptical solutions should be studied. This last €llipse along the gain versus frequency chart:
case is not trivial as one should find the phase condition from
coupled nonlinear equations. Recall that in this study [ “

=m,=m_=3andc,=c_=—3 (or 3) for the matrix ele- 5

ments in Eq(6). The diagonal termm modify the gain and
the frequency of the stationary solutions and the cross terms
c, affect theanisotropy of the linearly polarizednodes. with AG(X)=T'G\(Ns—Ny) +27,, Aw(X)=ws— wy— vy
They can be taken away by introducing a new amplitude+ avy,.
anisotropy: Only the solutions on the lower part of the ellipse, which
are called modes, are staljg9]. They are separated by the
X free spectral range of the passive external casfigy.. In the
Ya= Ya— — C4 COS wqT) (7)  case of an extended cavity with a quarter-wavelength plate
Tc (ECQW), one could observe Fabry-¢ spectra with
external-cavity modes separateddifl [49]. As a matter of
fact, the FSR between stable modes is alwezt in this
case, but along new eigenaxes of the coupled cavity. The

5 Aw(X)

C

AG(X)1? 2 [X\?
000~ 2ae00 (4] as

and a phase anisotropy

, X ) c/4L range comes from the beating between two differently
7b:7b+7-_cc+ sin(ws7), ® polarized combs of modep49] as already demonstrated
theoretically[50].
where the stationary phase,r may have different expres- Equation(13) indicates that the frequency shifts when op-
sions w7, wYr for the x andy modes as shown in the tical feedback is applied. This shift is extremely useful as it
following. These terms are now frequency dependent. allows for the measurement of feedback strengths. The last

With this slight modification brought by polarized optical term in Eq.(13) is responsible for this shift. Its amplitude is
feedback, one can write the new stationary solutions for thavritten C: = X(7/7,) 1+ a?=54.6.r; whenL is expressed
two polarizations«(¢*=0) andy(¢Y=/2). The stationary in cm. It has been demonstratptD] that only one external-
spin carrier densityS is equal to zero. The intensity has the cavity mode is the solution if C=X(7/7;)y1+ a?
same form as in the preceding section: =54.6.(cm)rz<1. The number of solutions of the phase

Eq. (13), is given by value ofC. For instance, to have one
P—N./7 solution, ifL is equal to 3 cmr; has to be lower than 6.1
@2=—_ ¢ (99 X103 if L=15cm, r3<1.2x10 3 One should keep in
~ 2I'Gn(Ns—No) mind that a VCSEL has a very short cavigy few microme-

. . . ._ters long with high reflectord51] so that the feedback rate
Two conditions will be obtained for the phase and the ga'n(proportional to the ratio “power transmitivity” over “the

The gain condition gives the value of the stationary Camerlaser-cavity length? is usually the same as in conventional

densityNs: lasers(with lower reflectivities but with longer laser cavijty
It explains why the shorter the cavity is, the more stable
the system is. In the POF case, if one wants to avoid insta-
F_GN Ya, (10) bilities due to feedback, one tries to get one or very few
external-cavity modes, by controlling the feedback strength.
One or three modes are obtaineddf4.6 (r;=2.8% if
_ L=23 cm) [40]. This last condition has always been checked
Ns=Nun- I"_GN Yat T_c COS(ng))' 1D in the experiment. The linear stability analysis will be per-
formed for C<1, a condition for which only a single
The phase condition is also written for each mode: external-cavity mode is stable.

N§=Nin+
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Amplitude Anisotropy 311:/4 n/f Amplitude Anisotropy Y,=0;)1 o(;-lz
3.0 - . —v—L y=-0.1GHz w2 | 0 1, =0.
= 1 LY ¥ =0GHz - 30 /T
- —+— L. ¥'=0.1GHz
R 250 + oy kS X stable
g X unstable & 2501 S/ '
. X unstabl
2 20r C 20" AN " Y unstable
.§ Y unstablg, § \ ARLZ
= 151 X stable g 150
> 10 : . . ) . p— g L
0 5 10 !5 20 25 30 Z 1.0 . . ) Y |
Phase Anisotropy vy, (GHz) 0 10 20 30 40

Phase Anisotropy v, (GHz)

FIG. 5. Stability diagram for thex-polarized andy-polarized S . .
mode in the steady state approximation. Shpolarized mode is FIG._6. Stability cilagram with feedback for (in‘ferent values of
stable under the straight line which almost does not depend on tht € siatt;ﬁ_r:aré/_ phas«as_r (f:om ?:ﬁ ml8). Whgnal’:S.T:;/z’ 3ml2,
amplitude anisotropiedor low anisotropy| y,| <0.4 Gh2. The sta- € stability diagram IS almost the same as In Fg. ».

bility of the y-polarized mode is greatly dependent on the value of  \ye first recall the stability analysis without feedback. The

the amplitude anisotropy. results are shown in Fig. 5 for three values of the amplitude
anisotropy, in the normalized currefji)-phase anisotropy
3. Linear stability analysis (¥p) chart as proposed by Martin-Regalaeial. [34]. The

) ) ) scale of the phase anisotropy is linear and the normalized

A small complex perturbatior..(t) is applied to each cyrrent is defined ag = P/Py, with respect to the pump at
stationary solution and the perturbed fields are W”ttenﬁhresholdPth= N/ 7e .
E.(t)=[e. +a.(t)]e/®s*¢). The perturbed variables are [ inesl andL, in Fig. 5 border the stability region of the
written, with A, 6, N=Ns+A, S=Ss+ 6. The new linear x and y modes: they are giverisee Appendix for the
system is decoupled into two sets of three equati®e® x-polarized mode by Lyapounov exponents which are real,
Appendix E and34]) and has solutions of the form. (t)  and for they-polarized mode by the real part of Lyapounov
=a. e, A()=AyeM, 5(t)=30eM. A first set will give  exponents which are complex conjugate. Setting the real part
the stability of a polarized solution with respect to the sameof these exponents to zero, the equationdforL, give the
polarization. In this first set, the equation for the state with-pump paramete as a complex function of the laser
out feedbackx for #/=0° ory for 0=90°) gives a solution (va,¥p,a,...) [and in our case of feedback parameters
which is always stabléas it is similar to the equation for a (X,7)]. Itis this function which allows us to draw the border
single-frequency and monopolarized free-running lasgite  between stable and unstable regions in Figs. 5 and 6.
other state is subject to optical feedback. Its stability depends We can divide this phase diagram into four regions. For
on the feedback conditions. The equations are the same a@gample, at the leftright) of the L, curve, modey is stable
those for scalar lasers with feedback and a similar analysigunstablg. At the left (right) of the L, curve, modex is
could be done. The conditions of our study are taken to be imnstablestablg. One sees that foy,= 15 GHz, both modes
the first feedback regime such that only one external-cavityre stable ify,=0.1 GHz andu<1.5. For the same values,
mode is stable and able to oscillat€<€1). However, for modex is stable and modg unstable ify,<0. For higher
relatively strong feedback, one has to keep in mind that th&alues of the phase anisotropy(>25 GHz), only the mode
stability of different external-cavity modes should be ana-x is stable.
lyzed. Within our conditions, the first set of equations is When an optical feedback is applied along hhexis of
always stable. The stability is then determined by the seconthe laser, we obtain new expression for the border lines
set which describes the interaction between orthogonal,,L, .
modes, due to optical feedback and spin relaxation coupling. For thex-polarized modeP is given by

Te
s
2

(N5—No) +

X )\
2vp— o Sin(wg7)
Cc

X
2y,+ — coq wg7)
X Te

X
2vp— o Sin(wgT)
Cc

(15

X X 2
FGN(NE—NO) Z(a'yb-i-'ya)-l—T—[COSw;T)—a Sin(wgr)])—[(Z'ya-l—T—Cos(wéT)) +

with NE=Ny+ 27, /TGy, Awim= 07— 0o7= — ypTAwiT= 0y7— 0o7= — Yo7+ ay,7 [relations(10) and (12)].
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For they-polarized modeP is given in a second-order polynomial expression:

Gn 1 vy X ) 1 vy X
(NI=No)y| =+ =+2(ya—ayp) + — [cog wir) + a sinwlr)]| +2| —+ = || 2y,+ — coq w]7)
c Ts Tc Tc Ts Tc Tc
1y X X 2 X 2
X| =+ =42 2y,+ — cogwlr) | |+2|| 2y,+ — cod wl7) | +| —2y,+ — sin(wiT)
Ts Tc Tc Tc Tc
X
X| 2y.+ - cos(aﬁs’r)) =0, (16)
Cc
|
with y=(P—NY)/(NY—Ny) and relationg11) and (13). this factor is equal to zero and the lines are close to those

Expressions(15) and (16) enable us to dravi,,L, in obtained without feedbackcompare with thel, line ob-
different charts(u— vy, u— wst, u—wo7 OF r3—wer) as  tained without feedback fory,=0.1 GHz in Fig. 5. For
one has to find roots of a polynomial of order varying from 1 @s7=0, 7m/4, and m/4, and cosgs7) is positive and the
to 3(3 if X is the variablg These separatrixes are frequency effect of POF will be equivalent to a greater internal ampli-
dependent and will change with the phase of the feedbaciide anisotropy. Fotwsr=3/4, 5m/4, and m, cosfr) is
light. In the first example, we will takey,=0.1 GHz, v, negative and the total effect of amplitude anisotropy and
=15 GHz or higher. Without feedback, the amplitude anisot-POF will be similar to a case where the amplitude anisotropy
ropy will yield a gain difference at threshold for modeand  7a IS negative(see the. line obtained fory,= —0.1 GHz in
y, which is 4y, /TGy (=0.073%Ny, if y,=0.1 GH2. Fig. 5. Similar diagrams have been obtained for negative

In the second example, we will take a stronger amplitude@mplitude anisotropy. Thus when the stationary phase is
anisotropy y,=—4 GHz and weak phase anisotropy, modulat_ed, th_e stablllty lines will move according to the rep-
=0.2 GHz. resentation given in Fig. 6.
When optical feedback is applied, both phase and amplitude It is then convenient to give the stability diagram in the
anisotropies are modified, leading to a change in the stabilitghart normalized current-stationary phase as shown in Fig. 7
diagram given in Fig. 5. for different values of the phase anisotropy. Modés un-

(1) Weak amplitude anisotropies This study is devoted Stable between two lines which are symmetric to each other
to the influence of the spin interaction on polarization prop-arounds. In other words, as the system is periodic and sym-

erties of VCSELs under external feedback at line center, fofetric with the stationary phagequations for the stability
weak amplitude anisotropies. contain only expressions of the fore'*®), the calculations

The amplitude anisotropy,, as long as it remains small could be limited to values of the phase between O anthe
(<1 GHz), has mainly an influence on the stability of the full chartis obtal.ned by mirroring the restnctgd dlagra.m yvlth
modey (Fig. 5. When it is equal to zerd,, is almost a respect to the linass7=. If the phase anisotropy is in-
vertical straight line(at y,=1/2a 7, see Appendix E For ~ creased, the domain of stability of mogein the chartu
positive amplitude anisotropy, bistable operation could exist™ @s7 Will shrink as the operating point moves away from
for low current. But if the amplitude anisotropy is taken asthe modulated., line (as can be seen in Fig).6-or com-
positive and small, one can consider that only one mode igarison, curves are drawn fof, =15 GHz andy, =30 GHz
stable for high birefringencex25 GHz). _

We can give many representations of the effect of polar- ¥~ 0-005 v, 15 Ghz
ized feedback on the stability of each polarized mode. We = 7,=20 Gl
will first focus on the influence of the external phase. Figure 1.6
6 sums up the influence of optical feedback in the same 3
parameter representation— vy, as in Fig. 5. The stationary
phaseds= w7 which is related to the phasg= wqr of the
external feedback light, will change the stability of the po-

N

g

3 14

=
larized modes, as shown fog=0.005, y,=0.1 GHz. Sev- &

3

g

A~

)

Z,

Y Unstable, 7, 30 Ghz

eral curves forL, andL, are drawn in Fig. 6 forps= w{r 1.2

=n/4 with 0<n<7. Curves labeletl, are very well sepa-
rated, showing a strong influence of the phase on the stabilit

of y modes. Curves labeled, remain straight lines with a : 0.0 1.0 2.0

small shift. The effect of feedback is similar to the effect of Stationary Phase o t (units of m)

the amplitude anisotropy so that the stability of the s

x-polarized mode is slightly affected. This effect can be un-  FIG. 7. Stability diagram with feedback in the phase-bias cur-
derstood if, as outlined in the following, the feedback effectrent chart for different values of the birefringence and of the am-
is taken proportional to cos(r). When wgr=7/2, 37/2, plitude anisotropy(y,=0.1 GHz; y,= —0.1 GH32. r3=0.5%.
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amplitude anisotropy is positive, so that when the optical
feedback is applied, the excursion for the phase has to be
shorter to reach the stable region.

In summary, Fig. 7 shows the stability diagram drawn in
the plane f,ws7). However, in the experiment, the control
parameter is the phase of the external-cavity figld wqr
and notwg7. Stability diagrams can be easily sketched in the
plane (u,wy7) because the stationary phaser is a func-
tion of the phasev,r of the external-cavity field, as a solu-
051 tion of the transcendental equatigh3). Figure 8 gives a
. L L classical representation obY7T— woT Versus wor. it
0.0 0.5 Lo 15 2.0 — woT remains single valued as long as the feedback strength

Phase o 7 (units of 27) is weak (C<1). For higher values, the stationary phase
© could be multivalued. In any case, the stationary phase is a

FIG. 8. Stationary phase versus external-cavity phase for thremonlinear function of the phase of the external-cavity field.

values ofC. woT= 7 IS no longer a mirror point and as shown in Fig. 9,
the dependency on the external phasgr will break the

with y,= —0.1 GHz. For instance, if we look at the two sets symmetry aroundy7= 7. In Fig. 9a), the scale for normal-

of curves fory,= 15 GHz, the stability domain of modeis  ized current has been enlarged in order to see the curve sepa-

smaller wheny,= —0.1 GHz than whery,= 0.1 GHz. Con- rating the stability regions of the-polarized mode. It is al-

sidering the case without feedback in Fig. 5 and fixing anmost a straight horizontal line gi=2.4. Under this line

operating point at 25 GHz, 1.5 in this chart show that thismodex is stable. Other curves crossing the phase axis in Fig.

operating point is closer from the stability line when the 9(a) and all curves in Figs. (®)—9(d) are stability lines for

0.5

0.0

(1)

(ms- ® )t (units of 2 )

1,=15GHz =-0.1 GHz Lo O p=11
r =5x10-3 _ A
3.00 - 3 " 5 0005 i p=12
= X =
3 /r3 4X1%3 Fl’lsta [ < wz/ .% 0.004 | ; . p= 1.3
3 3 : + u=14
S 37 S 0.003] H )
& > VAN - . u=15
S 2.00f r=3x10-3 Y Unstabl a 3
~ nstable = 0.002f \_/ﬁ
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%’ 3 / ™~ 8 o001l mj Y Unstable
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2 100 r3_1.|5/x_1}3\ I 1 L § 0.000 L L L I )
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S 10003 : . : : 2 0.000
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FIG. 9. Stability diagram with feedback in the optical phase-bias current ch@tfor different values of ; with y,= —0.1 Ghz, y,
=15Ghz,u=1.3. (b) For different values of ;=0.1 Ghz,y,= 15 Ghz,u=1.3. In the phase-external reflectivity chariic) for different
values of the bias current with,= — 0.1 Ghz, y,= 15 Ghz.(d) For different values of the bias current with=0.1 Ghz, y,=15 Ghz.
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modey. Then thex-polarized mode always remains stable ertheless recall that in this analysis, the stability of the mode
for the experimental range @f (<1.8). Note that in Fig. 7, Y is influenced by the interaction with the mogethrough
theL, curve is not seen as it is located at higher values of théhe parametes. o

normalized current. However, for lower values of the birefringenag, and

Figures 9a) and 9b) show for several values of the feed- strorlng _ argplitudde hanisotro_%ya', dthe stazil'ityhof the
back strengtlr; the lines separating the stability region of x-polarized mode changes. This Is discussed in the next para-

. raph.
modey. The feedback strength should be high enough to bg 2) Strona amplitude anisotronies.n this paragraph we
able to change the stability of mode For highrs, the @ g ampitd ! ples IS paragrapn w

e : ] will discuss the influence of a high amplitude anisotrogy
stability linesL, are almost straight lines located @2, (=1 GHz) on the stability properties. Change of stability
3m/2. In this case, the exact positions are dependent only ogould be observed fory, equal to a few-GHz andy,

the amplitude anisotropy. One should stress the very differ=36 GHz. In this case one has to increase the value of the
ent stability diagram when the sign of the amplitude anisot-external-mirror reflectivity ; to a few percent to compensate
ropy is changedcompare Figs. @ and 9b)]. Then the for the higher value of the amplitude anisotropy. The analy-
modey is stable for low values of the bias current as ex-Sis remains correct as long as the feedback is weak (
pected (Fig. 5, yp,=15 GHz, y,=0.1 GHz). In Figs. &) <1). If the birefringence is low {1 GHz) andy, equal to
and 4d), the lines separating thg-stability regions are & féw-GHz, it is possible to change the stability of both
drawn in the plandexternal-cavity reflectivity s, phase of modes when the effective reflectivity is increased to a few

o ; ; percent (for instance: y,=—3.1 GHz and y,=0.1 GHz;
the external-cavity f'el(.i"OT)' When the amplitude anisot- r,=0.03. Results given by Eq8) indicate that in this case,
ropy is positive (negative and if the bias current is in-

e ) the system could cross the stability ling=0 GHz. Then
creased, the external reflectivity at which the mgdée-  he stability ofx andy modes is interchanged. Note that in
comes stable decreasédcreasetl This property gives an  thjs case, the stability foy (y,<0) could be given by real
easy way to characterize the sign of the amplitude anisotyapounov exponents.
ropy.

For stronger feedback regime€% 1), the switching is _ .
dependent on the initial mode and bistable behavior between We used standard algorith(@eay to integrate the system

external-cavity modes could be obsen(&@] as outlined in  of EGs. (1), (2), and (6) with noise. In order to ensure a
the next section and observed in the experiment. temporal Gaussian distribution of the spontaneous field, a

We may question whether the stability is mainly influ- time step of 10 ps was taken. The gain-compression coeffi-

nced b in effects or dispersion properti f the materi ientsB-,6. in Eq. (6) are needed to describe the experi-
enced by ga ’e €Cts or dispersion properties ot the matefiag, o \when these terms are omitted, the signal becomes ex-
Taking Henry’s coefficientr equal to zero will have a ten-

) ) tremely noisy when there is a polarization switching. We
dency .to severely ;hrlnk the unstable domain of thegok B.=B_=6,=60_=103m3 The values of self-
y-polarized mode as in this case both modes are stable feind cross-gain-compression coefficients are not important in
the bare cavity. We mentioned that optical feedback could bénhe case of external cavity with quarter-wavelength plag
taken into account by considering new birefringence and amas the feedback strength is strong, while they will favor or
plitude anisotropyrelations(7) and(8)]. If we consider that annihilate the modulation of the polarization state in the POF
the birefringence is not influenced by optical feedback and ifase. It is not surprising that those parameters could even
we sety, =1y, in all the characteristic equations, all results have an effect on the stability of the polarized mog&3].

presented up to now will remain essentially the same. "further investigations will be necessary to know what the

. . influence of 8,0, . (see Appendix Creally is and to
order words, the stability of modeis mostly affected by the discriminate the role of the spin-interaction variaBldrom

L ' "he one of the gain-compression terms. In all the simulations,
tribution due to feesibacb(h—C is of the order of Q.25 GHz the external-cavity phase is directly modulatetif ;). When
whenrs;=10"° and is of the same order as the internal am-the external-cavity length is varied over a wavelength, the
plitude anisotropy. Changing the external-cavity phase willround-trip time and other parameters remain unchanged. On
change the external-cavity anisotropy, then the total amplithe other hand, when the laser frequency is changed by direct
tude anisotropy, and it will greatly alter thg, line. This is  current modulation, some parameters such as the differential
why in this first example, optical feedback has mainly angain could also be modulated. However, the modulation
influence on amplitude anisotropy and then on thresholddepth is so weak in the experimeft 20.5 dBm at 1 MH}

Both quantities are related to the gain. The difference bethat all parameters may also be considered constant, includ-
tween losses of the two polarized modes ig,4nd should ing the bias current, which is fixed at 1.3.

be compensated for by the frequency-dependent logses No polarization switching is obtained without noise terms.
=2r3C0S(ws7), Which are introduced by optical feedback. This could be the signature of the bistable behavior. When
The sign ofy; is inverted when the phase of the feedbackthere is no spontaneous emission, the system stabilizes either
light moves from/2 to 3w/2. Then, mode/ could become the x-polarized mode or thg-polarized mode after a tran-
stable. This interpretation is confirmed by Figs. 7 and 9sient period. With noise, the two modes are in permanent
Recall that withy,>0, the modey has lower lossefrela-  competition and the system is able to switch to another
tions (10) and(11)] so that it will be easier to make it stable mode. Switching is obtained for positive and negative ampli-
as described by Fig. 5. In fact, the main features of the retude anisotropy. However, switching disappears fgy
sults could be interpreted by the following simple image: the>25 GHz with y,= —0.1 GHz, and fory,>35 GHz with
stronger mode will survive, the weaker mode will die. Nev- y,=0.1 GHz. Figure 1@&) describes the polarization-state

D. Numerical results
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1,32 GHizy, =01 GHz ;=13 6=3.8 ;001 ;=3VIFE: wavelength plate by settin§= 0). At this point, the precise
role of the carrier difference between spin levels and whether
it is important or not is not yet clear. In Figs. @) and
10(b), the normalized coupling parametex 800) between
spin levelsS has been sketched, in order to show that the
spin relaxation is not equal to zero during the polarization
switch.

o/2n=v1

g
=]

@ 06

n

k=3
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IV. CONCLUSION

22
oo

=3
T

7 |

izer in a VCSEL-extended cavity. The control of the internal
200 400

1000 anisotropy with an external anisotropy enables us to com-
mand the polarization state of a VCSEL. The control param-
eter is the phase of the external cavity field. It can be varied
with the external cavity length or the laser frequency. The
chirp effect can be used up to 50 MHz, due to large thermal

Lo effects. For higher frequencies, thermal following is not

’ adiabatic and modulation depths should be increased. Trans-
05 /mm verse modes are excited and partition noise makes the
| switching erratic. One could imagine reaching very high

00 . . 3008 . . modulation frequencies by modulating the external phase us-

- ing electro-optical components based on Kerr or Pockels ef-
fects or by modulating the feedback strength by electro ab-
sorption(via Stark effects in multiple quantum wells
Polarization control with polarized feedback is complex
r=2% to analyze. We have limited our study to the particular situ-
06 ation where the laser emits at line center. The linear stability

ﬂ ﬁ analysis shows that the stability of tlyepolarized mode is
00 600 800

£
[=3

Intensity (arb. units

‘;,.T;e(;“)"” % We have described the main effects of inserting a polar-
600 800

Time (ns)

=

¥, =32 GHz y, =0.1 GHzi,=1.3 0=3.8 r,=0.02 {,=3MHz
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¢/2m

greatly affected when the bare cavity is coupled to an exter-
1000 nal cavity. In fact, a free laser which is monostaéth one
mode and one polarizatiprcould become bistable in polar-
ization when polarized optical feedback is applied. However,
numerical studies show that the insertion of noise and gain-
FIG. 10. Simulation of polarization switchings. Upper graph compression coefficients is necessary to describe the experi-
represents the modulation of the phase at 3 MHz and 300 times tH@entally observed polarization switching. The primary role
variation of the normalized carrier difference between the spin levOf noise is to induce the flip onto the mode with lower losses.
els. It is no longer equal to zero when the laser changes its polaiFhis feature is by far different from the situation encountered
ization. y,=32 GHz,y,=0.1 GHz, »=1.3, and(a) r3=1%, (b) in He-Ne laser$27].
r3=2%. In this last case, several external-cavity modes could exist Future studies will be necessary to clarify the respective
depending on the value of the phase. This trend could explain thinfluence of gain-compression coefficients and spin relax-
noisy trace(see text ation. As one could generate switching when modulating the
optical frequency through chirp in the thermal band, this
control with y,=0.1 GHz, y,=32 GHz, f,=3MHz, = seitlup (Elould tgl\(e fti:]uredprosp_ectls_toﬂ measure]c ?nd thectJretl-
=500 ps L=5cm),r;=1%. In the inset, one sees that the caly characlerize Ihe dynamical infiuence of temperature

intensity of the mode with optical feedbacl)(is slightly [54]

amplified in comparison to the output of moge In agree-

ment with the linear stability analysi&SA), no control of

the polarization is obtained for too low values of the feed-

back strength. Similar results were obtained for shorter cav- e acknowledge the careful reading of Dr. B. Meziane

ity lengths and different values of the anisotropies. and the financial support of France Telecom through Con-
Figure 1@b) illustrates the situation for higher feedback tract Number 93 1B140.

strength(r;=2%, C=3.27) where the transition becomes

noisy. In Fig. 1@a), only one external-cavity mode will op-

erate while in Fig. 1(), three external-cavity modes will  AppENDIX A: INSERTION OF THE CARRIER DENSITY

Intensity (arb. units)

|
200
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exist[49], generating partition noise which will disturb the AT TRANSPARENCY
phase. Another question is to know whether the standard
equations(without inclusion of spin interactionwill give Standard analysif55] (semiclassical analysis, adiabatic

correct results. When the carrier difference between spin levelimination of the polarization, rotating-wave approxima-
els is removed, identical results are obtaifhe results were tion) yields the following set for the fieldS.. (Z.. the inten-
also obtained for POF and extended cavity with quartersities and the variables,s:
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7.=5 (Yet yn)~10-20 ps*

is the relaxation time for the polarizatiqnoherent term for
the dipole$. w¢,=

the conduction and the valence bangd=p4 is the density
of electrons withJ,=3%, n_;=p_;_, the density of elec-
trons with J,= ;, ny=1—ps3 the density of holes Wlth
J,=3, n_3=1—p_5_5 the density of holes withl,= —

Pij fij=1,-3,.13 IS the generic density matrix elementis the
phase-coupling parametek. is the pump parameteé._ .,
are the gain-compression parameterss the optical angular
frequency andw.=w. Here we have(l..=w,. Summing

over the electron momentum gives the macroscopic vari-

ables:

(A=A+Ap=7nV Jled, 7 is the quantum efficiencyy is

the volume of the active zon€, the thickness of the active

zZone,

1 - - - -
N=_—— > (Neg+N_qg+nge+n_zg),
2V %

1 L . .
S=5v ; (=ngi—ngg+n_1x+n_3p),

and the carrier density at transparendy=(1/2V)Z;1. We

(E.—E,)/% is the frequency associated
with the energy transitionuy,, is the dipole element between
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L GMNES N = S 5 it si-1)E
5 FGN(N=ES—No) +=3v < 25 KMt si—Es
The optical fieldVe/2h £ is written E... The photon

density |E.|? is given byl.=¢Z./2hw. Wheree is the
permittivity.

APPENDIX B: NORMALIZED EQUATIONS

AND SIMPLIFIED MODEL
If we normalize N/Ny—N, S/Ng—n, |e.|?
=(7e/Npntp)l +, tITy—t, u=7P/Ny,, andb=7,M and if
we set b=X7,/7.=0.693, y,7p—Vp, Ee=7p/7e=3.3
X 1073, &=1,/7=0.33,g=TGyNy7,=1.85, 7=1-1/g
=Ngy/Nyu=0. 46 B+(0+:)—(Nn7p/7e) B+(0+), we get
from Egs.(1)—(3)

dN
i~ Celn=N=9g(1-p-s_—6_s,)(N-n—7)s_
—g(1—-B4si =045 )(N+Nn—7)s. ], (B1)
dn
gr - " ENtT &l (1-B-s_—0_s,)(N—n—n)s_
—(1-B4sy—0:s-)(N+n—7p)s,], (B2
. 1 .
er=—(vatir)es+59(l+ia)(Ntn-1e.
1
_Eg(lgist+0tsi)(Nin_7])ei
+b..s.(t—1e ®T+b, ;s (t—7)e e,
(B3)

This system was used in the linear stability analysis and the
numerical studies. This normalized set is equivalent to the
one of Refs[31, 34 whenNy is set equal to 0 and when the
gain-compression terms are removed and with(1/7,) P
=vyu, 12r,= iIrGy—k,
S—n,

vl2ke.=E. :

dN ) )
gt = " Y(IN=p)=y(N=njle_[*= y(N+n)le.[*
dn )
gi= st v(N=mle_[P=y(N+n)le.[?,
e.=—Kei—iwges:—(yatiyy)es+x(1l+ia)(NEn)e. .

APPENDIX C: EXPRESSIONS OF THE ELLIPTICAL
SOLUTIONS

Two elliptical solutions are characterized by the following
stationary values of the dynamical variables when the ampli-
tude anisotropy is not considered: the intensities of the

assume that the gain depends linearly on the carrier densitfield components:
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& = 1 (P—Ng/7.%Ss/75)
©2IGy  (Ns=S—Np)

_ 1 (P—Ng/7e) <1+Ns_ Nth)
2I'Gy (Nyp—=Ng) \"7 S /)7

2_(Ns_Nth)(Ns_NO)(P_Ns/Te)

S [(Njh—Ng)/7s+P—Ng/7] '

the azimuth of the ellipse:

the spin-carrier density:

1 N.—N
tarr2<p>=—sT“‘,

and the frequency difference:

(Ns—Ni)?— S

Ao el O TN N

_ (Nipn=No)[(Ns— Nip)/ 75— (P—Ns/7¢)]
7'pNth[(Nth_ No)/ s+ (P—Ng/7¢)]

The value ofNg is one solution of the third-order equation

( (141 @)TGy(Ng— Nyt S +m, exp—iwsm) —iAwg

[—(vatiyp)+c exp—iwsT)lexp(i2y)

€.

(Ns+Ss—No) 0 )
0 (Ns—Ss—No)

The imaginary part of the determinant of this matrix gives

A wg or the phase condition. The first equation gives té(2

In this paper, the gain-compression terms are ignored.

APPENDIX E: LSA AND CRITICAL VALUES OF THE
PUMP PARAMETER IN THE STABILITY DIAGRAM

A small complex perturbatiom..(t) is applied to each

stationary solution and the perturbed fields are written
E.(t)=[e.+a.(t)]e'®*s=¢) The perturbed variables are A5

written with A, 5:N=Ng+ A, S=S;+ 8. For the linearly po-

larized solutions,y, two systems, which are decoupled, are dt

obtained with
A=a, +a_,

R=a,—a_,

and using the Jacobian matrix

3203

yﬁ[(P— Te) (NthTs O)}

Gy, 2 N
:( 2NTD) (Nth_NO){(P_T_>_

e

(Ns_ Nth)}

Ts

i - M)

e Ts

N
2l p_ S _
P Te)(NS No)]-
The elliptical case is left to a future numerical study.

APPENDIX D:
EQUATIONS FOR THE STATIONARY SOLUTIONS

The intensities are given by
1 (P—Ng/1+Ss/7g)
T 2I'Gy (Ng*=S¢—Np)

e. is the solution of a fourth-order equation. Far, (,e_)
#(0,0), the stationary quantitidd;, S;, w7, are given
by

(1-B.ef—09.e2)el=

[—(yatiyp)tC, exp—iwsT)|exp(—i2y)
1(1+ia)T'Gp(Ng— Nyy—

SJ)+m_ exp(—iwsr)—iAws)

(P—Ng/7e— S5/ 1)

. 0
1 € e+)_0
4 0 (P—Ng/7o+S/7s) |\ €2 :

e’

[
e 0 0 ¢ efesT 0 0
N 0 0 c* |s.+fx] 0 €9 0
dt 1 Ally

—Jjo —Jo —h 0 0 0

X[ Sa(t—7)— Al

c, 0 ¢ e’s™ 0 0

y *

=| 0 ¢ cf |d+| O €= 0

- —is 0 0 0

Jo —Jo

X [X8r(t—7) — X3¢l

with f;z(X/rc)(eric,),h;:(X/TC)(mpTc,) with the
upper sign forx and the lower sign foy.
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while the equation of the second system is written
ci=I'Gn(1+ia)e,, |1=

1+FG 2
T_e NEY |,

(a+ ab)+\|a%+b?

N
c(a2+b2)—FGN(P——s
Te

1
—+FGNei), Co=*2(yativ),

jo= N
Ts +FGN(P—?S —2ac|+A%(c—2a)+A3=0,
. e
jo=3TGn(Ns—No)e, i
;T GN(Ng—No)e, +[ = fX coq wsT)] i
=3 - e Ty, 12 COS wgT) €4 .
27 PN o8 TLE Yam ly BRI IE a=[+2y,+(hye >~ fy)cogwen)],
If 6=m/2,
b=[*2y,—[hve *"—fy]sinws7)],
b X .. ._X [0 polarizationx * )
Vo1 (m,=c-)= 7¢ |1 polarizationy’ ( 1 N (P—Ng/e)
c=|—+———1.
o Ts (Ns—No)
X [1 polarization x
h;:T_c 0 polarizationy’ These equations are solved far Stability diagrams like

those of Ref[34] are obtained. The border separating stable

74 is the dichroism,y, the birefringencel the confinement [Re@)<0] from unstable regiofiRe(\)>0] is obtained by

factor, Gy the differential gain,N, the carrier number at setting Rex)=0. Ny has a small influence on these diagrams

transparencyN;, the carrier number at thresh(‘ﬂd8 the re- and will Sllght'y modlfy the curves which limit the regions of

laxation time of the spin interactiom, the carrier relaxation stability. The critical parameter values for the parameter in

time, « the phase-amplitude factoX/ . the feedback rate, the stability diagram of Re{.34] are given by

m,=m_, c_=c,, respectively, the diagonal and the off- P - v

diagonal coefficients of the associated Jones matrix of the —<_X=14 "% b

external cavity. Pih P 7s [al' GNNw/2— N/ (N —No) ]

One should n_ote that when the feedbackllight is p(_)larized =25 (y,=16 GH2,

alongy (respectivelyx), the componenR which describes

the evolution of small deviations from the stationary solu- P_ Py

tions linearly polarized along is submitted to a delayed P_>P_:1_(

term. The spin relaxation couples both linearly polarized th T

components and delayed terms. Only the y-stability condition is effectively changed by the

The first system gives the following characteristic equa-insertion of the carrier at transparency. The valueygffor
tion: which P, /Py=1 is given by the same value as in Rg¥4]:
vp=1/12a7,=13.15 GHz.7¢ has been taken equal to 10 ps in
(e M —1)fy (P—No/7e) (P— N_S) order to get a quite high value of W2,=13.15 GHz, the
x  (Ng—Np) N limit above which only thex-polarized mode is stable.

According to the linear stability analysis, when there is no

(e M- 1)2]:5 amplitude anisotropy, the laser should operate in the third

X region (x stable regiohin order to get a frequency shift of
10-13 GHz. One could note that for some lasers with differ-

<

NO> Te ( NO) Te
1__ __|_2a, 1__ — i
Ts Nin Tp Yo

(e — 1)f¥

Te

X[cog wsT) — @ SI(wgT) ]|+ A

+FGN( pP— %) —2(e M—1)fy (P=No/7e) ent anisotropies, both modes were stable close to the thresh-
Te x (Ns—Nop) old, which meansy,>0. For higher values of the bias cur-
(P—Ng/7) rent (P/Py,>1.03), only one polarized mode was stable.
X COg wgT) NI\ 2(eM-1) This was not the case for the presented results. For all tested
(Ns—No) components, only one polarized mode was stable above
threshold. FoiP/Py, above 1.5—1.§depending on the com-
X f¥ cog wgr) [+13=0 ponenty, the laser has several transverse modes.
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