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Polarization Properties of Vertical-Cavity
Surface-Emitting Lasers

J. Martin-Regalado, F. Prati, M. San Miguel, and N. B. Abrah&tamber, IEEE

Abstract—Polarization-state selection, polarization-state dy- including complicated behaviors involving both pattern and
namics, and polarization switching of a quantum-well vertical- polarization-state changes.
cavity surface-emitting laser (VCSEL) for the lowest order trans- However, when the injection current is changed near the

verse spatial mode of the laser is explored using a recently , . - . .
developed model that incorporates material birefringence, the 12Sing threshold, variations in the polarization state of the

saturable dispersion characteristic of semiconductor physics, and fundamental Gaussian pattern can be distinguished [1]-{7].
the sensitivity of the transitions in the material to the vector In several experiments, it was found that laser emission on
character of the electric field amplitude. Three features con- the fundamental spatial mode with linear polarization near

tribute to the observed linearly polarized states of emission: . . R
linear birefringence, linear gain o loss anisotropies, and an threshold switched to the orthogonal linear polarization as the

intermediate relaxation rate for imbalances in the populations of CUrrent was increased (e.g., see [5, Fig. 1] and [3, Fig. 2(c)]
the magnetic sublevels. In the absence of either birefringence or in the region of injection current$ < 1.2/;;,). Polarization
saturable_ dispersion,t_he gain or Ios_s ani_sotropies dict_ate stability switching has also been biased or induced by an injected
for the linearly polarized mode with higher net gain; hence, gptical field of a particular polarization state [5]. It is an
switching is only possible if the relative strength of the net gain I tion for th h f polarizati itchi f
for the two modes is reversed. When birefringence and saturable explanation for these _p gnomena Of poiarization _SW' ching 9
dispersion are both present, there are possibilities of bistability, the fundamental longitudinal and transverse spatial modes in
monostrability, and dynamical instability, including switching by = VCSEL's that we explore in this paper.

_destabilization of the mode with the higher gain to |QSS ratio It is genera”y argued that the orientations of |inear|y po-
in favor of the weaker mode. We compare our analytical and 5764 emissions are determined by the crystal axes which

numerical results with recent experimental results on bistability lead to birefri d diff . f flectiviti
and switchings caused by changes in the injection current and €ad to bireiringence and difierences In surrace refiecivities

changes in the intensity of an injected optical signal. [8], [9], though stress-induced birefringence [10], [11] (from
. o . growth processes, electrical contacts, or deliberate damage)
Index Terms—Laser stability, optical injection locking, polar- .. . . -

ization, polarization switching, quantum-well lasers, semiconduc- has also been noted. The birefringence gives different optical
tor lasers, vertical-cavity surface-emitting lasers. frequencies to the emissions with different linear polarizations.
In some cases, the two frequencies are unresolved within
experimental accuracy<2-3 GHz) [3], [4], [12]. In other
cases, the reported splittings are about 10-12 GHz [2], [5], [9]

ONTROL of the polarization state of light emitted fromwhile a wide range (3—22 GHz) has also been reported [8].

vertical-cavity surface-emitting lasers (VCSEL's) is de- Choquetteet al. [10] have recently completed a careful
sired for a number of polarization-sensitive applications. Thgudy of the operation of VCSEL's as the mean of the
development of optical switches and bistable devices basegquencies of the two polarization modes is shifted from one
on two orthogonal linearly polarized states requires sugfde of the gain curve to the other and as the strain-induced
control. Unfortunat6|y, from this pOint of view, emissions fronhnisotropies are varied, Changing both the frequency Sp||tt|ng
VCSEL'’s can be quite complex in both the polarization statghd the gain differences for the modes. These experimental
and transverse mode combination [1]-[9]. Their polarizatiagsults indicate that when the gain differential is large there
Stablllty is much less than that of conventional edge em|tt|r]g Single_mode Operation W|th0ut Switching, Wh||e When the
lasers [9]. As the injection current is increased, there are oftgRin differential is small there are two peaks in the emission
transitions from the lowest order transverse (Gaussian) Mag&sctrum near threshold, and polarization switching of the
to higher order transverse modes (or combinations of modegyminant emission state can be observed. Since the gain is
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density and heating of the material. In addition, the resonanftthe quantum states involved in the material transitions for
frequencies of the longitudinal modes shift with changes in tlnission or absorption. Emission of a quantum of light with
injection current because heating changes the cavity length aigtht (left) circular polarization corresponds to a transition in
changes the index of refraction through changes in the carnehich the projection of the total material angular momentum
number. If the shifting gain profiles and cavity resonanaen the direction of propagation changes by (—1) in units
frequencies lead to an exchange of the relative gain of thé fi. This first ingredient of polarization selection reflects
two modes, then a switching is expected [5], [10]. the material dynamics of the different lasing transitions. The
However, since the reported splittings of the frequencies sécond ingredient is associated with the laser cavity. The
the linearly polarized modes involved in polarization switchanisotropies, geometry, and waveguiding effects of the cavity
ings are in many cases less than 0.5% of the gain bandwidt#gd to a preference for a particular polarization state of the
the gain differentials are often small. We investigate in thiaser light. These two ingredients can compete or be com-
paper the effects of saturable dispersion and birefringence mlementary, their relative importance depending on the type
mode stability and polarization switching when the modes laser. Different atomic gas lasers emit linearly, circularly,
have either the same, or only slightly different, gains. Wer elliptically polarized light, and such polarization states
find conditions under which a laser may select and maintdiave been identified with different atomic or molecular optical
emission on the state of linear polarization which has the lessemsitions [22]-[31]. The effect of cavity anisotropies has also
gain. (A preliminary report of several of these results was prbeen characterized for gas lasers [20].
sented in [15], [16].) Saturable dispersion which can cause thisConventional edge emitting semiconductor lasers usually
counterintuitive result is a natural part of semiconductor lasemit TE linearly polarized light due to the geometrical design
physics, and it is represented by thdéactor in semiconductor of the laser cavity. Special engineering of the geometries,
rate equations [17]-[19] which indicates the dependence of ttedlectivities, or the crystal stresses can favor TM linearly
index of refraction on the carrier number. polarized light. The situation for surface-emitting lasers is
The importance of saturable dispersion to polarizatiomore subtle, since they are found to emit linearly polarized
state selection should be no surprise, since it was clealityht in a direction either randomly oriented in the plane of the
established as a key factor in the polarization-state selectiactive region (perpendicular to the direction of laser emission)
and polarization switchings of single-mode gas lasers. Whileoa with preference for one or the other of two orthogonal
gain differential for linearly polarized emissions clearly plays directions in that plane. For these lasers, both of the ingredients
large role in polarization state selection, studies of third-orddiscussed above should be important. The engineering for
Lamb theories with equal gains for the two linear polarizationmolarization control presently focuses on the modification of
found that birefringence together with saturable dispersithe cavity properties to stabilize a given polarization direction,
is sufficient to explain many of the experimentally observelout a better understanding of the intrinsic mechanisms of
phenomena [20]-[23]. polarization selection may be useful for achieving improved
The outline of the paper is as follows. We first review iror alternative methods of polarization control.
Section Il a model for polarization dynamics in VCSEL’s In view of these considerations, we discuss here a model
based on the angular momentum dependence of the conducf&#] for the polarization dynamics of surface-emitting lasers
and valence bands of the semiconductor. The model incorpahich incorporates the cavity and material properties and
rates birefringence and amplitude anisotropies for two lineanyhich takes fully into account the phase dynamics of the
polarized modes. Section Il describes the polarization statdectric field. In order to describe the angular momentum
predicted by the model and their stability when the gain @dependence of the electron-hole recombination process in a
the same for both modes. Polarization switching phenomesemiconductor, we recall [33] that near the band gap, the
is anticipated by representing domains of stability of thelectron states of the conduction band have a total angular
linearly polarized modes in the parameter space of injectiomomentum quantum numbef = 1/2. The upper valence
current and birefringence in Section V. Switchings found bgands are commonly known as heavy hole and light hole.
numerical integration of the model equations as the injectiétor bulk material, the heavy hole and light hole bands are
current is increased are discussed for particular parameiegenerate at the center of the band gap with a total angular
values. The polarization switching changes when there ar®mmentum quantum numbegr= 3/2. For quantum wells, the
small anisotropies in the gain or loss, and these are considegedntum confinement removes this degeneracy. In the case
in Section V. Section VI presents results for the effectsf unstrained quantum wells, the heavy hole band, which
of the transverse spatial variation of the fundamental mode associated with/, = +3/2, has a higher energy. We
neglected in the previous sections, showing that there are camsider a surface emitting quantum-well laser and we neglect
qualitative differences in the polarization-state selection amdnsitions from the conduction to the light hole band. In this
switching. Finally, Section VII presents results from our modealituation, the quantum allowed transitions are those in which
for polarization switching or dynamical hysteresis induced b&x.J. = +1. We are then left with two allowed transitions
an injected optical signal. between the conduction band and the heavy hole band: the
transition fromJ, = -1/2 to J, = —3/2 is associated
with right circularly polarized light and the transition from
The polarization state of light emitted by a laser depends = 1/2 to J, = 3/2 is associated with left circularly
on two main ingredients. The first is the angular momentupolarized light. In a first approximation to semiconductor

Il. A M ODEL FOR POLARIZATION DYNAMICS IN VCSEL'’s
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’/,_\‘ magnetic sublevels). Several spin relaxation processes for

i ¥s 12 electrons and holes have been identified in semiconductors
% Y % [34]-[38], e.qg., scattering by defects [39], [40], exchange inter-

lE JE+ ¥ actions between electrons and holes [41], and exciton-exciton

exchange interactions [42]. From experimental measurements

32— —-32 [36]-[38] of spin relaxation times in quantum wells, it is
Fig. 1. Four-level model for polarization dynamics in quantu-well VCSEL'sKnOWN thatv;! is of the order of tens of picoseconds. Since
typically y~! ~ 1 ns, andx™! =~ 1 ps [43], [44], the spin
ixing described byy, occurs on an intermediate time scale
Ieetween that of the field decay and that of the total carrier
opulation difference decay. Hence, the dynamica odnnot
e adiabatically eliminated for the time scales of interest here.
In the mathematical limit of very large,, n quickly relaxes

polarization dynamics, we can describe these transitions by
four-level model depicted in Fig. 1. For this model, the naturg
variables for the vector electric field amplitude are the slow
varying amplitudesZ,. of theleft(—) andright(+) circularly

polarized basis states which multiply carrier waves taken to Poezero and one then obtains equations in which the two modal

of the forme™(=~). Maxwell-Bloch equations for coupling amplitudesFE are coupled to a single carrier populatidn
these field variables to the material transitions have beén P * P 9 bop

. . model that is sometimes assumed phenomenologically for
developed [32]. A reduction of those equations leads to the o ; phenome gically
; . : . Ual-polarization semiconductor lasers. This limit corresponds
following model, which can also be written down directly fro

. . a very fast mixing of populations with different spins in
Fig. 1 by general rate equation arguments supplemented with. . . . : -
. . 2 which the spin dynamics can be adiabatically eliminated. On
the introduction of phase dynamics:

the other hand, when, takes on its minimum value given

dEy . . by the radiative lifetime of the carriers (i.e., when = ~)
— =—kFy —iwoF 14+i)(N+n)E 1 ' '
dt by = iwoB + (1 +da)( n) B @) the right and left circularly polarized transitions are decoupled
dN d two sets of independent equations(fBr,, Ny = N +n)
SV N =) —~(N E. 2 —~wN—IE_I12 an p q L, Vy
7 = YW =) =y (N A ) Ey ] =V =) BT 7 (E_.N_ = N —n) emerge.

(2) We next turn to the consideration of the effects of cavity
dn isotropi hich can be modeled in the two equations for the
o n— (N £, 2 N — mIE_I2. 3) anisotropies w q
dt Yo = AN+ )BT 4 R @) time evolution of the field amplitudes by replacing the linear

In the four-level Maxwell-Bloch language, the laser lightoss rates by a matrix whose hermitian part is associated with
field is coupled to two population inversion variablég:is a amplitude losses and whose antihermitian part gives linear and
normalized value of the sum of the upper state populatiofi§cular phase anisotropies (also known as birefringence and
minus the sum of the lower state populations ands a Ccircular dichroism, respectively). For VCSEL's, it is known
normalized value of the difference between the populatidfat there are often two preferred modes of linear polarization
inversions (upper and lower state population differences) #tat coincide with the crystal axes. These two modes have
the two distinct channels with positive or negative values & frequency splitting associated with the birefringence of the
J.. In semiconductor language, the variabferepresents the medium. This can be modeled by a linear phase anisotropy,
total carrier number in excess of its value at transparend@jyen by parametery,, which represents the effect of a
normalized to the value of that excess at the lasing thresholdfferent indexes of refraction for the orthogonal linearly
The variablen represents the difference in the carrier numbep$larized modes. In addition, the two modes may have a
of the two magnetic sublevels normalized in the same way Slightly different gain-to-loss ratio that can be related to the
N. While not immediately evident, there is an important subtRnisotropic gain properties of the crystal [6], [45], the slightly
effect of n on the cross-saturation Coup]ing of the right angif‘ferent position of the frequencies of the modes with respect
left circularly polarized field amplitudes which might seem t&0 the gain versus frequency curve [10], [46], and/or different
interact independently with the two lasing transitions. cavity geometries for the differently polarized modes [2], [47].

Physical parameters of these equations are the following:These effects can be modeled by an amplitude anisotropy with
is the linewidth enhancement factar, = s« is a chosen shift parametery,. We assume here for simplicity that the directions
in the optical carrier frequency that leads to zero frequency féf linear phase and amplitude anisotropy coincide, so that both
the complex field amplitude at the lasing threshold, anig are diagonalized by the same basis states.
the normalized injection current which takes the value 1 atIncorporating the linear phase anisotropy and the linear
the lasing threshold. The model includes several decay rat@giplitude anisotropy in (1) leads to
« is the decay rate of the electric field in the cavity%x is dE4 . .
sometimes called the photon lifetime in the cavity), anis 7 Rl+i)(N £n—1DEx —iypBx —v.Ex (4)
the decay rate of the total carrier numt.)e.r. The excess.in %ﬁile the equations foi' and» remain unchanged.
decay ratey, over~ accounts for the mixing of the carriers The meaning and effect of the parametefsand ~, are

with opposite value ot most clearly displayed when these equations are rewritten in

For our PUrposes, the pa_rametgr can _be understooq astgrms of the orthogonal linear components of the electric field:
a phenomenological modeling of a variety of complicate B +E P g
== i (5)

microscopic processes, which are loosely termed spin-flip E, = , Ey=—i
relaxation processes (actually population equilibration of the V2 V2
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For the z- and §-polarized components the complete moddbr enforcing the observed preference of these lasers for

becomes linearly polarized emission. In the remainder of this paper,
dE, ) we investigate the effects of these physical phenomena and
dt == (8 + %) Ex — i(re+7p) Ep show that many of the interesting polarization switchings
+ 5(1 + i) (NE, + inE,), (6) (elsewhere attributed to gain anisotropies) can be explained
dE, . as a consequence of birefringence and saturable dispersion.
= —(k = va)Ey —i(ka — vp)Ey
+ k(1 +ia)(NE, —inE,), (7 [ll. POLARIZATION STATES AND THEIR
dN STABILITY FOR |SOTROPIC GAIN

=—y[N(1+ |E|* + |E, ) —

dt The model presented in Section Il contains a variety of

+in(EyE; — E- B}, (8) solutions with constant population variables, constant inten-
dn 9 9 sity, and a single optical frequency in their field spectra. We
7 = s =B+ B ) will call these stationary solutions because of their trivial time

+iN(E E, — E.E))]. (9) dependence that corresponds to an optical frequency shift. In
order to obtain the analytical expressions for these solutions,

It is clear here thaty, leads to a frequency difference 2, we write an arbitrary steady state solution as

between thes- andg-polarized solutions (with the-polarized ‘ o

solution having the lower frequency whey), is positive) Ey = QuetlestF)+te N — Ny p=n, (10)
and that~, leads to different thresholds for these linearly ) ) ]

polarized solutions with the-polarized solution having the Where# is an arbitrary phase that can be ignored, or set to
lower threshold wheny, is positive. zero, without loss of generality, and is a relative phase.

The values of these parameters depend critically on VCSEL!N @bsence of anisotropigs, =, = 0) there are linearly
designs, which range from etched posts to buried structurB8larized solutions [32] in which the amplitudes of the two
Both index-guiding and gain-guiding structures have pe&ycularly polarized components are equal and the frequencies

fabricated. We use a generic model and reasonable param@fgr €aual:
values. -1
The eigenstates of the system are linearly polarized (rather Qr = T 0 WS 0. (11)
than circularly or elliptically polarized) because of the cross-
saturation preference exerted through the nontrivial value be relative phase is arbitrary and determines the orienta-
~s. However, the orientation of the linear polarization is ndton of the linear polarization. The projection of the linearly
fixed by the nonlinear field-matter interaction in this modeRolarized field on the: — y basis is given by
Any amount of linear birefringence or linear gain anisotro o e
res{JIting from material or cavig'][y anisotropies (?ind represen?e/d Ep = vp—lcosy, By =yp—lsing. (12)
by nonzero values ofy, and ~,, respectively), restricts the while this solution is susceptible to orientational diffusion due
linearly polarized solutions to one of two specific state® perturbations of the phasg, with respect to amplitude
polarized in thei andj directions. perturbations this state is linearly stable for any finite value of
In the absence of saturable dispers{an= 0) or birefrin- the parameters, but as — oo, it becomes marginally stable
gence(y, = 0), the anisotropic gain fully controls the stabilitywith respect to amplitude fluctuations [32]. This means that the
of these two modes: the mode with the higher gain-to-logigite value of+, for the isotropic case stabilizes the linearly
ratio (which thereby has the lower threshold current) is alwapslarized emission and destabilizes circularly polarized or
stable above its lasing threshold and the orthogonally polarizefiptically polarized emission.
mode is always unstable when the solution exists (abovewhen v, # 0, and when there are no amplitude (gain
a higher threshold value of the current). Without externgk |oss) anisotropiegy, = 0), we obtain four types of
injection of optical signals to excite and enforce operatiogteady-state solutions (see Fig. 2). For each of these solutions,
of the unstable mode and without strong noise perturbatiofie phase anisotropy breaks the rotational invariance of the
to induce temporary switchings to the unstable mode, simpigientation of the field (polarization) vector, that is, the relative
variations of the injection current will not lead to polarizationphases is no longer arbitrary. Two of these types of solu-
state switching unless the gain anisotropy changes sign astibfis have orthogonal linear polarization. We will call these
injection current is varied. Polarization switching will occurstates thei- and j-polarized solutions (modes). For each of
without hysteresis, as the current crosses the value at whigse modes, the circularly polarized components have equal
the gain anisotropy changes sign. amplitudes. The other two types of solutions are elliptically
Semiconductor physics makes the saturable dispersionpefarized for which the circularly polarized components have
the o factor unavoidable. Since birefringence also seems i@equal amplitudes.
be a common feature of VCSEL's, it is important that these The 2 linearly polarized solution [shown in Fig. 2(a)] given
properties be studied in conjunction with the gain anisotropy
for their combined effect on polarization-state selection and
polarization switchings. In addition, the dynamics of the Qs = p—1 =0 (13)

. X ; : — WL =-7
magnetic sublevel populations provides a natural mechanism 2 7 b
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Fig. 2. Steady-state solutions of (6)—(9): (&)polarized, (b)y polarized,

and (c)—(d) elliptically polarized.

corresponds to

E, = V= 16_wpt7

The g-linearly polarized solution [shown in Fig. 2(b)] with

E, =0. (14)

p—=1 J ™
_— w = D= —
2 + Vps 2

Qx = (15)

corresponds to

E, =0,

Ey=\/1n— 1etwt,

(16)

The steady-state values of the total carrier population and
the population difference between the sublevels with opposite

value of the spin for both linearly polarized solutions are

No=1, =no=0. (17)
The two elliptically polarized solutions are given by
1 No—-1
2 —ju-m(1x 1) a9
ng
(No —1)* —nj

Wi =Ko No -1 (29)

N, —
pan (29) = L Y0 =1 (20)

o

The two solutions are distinguished by the two values for the

population differencer, which are given by

(1 = No)(No — 1)No

ng =
¥s/v + 1= No

(21)

769

The value forVy is obtained by
2
o <E +p - No)
v

el (a3
Y Y

. K% +p - No) (No— 1)+ o*(p — NO)N0:|
(22)
but (21) restricts the possible values to those for whiGhis
greater than 1. From (22)y, > 1 requires
Vs Vp
Y(ka = p)
An interesting result is obtained whep = 0, for which each

elliptically polarized solution becomes circularly polarized
light. In this case, we have

w>14 (23)

NO == nog = ZE(NO - 1) (24)

1+ 27
~

where the positive sign yields left circularly polarized light
and the negative sign yields right circularly polarized light.
However, these circularly polarized solutions are unstable for
7 = 0 [32]. In general, fory, # 0, the relationjn| > N — 1
is always satisfied if (23) is verified. The two different ellipti-
cally polarized solutions have the same optical frequency but
different orientations of their polarization ellipses and different
senses of rotation [see Fig. 2(c)]. Elliptically polarized states
have been experimentally found in VCSEL's with applied
longitudinal magnetic fields. The remnant ellipticity for zero
magnetic field is extremely small [48], [49].

In order to study the linear stability of these solutions, we
have used a standard procedure. The stability of a particular
solution is studied by writing this solution as

By = (Qq + ay)c/@EY)
N=Ng+A

n=mng+6 (25)

whereqy is a complex perturbation of the field amplitude, and
A andé are real perturbations related to the carrier variables.

After substituting the perturbed solution given by (25) in
the equations of the model and linearizing to first order in the
perturbation, one obtains the following set of linear coupled
differential equations for4, A, and é:

ar =r(1+i0)(No £ no — Dax —iarar + x(1 + i)
(A £8)Qx —ivpareT¥
A = —y(No +n0)Q1(ar + a}) — ¥(No — no)
Q(a+at) A1+ Q% +Q2)A
— (@5 - QL)
8 = =v(No +n0)Q(at + a}) +v(No = no)
Q-(a—+al) = (@] - Q2)A

— [y + Q% + Q2))8. (26)
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In order to simplify the notation, (26) is written in vectorialpolarized states with arbitrary ellipticity. When, # 0,

form as the zero eigenvalue becomes nonzero, thus stabilizing or
. . destabilizing a given steady state. To determine the eigenvalues
OtA=MA (27) of (30), we set
- . . . . R Ry
where A = (ay,a%,a_,a*,A,6), and M is a6 x 6 matrix R | =R Mt (31)

o

+ A

whose coefficients can be easily derived from (26). The s
eigenvalues oM are determined by a sixth-order polynomial
that has to be solved. The linear stability of a steady staf@e resulting third-order polynomial fox is
solution is given by the real parts of the eigenvalues which
indicate if the solution is stable (wheRe()\)<0 for all P\ =X + <E + - 1) 2
A) or unstable (wherRe(A) >0 for at least one\), while i
the imaginary part of\, when it exists, gives a frequency 25(#— N +4<’y_p>2
characteristic of the evolution of the perturbation. v v
We first consider the stability of the linearly polarized 9
solutions by substituting in (27) the steady-state solution for +4<’V_P> <E fu— 1) ;4“_'721’@@ —1)
the linearlyz- andj-polarized states given by (13) and (17) or v v v
(15) and (17), respectively. The set of equations given by (27) (32)
can be d_ecoupled into t\_/vo independent subsets if the equatiw?,]sere the upper sign holds for the stability of the lineaily
are rewritten f(_)r the varlable_S = a4+ +a- andk = ay —a- polarized solution, while the lower sign holds for the stability
as was done in [32]. The first subset is of the linearly 4-polarized one. The stability of the linearly
S =2r(1 4 ia0)QA polarized solutions, is then, §trongly determir_led by the ze_rp_th—
G 2(1 — i) QA order term of (32). The amplitudes, frequencies, and stabilities
. of the #- and g-polarized solutions can be interchanged by
A =—yQS —1QS* —~(142Q*)A (28)  changing the sign ofy,.
which determines the stability of a polarized solution withh It is interesting to consider first the ideal situation in which
. . L : 1 gre is no saturable dispersion in the field-matter interaction.
respect FO pe'rtu.rbatlons with the same polarization. ThIS.SUbIQ’nesemiconductor physics language, this would be a case of no
of equations s independent gf and-y. The general solution amplitude-phase modulation (no coupling between amplitude

S So fluctuations and frequency fluctuations) in whieh= 0. In
S| =153 et (29) this case, both linearly polarized solutions are always stable
A Ao (the coefficients of the polynomial are all positive), so that

. ) ) _ there exists a regime of bistability for any value jofor ;.
global phasef, and two complex conjugate eigenvalues Withhe injection current is changed. However we show below
negative real parts. These complex eigenvalues are associgi@f the nonvanishing value of, together with the phase
with ordinary relaxation oscillations characteristic of manynisotropy, causes polarization switching. This is the same

respect to amplitude perturbations with the same polarizatiqfirefringence parameter, but polarization switching occurs for
The second subset of equations is nonzero detuning.

B 24(1 + i) Q6 £ 2, R We determi_ne the stability of a particular solution fpr_a gen-
., . . . eral value ofx in terms of two control parameters, the injection
R =2r(1 —i)Q6 F i2v, R current ;; and the birefringence parameteg/~, which are
6 =—vQR — YQR* — (75 + 2vQ*)é (30) commonly measured in polarization switching experiments.
The lines separating stability regions in this parameter space
where the lower sign is for the stability of the linearly  are those for which\ = 0 + iv. For thei-polarized solution,

polarized steady-state solution and the upper sign is for thg critical value ofu at which the stability of this solution
stability of the linearlyy-polarized one. This subset determme@hanges is given by

the stability of a polarized solution with respect to perturba-

tions of the orthogonal polarization. Fgy = 0, there is a zero e =14 LY - (33)
eigenvalue associated with the arbitrariness of the polarization v(ka =)

direction, and there are two more eigenvalues that always havith »» = 0 so that the eigenvalue which vanishes at this line is
negative real parts [32]. These two eigenvalues are compleal, indicating that any-polarized perturbation presents pure
for small ~,, describing polarization relaxation oscillationsexponential growth or decay in the neighborhood.gf This
These eigenvalues become real for largeand one of them eigenvalue, which becomes zerosat= i, for v, >0, is the
approaches zero as, — oo [32], corresponding to the eigenvalue which is identically zero fat, = 0. The other two
existence of (and diffusion among) a family of ellipticallyeigenvalues with negative real parts fgy = 0 have negative



MARTIN-REGALADO et al: POLARIZATION PROPERTIES OF VCSEL'S 771

that the relative stability of the- or ¢-polarized solutions can
be interchanged by changing the sign-gf

As we have already discussed, only region | survives when
phase-amplitude modulation is neglected by setting= 0.
Therefore, region IV appears as a consequence of saturable
dispersion which favors thg-polarized mode with a small
positive frequency shift induced by birefringence. On the other
hand, the existence of region II, where it might be possible
1 for the two polarizations to coexist, is a consequence of spin
] dynamics. Indeed, in the mathematical limit of very lasgein
' which the dynamics of, can be eliminated in the description
001 O_‘m o0 Wé. because of very fast spin relaxation, the dashed line determined
Phase Arisotropy 77/ by (34) moves to higher values of the birefringence parameter,
while keeping its slop&«/+, so that for finite pumping, it
Fig. 3. Stability diagram for the steady-state solutions. Filarized state does not cross the ling = p,. In the same limit, the solid

is stable below the continuous line, while thigolarized state is stable to the ; i
left of the dashed line. This divides this parameter space into four zonltlars]e becomes very steep, but for any finite valueygfthere

with different stability for the two linearly polarized solutions: in I, both!S @lways a domain in which only thg-polarized solution is
solutions are stable; in I, neither solution is stable; in Ill, only thpolarized ~ stable for large enough pumping or small enough

solution is stable; and in IV, only thg-polarized solution is stable. Elliptically A petter understanding of the role of spin-dynamics in the
polarized solutions are stable within the narrow region between the solid line

and the stars. The following parameters have been used300 ns™!,» =  Stability diagram of Fig. 3 is obtained considering (2)—(4) in
1ns' ~, =50ns', anda = 3. the limit n = 0. In this limit of extremely fast mixing of
carrier population with different/., there is an eigenvalue
with a zero real part, indicating tha in (30) is marginally
stable. This indicates that there is no preference for linear or
circularly polarized light. From a formal point of view, this
fact also becomes clear in a third-order Lamb theory obtained
from (2) to (4) by adiabatic elimination oV and n in the
limit ~;,v — oo with p = ~,/~ finite. We find

r-egnt
~
61

T

~
[

201

. .njectior

m
[e1)
T

Ng-

real parts for any value of. and ~y,>0. In summary, the
Z-polarized solution is always stable for apy 1., which
occurs below the solid line plotted in Fig. 3.

In the same way, for thé-polarized solution, one obtains
the instability curve

Vs 7
uy:1—7+2a7p. (34) OEs = — (Ya+iv,) Ex
The j-polarized solution is stable whem> 4.,,, which oc- . wY | p—1 9 9
curs to the left of the dashed line in Fig. 3. In this case, (L)t P ut b ~ |Bx]” — 8B By
the eigenvalue which becomes unstable is complex &nd p
polarized perturbations present exponential growth or decay (36)

with oscillations at a frequency given b
a y9 y where the coupling parameterds= (p — 1/p+1). For weak

v = [475 + 26200y, — 7 )]/ (35) coupling (6 < 1), there is a preference for linearly polarized
emission, while for large coupling > 1), there is a preference
when p = p,. The instability governed by this complexfor circular polarization. The limiting cases here agre- 1,
eigenvalue can have two different regimesgsincreases, giving light strongly linearly polarized, and — oo (fast spin
from v, = 0. For small,, the complex eigenvalue hasrelaxation) in which there is marginal coupliig = 1).
a positive real part while the identically zero eigenvalue at Finally, the linear stability of elliptically polarized solutions
~p = 0 becomes a real and negative number. On the otHes also been examined. In this case, the valuég,otu, v,
hand, for largey,, the origin of the instability is that, startingand no are given by (18)-(21) after solving (22) faWj.
from v, = 0, as v, increases the zero eigenvalue and However, the particular values of the steady state do not allow
real eigenvalue collide, creating a pair of complex conjugatkecoupling (27) into the subsets f@#, S*, A) and(R, R*, ),
eigenvalues with a real part which becomes positiveyas as was done for the linearly polarized solutions. This forces
increases. us to work directly with a sixth-order polynomial for the
The parameter space is divided by (33) and (34) inwigenvalues. To find the stability of a particular elliptically
four different regions with different stability for the linearlypolarized solution, we numerically obtain the values of the
polarized solutions. This is shown in the stability diagram afoefficients of the polynomial and then we find their eigen-
Fig. 3: region |, where both linearly polarized states are stablglues. The stability is determined by looking at the real part
region Il, where both are unstable, and regions Il and I\of the eigenvalue as previously described. The procedure has
where onlyz- or g-polarized solutions are stable, respectivelybeen applied to several values of the birefringence parameter
For realistic values of the parameters used in Fig. 3, ther the range of injection current shown in the stability diagram
stability diagram is a consequence of the combined effeaft Fig. 3. We have indicated on the figure by stars, the values
of saturable dispersion associated with thdactor and spin of i and-y, /v that verifyRe (A) = 0. The elliptically polarized
dynamics associated with a finite valuef We note again solution is stable in a narrow domain of parameters in which
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i is close to but larger thap,. Note that according to (23), 7
this solution only exists fog: > p,. 120F «—5 ¥

IV. INJECTION CURRENT SCANS AND POLARIZATION
SWITCHING FOR ISOTROPIC GAIN 2 3
In experiments on polarization switching in VCSEL'’s, it } 0-20¢ e WMW‘WMW E
is common to measure the optical power of each of the — 0.1 5»—” - e "”’JWMWW 3
linearly polarized modes as the injection current is increased. L
. . 0.00:
The frequency difference between the modes remains constant 3 E
as the injection current is varied [8]. These experimental 0.20+ :
conditions and constraints can be reproduced in our model by >
varying the injection current while holding the birefringence
parameter fixed, that is, by moving vertically in the parameter 0.00¢
space of Fig. 3. To see the resulting dynamics and changes  0.004

in the polarization state, we numerically integrated (1)—(3) - 5000 ;E ‘ AAWMW

in time with weak stochastic noise perturbations (of strength =

0.10F

B = 10~%*s~1) added to each of the variables as in [50]. —-0.004

The injection current was periodically increased in small 0.004F

abrupt steps (5% of the threshold value), beginning from a T e M”J1’u%'w“u%’v”qu‘u”WL‘1AM\MWW
| il

value of the injection current which started the laser below = 0.000 =———— \”\_ i
threshold. Each new value of the current was held constant J‘I W
for a time interval equivalent to about 40 ns, long enough
in most cases to ensure that the transient evolution of the 400 450 500 550 600
fields and carriers was almost completely finished. Fig. 4 Time (ns)
shows an example of the temporally stepped injection currefi§. 4. Time-dependent evolution of the injection current (increased in
and the resulting evolution and changes in the intensities 2#ps), the intensities of each polarized méde = |E.|*, [, = |Ey|*).
each linearly polarized mode and in the carrier numbers. T et;’:r;?]ré't‘;s"irs'zz'"ﬁea%%'s‘é"(V)??:'i‘gt.hg ;’;J]ﬁz“gz.cu”em Is increased.
final states in the time ranges #1 and #6 (indicated on the
figure) correspond to linearly- and g-polarized emission,
respectively. In time ranges #2 and #3, the final state #is polarization mode is retained asis raised and lowered
elliptically polarized. Solutions with periodic modulation ofbecause it is stable for the whole range of injection currents
the variables corresponding to states of mixed polarizati®f 2) if the system begins witti-polarized emission, it will
were found in time ranges #4 and #5. switch from&-polarization at a value of the injection current

If we assume that the laser will most often settle o@iven by . = p.(v,) and is likely to be found in the
an available stable steady-state solution, Fig. 3 allows usit@olarized mode when. is further increased enough that
predict polarization switching when the injection current ig-polarized emission is the only stable steady state. Once
varied, as these variations can move the laser from a zdhe laser reacheg-polarized emission, this new state will be
where one linearly polarized mode is stable to a zone whegdained stably if the injection current is raised further, or if
the other linearly polarized mode is stable. From Fig. 3 alonié,is lowered, even if it is lowered into the bistable region.
it is not clear how, or whether, the elliptically polarized steadyhis would provide an evident “one-time” hysteresis signature
states would be involved in these transitions. which would not be repeated as the injection current was

We first consider a scan of the injection current in theaised and lowered unless the laser again, due to spontaneous
domain whereg-polarized emission is always stable, thagmission noise or other fluctuations, switched stochastically to
is, for small values of the birefringence parameter. “Smalthe Z-polarized mode in the bistable region or when the laser
in this case is determined by having frequency splittinggas operated below the lasing threshold.
between the linearly polarized modes that are less than thdResults for a scan of the injection current with a fixed
typical relaxation rate of the population differences in thealue, = 2v, which is midway in the zone that is initially
magnetic sublevels (spin relaxation rate). In this case, jugstable, are shown in Fig. 5. In order to compare this result
above threshold there is bistability of the two linearly polarizedith the experimental results which are typically completed
solutions. Spontaneous emission noise fluctuations as the lagith a slow (quasi-adiabatic) scan of the injection current, the
is brought from below threshold to above threshold will set thatensity was averaged during the last 20 ns (second half) of
initial conditions that select one of the two linearly polarizeéach time interval during which the injection current was held
modes. Just above threshold there would be a slightly greaa¢ml particular value. The averaged intensity for each linearly
likelihood of finding the more stablég-polarized) mode polarized mode is plotted versus the value of the injection
because of noise-induced switching. The time evolution aarrent, giving a light—current characteristic for each polarized
the current is increased depends on which mode is initiallgode. (This procedure was followed rather than a quasi-
selected: 1) if the system begins withjgpolarized solution, adiabatic scan of the current which could be fashioned from a

il

—0.004F
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Fig. 5. (@) Light—current characteristic for the intensity of each linearly polarized mode (solidzejptdarized; open circlegj-polarized) and the associated
fractional polarization (FP)Re (E.) versusRe (Ey) plots, N — 1 versusn, and optical spectra of the field amplitudés. (solid line) andE, (dashed
line) for the solutions labeled on the light—current characteristic.

series of many smaller steps, in order to allow transients to diestead, Fig. 5(a) shows the light—current characteristic for the
out and to avoid the phenomena which result from scanniother case, when the selected initial staté-golarized. The
a parameter through a bifurcation point with the consequetypolarized state is retained up 0 = 1.1 where it loses
critical slowing [51]-[53]. Of course, in detailed comparisongs stability to elliptically polarized emission. After a further
with experiments with continuously scanned currents, suaitrease in the injection current, the output changes tagjthe
critical phenomena must be present and one would also hgadarized state gt = 1.2. The switching involves intermediate
to include adequate noise strengths in all variables to makesates of different polarization, such as an elliptically polarized
accurate prediction.) state (an example is labeled ) and some other complex
As expected, two different light—current characteristics wetene-dependent intensity solutions (an example is labeled by
obtained, depending on which of the two stable steady statgsEach emission state can be also characterized by the optical
was selected as the laser was brought above threshold. Whpectrum (spectrum of the electric field amplitude) which we
the initial selected state wgspolarized, this state was retaineccompute for the last 20 ns of each transient for each of the
for any value of the injection current. As this is a relativeljinearly polarized states. For the linearly polarized state
trivial result for presentation, it is not represented in Fig. @nd §) and the elliptically polarized stat&3), the spectra



774 IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 33, NO. 5, MAY 1997

. S4/S0 defined state of polarization. However, a closed trajectory
: is obtained which indicates a distinct relation between the
two carrier magnitudes and an overall periodic evolution. For
comparisons, the behavior labeledn Fig. 5(a) corresponds
to the time range #4 in Fig. 4.

Another way to characterize the polarization of a state is
the Poincag sphere plot [22], as in Fig. 5(b), where for the
given pair of field amplitude$E.(¢), E_(t)) we assign the
radial value of a point on the trajectofy3(t)) to the total
intensity of this state; the azimuth angle on the Poiacghere
is given by2¢(t), wherey is the angle of the instantaneous
polarization in thez-y plane; and the polar angley(t),
of the point on the Poincar'sphere is set by which is
the instantaneous ellipticity of the emission. These quantities
appear in the definition of the Stokes parameters:

S,/S0
so(t) = |E+(t)]* + [E-(1)]* = p3(t)
(t) =2Re (E4()EL(2)) = p3(t) cos (2x(t)) cos (2¢(t))
s2(t) =21Im (B4 (1) EZ(8) = p5(t) cos (2x(#)) sin (2¢(2))
s3(t) = |E+(t)|* — [E-(t)]* = p3(t) sin (2x(1)). @37)

The Stokes parameters obey at every time the identity

T o O Time evouon of i abeled staes o e norml ot = mf + 0P +n@h @)

By identifying s;/so, ¢ = 1, 2, 3, with the cartesian coordinates
have one well-defined peak. For the solution with time-varying ¥, and z, (38) can be regarded as the equation of the unit
intensities(v), each of the spectra for the linearly polarizegphere. Every polarization state of the laser beam is then
field amplitudes has a main peak (at the same frequency'@presented by a point on the surface of the sphere. In case
the two cases) and many equally spaced sidebands, whiclfigolarized light, the Stokes parameters are constant in time,
the signature of the periodic modulation of the intensity (arRince intensity, polarization, and helicity are fixed.
phase) for each component. For incompletely polarized light, the Stokes parameters vary

For a better description of these intermediate states, we igdime because the amplitudés, and E_ and the relative
three alternative characterizations of the data from the |ddtases vary. In this case, what one can do is to measure the
20 ns of each current step: first a plot Bk (E,) versus averages(s;) over a suitable time interval. In general, (38)
the Re (E,) for a given time interval, secondly, the PoinearMust be replaced by the inequality
sphere representa_tlon and Fhm_:i a measure of polarization <30>2 > <31>2+<32>2 +<33>2 (39)
given by the fractional polarization (FP). We have selected
a particular example from each qualitatively different typahere the equals sign holds only for a state of pure polar-
of emission along the light—current characteristic curve imation. A measure of the degree of polarization of a vector
Fig. 5(a) (for exampleq labels a condition ofi-polarized optical field is given by the FP, defined as [54]
emission whileé labels a case withj-polarized emission). 5 9 9
The Re (E,) versus theRe (E,) plots are shown beside the pp = U7 <32>2 +{s3)°
light—current characteristics for the labeled states and clearly (s0)

identify the different types of polarization; a curve or linerhe FP ranges from 0 (natural unpolarized light) to 1 (po-
is obtained because the solutions have a nonzero optigglzed light), taking intermediate values for incompletely
frequency relative to the rotating reference frame selected i%larized light.
the slowly varying amplitudes of the model. This kind of This new physical quantity can supply some of the infor-
plot represents the projection of our six-dimensional space @&tion missing in theRe (E,) versusRe (E, ,) plots when
dynamical variables onto a two-dimensional space, and some solutions are time dependgt< FP < 1). The values of
information is necessarily lost or obscured. the FP averaged over the last 20 ns of each current step are
An alternative two-dimensional plot is that of one carrigplotted above the light—current characteristic in Fig. 5(a). The
variable (V) versus the other ongr). For the steady stateslinearly polarized and the elliptically polarized states have FP
(constant intensity solutions, both linearly and elliptically po= 1, while the time-dependent states (of mixed polarization)
larized), both carrier variables are time independent, resultihngve FP< 1. The Poinca sphere representation of each of
in a single point in the plot as given by (17) or (21) anthe four identified state&y, 3, ~, andéd) is shown in Fig. 5(b).
(22), respectively. Finally, the time dependence of the carridthen the state has FP1 (statesy, 3, andé), it is represented
variables for the case labeled agseflects the lack of a well- by a time-independent point on the sphere. This point lies on

(40)
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Fig. 6. Same as Fig. 5(a), but foy, = 10. They scale of figure C in théV — 1 versusn plot has been expanded 20 times to increase the resolution.

the equator of the sphere if the state is linearly polarizelbses its stability, the elliptically polarized state appears as an
However, when the state has KP1, the representative pointinfinitesimal distortion of the destabilized state. There are two
moves on the surface of the normalized sphere. When tinequency-degenerate elliptically polarized solutions with two
intensities vary periodically the representative point moves @ossible signs for the azimuth [two orientations, see Fig. 2(c)].
a closed trajectory (statg). The statey can be understood The supercritical transition from one linearly polarized mode
as an elliptically polarized state whose ellipticity and azimutfo the other can occur through either of these two states.
change in time in a periodic way. For states with a broad field We next consider a scan of the injection current, at a fixed
spectrum (corresponding to quasi-periodic or chaotic variatiealue of+, which is comparable to the relaxation rate of the
of the intensities), the representative point would move magnetic sublevels, and, therefore, where sublevel population
a complicated (not closed) trajectory on the surface of tlidynamics play a crucial role. For these valuesypf the 2-
sphere. polarized state is the only stable steady state near the lasing
Elliptically polarized states are stable in a very narrowhreshold, but no linearly polarized state is stable beyond
region. They can be understood as an intermediate stationary ;... Fig. 6 shows typical results foy, = 10+, presented
state reached in the destabilization by a steady bifurcationas in Fig. 5(a). In this case, different initial conditions as the
a linearly polarized solution as the current is increased. Atjection current first crosses the lasing threshold lead to the
the critical value of the current at which thiepolarized state same qualitative behavior. The initial state of the system just
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above threshold is always-polarized (labels A and B). As The stability region of elliptically polarized emission (and
in the previous case, if the injection current is raised enougdf, the periodically modulated elliptically polarized emission)
this state loses its stability at= 1, by way of a supercritical is very narrow for these parameter values. Hence, elliptically
bifurcation to an elliptically polarized state as was true for theolarized states are not easy to observe in the switching
conditions of Fig. 5. from Z-polarization to the “coexistence” regime. If the model
When the injection current is increased further, we findccurately describes the physics, this would indicate that
a state of mixed polarization (labeled &% involving pe- it would also be difficult to observe elliptically polarized
riodic modulation of the intensities of the linearly polarizedolutions in the polarization switching found experimentally.
components and a periodic modulation of the total intensity We finally mention that we have found polarization states
(evident in the equal spacing of the optical sidebands in theat can be characterized by the dynamical coexistence of
field spectra and in the closed curve nature of theersus the two linearly polarized modes with different frequencies.
N plot). From the various representations and spectra, Wibese “two-frequency” solutions appear in the case of very
infer that this is a state of nearly elliptical polarization with diast mixing of carrier subpopulation between the two channels
dominant optical frequency close to that of the horizontallffarge ;) such thatn is effectively adiabaticaly eliminated
polarized state with about a 1% modulation. The intensitp the dynamical evolution. An example of these polarization
modulation frequency is approximateB0v,, which would states is shown in Fig. 7. Just above the lasing threshold,
be the approximate beat frequency betweepolarized and stable simultaneous emission in bath and j-polarizations
f-polarized emissions. This state of time-dependent intensitissobserved. Two peaks are observed in the spectrum of
has a FP value slightly smaller than one indicating that wibe emitted optical field (state labeled with nearly equal
might think of it as a strong amplitude of an ellipticallypower in the two spectral components and with the frequency
polarized state at one optical frequency with the addition difference corresponding to the birefringence-induced splitting
two weak fields at different optical frequencies with differenef the linearly polarized single-frequency solutions. The two-
polarization states. It appears that this is reached throufequency state is unstable at currents albyovel.15. Beyond
a supercritical Hopf bifurcation from elliptically polarizedthis current value, only the:-polarized survives as can be
steady-state solutions. Thus, it is likely that the additionéiiferred from the field spectrum state (labeléd The power
fields (at different optical frequencies from the main peak) theersus currenfL—I) characteristic curve shown in this figure
are evident in the optical spectrum are those representedhag been observed for many circular lasers emitting at room
the eigenvectors at the Hopf bifurcation point (with specifitemperature [2], [3]. Qualitatively similar polarization and
polarization states and optical frequencies given by positiggectral behavior has been observedpwalues in the range
and negative shifts of the Hopf bifurcation frequency) of the.5 < v, < 20. All these birefringence values are within the
linear stability analysis for the elliptically polarized solutionsbistability region (region | of Fig. 3) which, for the set of
While we have only numerical evidence for the six eigenvalu@é@rameters used here, extends upyjgy = 150 for current
that govern the stability of the elliptically polarized solutionyalues close to threshold. The range of currents for which the
it appears that the boundary denoted by the stars in Fig. 3wo-frequency solutions remain stable is enlarged as the value
always the result of such a Hopf bifurcation. It is also worthf spin-flip relaxation rate becomes larger. In the limit of very
noting that the overall sequence from linear to elliptical ttast spin-flip mixing(y, = oc), the population difference.
modulated elliptical solutions by way of supercritical steadi zero, and two-frequency states are stable for any value of
and Hopf bifurcations, respectively, appears to be commontt injection current.
both of the cases examined in Figs. 5(a) and 6. We have limited the studies reported here to values of the
For larger injection currents in the conditions of Fig. 6, th#jection current for which the experiments indicate that it
system loses almost all of its temporal coherence, presentiageasonable to expect that only the fundamental transverse
broad spectra (probably chaotic, in the sense of determiniseatial mode would be lasing. The present version of our model
chaos) with a less well-defined principal frequency (state Djoes not account for the appearance of higher order transverse
The fractional polarization decreases significantly below omeodes as the fields and carrier numbers develop transverse
as the injection current is increased still further. The tim@patial dependence. Transitions to higher order transverse
averaged output powers of the linearly polarized componemg®des are observed experimentally depending on the device
might be interpreted as “coexistence” of the two linearlparameters, but they usually occur in VCSEL's when the
polarized modes if one were looking only at the time averagétirrent exceeds between 1.3 and 2 times the threshold current.
light—current characteristics for linearly polarized component§hen additional polarization switchings are combined with
but an optical spectral analysis would reveal several sidebanefganges in transverse mode profile [1]-{4]. The effects of
rather than a single sideband, to the primary spectral peligher order modes on the polarization state (and spatial mode)
Analysis of the polarization states of the spectrally resolv&glection have been investigated in a suitably modified version
peaks might be required before a decision could be made ab@upresent model [55].
the usefulness or validity of a possible interpretation of the
result as combination of a few components of definite po-
larization and different optical frequencies, though the proper
basis set for such a description, if it exists, is not the linearly In this section, we obtain the steady-state solutions and their
polarized states. stability in the presence of amplitude anisotropy # O.

V. ANISOTROPIES INBOTH AMPLITUDE AND PHASE
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0.60 FrrrrTrrrrTreeT preerrere e e e RARRENERS 3 the birefringence. Moreover, the stability of these solutions is
E modified by the amplitude anisotropy. Linear stability analysis
0.50F of (25) for the perturbed solution gives a system of equations
N - for the perturbations which can be decoupled (as for the
5 0.40F amplitude isotropic case) into two subsystems¥et a4 +a_
v : and R = a1 — a—. The set of equations fof and A is
5 0.30F independent ofy,, so that as in Section Ill, a given linearly
K E polarized state is stable with respect to perturbations of the
2 0.20 field amplitude having the same polarization.
g For the stability of a linearly polarized state with respect
2 510 to perturbations of the field amplitude having the orthogonal
polarization, we find
0.00 R =2x(1+1ia)Q8 £ 2(v, +iv,)R
0.90 1.00 1.10 1.20 1.30 1.40 1.50 R = 2%(1 — m)Q(S + 2(% — iryp)R*
Norm. Injection current u . N 9
6 =—YNoQR — yNoQR* — (75 +2vQ%)6  (43)
- N where the lower sign is for the stability of the linearly
2 B polarized steady-state solution and the upper sign is for the
h stability of the linearlyg-polarized steady-state solution. The
é characteristic polynomial for the eigenvalugss
% P(N) :A3+<E+2Q2 ;4”—“)%
= Y Y
) . X N i - 2 2 K
-20 © 20 -20 0 20 +4 <7—p> +<ﬁ> +-Q’Ny T 7—a<£+2Q2> A
“’/7 Y Y Y YNY
2 2
Fig. 7. Two frequency solutiond:—I characteristic and optical spectra of +4 T + Ja
the field amplitudest,. (solid line) and£, (dashed line) for fast spin-flip ¥ ¥

relaxation. The parameters used are- 1 ns ™!, /v = 300,75/~ = 1000,

a = 3, 9p/7 = 10.0. ' <E+2Q2> :F8§Q2N0<ﬁ+a’y_p>' (44)
Y Y Y Y

In this case, thez- and g-polarized modes have differentThe upper and lower signs again correspond to the stability
thresholds. This is a typical experimental situation as smaj the g-polarized andi-polarized steady-state solutions, re-
amplitude anisotropies are unavoidable. We proceed here frgfectively, under perturbations of the orthogonal polarization,
the knowledge gained in the simpler case of Section Il aRghjle 1, is the steady-state value for the solution [either
follow the same methodology. Assuming a general steady stgd@) or (42)] being analyzed for its stability. The amplitude
of the form of (10), we obtain that thﬁ-polarized solution is anisotropy breaks the previous Symmetry betwéemnd Q-

given by polarizations when the sign of the phase anisotropy is changed,
,»  1p—Ng as can be inferred from (43). In order to have equivalent
Qi D) Ny P =0 stability of the states by interchanging and 4, one has
Wt = —Yp + Yax to change both the sign of, and the sign ofy,. This is
Ya consistent with the idea that if we change which polarization
No =1+ & no =0 (41) state corresponds to a particular optical frequency (which is

done by changing the sign of) we should change the sign of

while the g-polarized solution is ) X
the amplitude anisotropy parameter that prefers one state over

Q2 = 1p—=No W= m the other, if we want to have the modes interchange all of
2 No 7 2 their properties and relative stabilities. For a fixed signyaf
Wt =% ~ Yol different signs ofy, correspond to different physical situations
No=1- ﬁ7 no = 0. (42) Eecause of the fixed sign of the saturable dispersion governed
K
Y .

These orthogonal linearly polarized solutions have different Proceeding as we did in the case fgr= 0, we can deter-

steady-state amplitudes and different (symmetrically detunad)ne the new instability boundaries for the linearly polarized
optical frequencies, though the valueygfshifts the frequency solutions. We have considered two cases in which a small
splitting from that caused by the birefringence al¢®e,). v, amplitude anisotropy is introduced in the system. The first
(together with o) even creates a splitting of the opticakase is whemy, is negative (Fig. 8), in whichi-polarized

frequencies in the absence of true birefringence, a complicatiemission is “favored” because its lasing threshold (threshold
in interpreting experimental lasing spectra for the value ohlue of the injection current) is lower than the threshold for
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Z-polarized emission is found (switching at the solid line) or
lowered from a value high enough thatpolarized emission
is found initially (switching at the dashed line).

In the stability diagram fory, = 0.1y (shown in Fig. 9),
] the z-polarized solution is stable in the region between the
] solid curves, while thé-polarized solution is stable to the left
] and below the dashed curve. As the birefringefizg goes to
] zero, only thej-polarized solution is stable. Fat, > 10.0y as
1 the current is increased there is a switching of stability from
the g-polarized mode favored near threshold to fhapolarized
mode. Where the dashed curve is above the lower solid curve,

@
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o
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0.0 0.10 1.00 1000 100.00 there will be hysteresis as thg swtihings will occur at Qiﬁgrent
Phase Anisotropy vp/7 values of the current when it is raised or lowered. As in Fig 8,
there are also zones of bistability and zones in which neither
Fig. 8. Stability diagram fory, = —0.1~; other parameters as in Fig. 3. |inear|y po|arized state is stable.

#-polarized emission has the lower threshdld = 1 — 1/3000) and S :
Z-polarized emission is stable below the solid curyepolarized emission The main difference in the new values of the parameters

is stable between the two dashed curves. from the case of isotropic gain shown in Fig. 3 is that the
thresholds for the existence of the two modes differ. For
the parameters we have chosen, these differences are small

3.0 T ' Y
< [ (the threshold current for the favored mode is lowered to
- I ] 1 —1/3000 and the threshold current for the existence of
§ R5 i ] the other mode is raised td + 1/3000). The somewhat
5 I y stable 4___ ] ynexpected consequence is that when the injection_ current is
o : increased, the weaker mode does not always gain stability
g =or { ] where the solution exists. Most strikingly, the weak mode
s H ] does not gain stability for any value of the current when
5 150 / stable ] the birefringence is small. These two effects are those which
£ r ] indicate the importance of the gain anisotropy, giving stability
2 i ; T . only to the mode with the higher gain-to-loss ratio. However,
1ol . important zones remain near threshold, accessible for typical

0.01 0.10 100 10.00 100.00 values of many VCSEL'’s, in which the saturable dispersion
Phase Anisotropy 7%/ . . . . .
Y and the birefringence combine to induce switching to the mode
Fig. 9. Stability diagram fory, = 0.1v; other parameters as in Fig. 3, With the lower galn-to-los_s ratio. L _
g-polarization has the lower thresholg = 1 + 1/3000) and j-polarized We compare the polarization state switchings observed in
gmission is stable to the left an_d below the dashed curpmlarized emission these cases with those found in Section IV. If the amplitude
Is stable between the two solid curves. anisotropy favorsj-polarized emission as in Fig. 9, the state
close to threshold will be alwayg-polarized. Fory, = 2y
existence of thej-polarized emission. The other situation igbarring strong noise-induced switching in the bistable region),
when v, is positive (Fig. 9), in which thej-polarization is this polarization state will be retained as the injection current
“favored” because its lasing threshold is lower than that of the raised and lowered. However, if the amplitude anisotropy
Z-polarized state. favors z-polarization as in Fig. 8, the polarized state selected
In the stability diagram fory, = —0.1v (shown in Fig. 8), close to threshold will bez-polarized. In this case, when
the z-polarized solution is stable below the solid line, whiley, = 2, we find the same type of switching (frofapolarized
the {-polarized solution is stable inside the zone bounddd g-polarized) when the current is increased, as shown in
by the dashed curves. There are zones in which only oRig. 5(a) (recall that what is shown there is one of two possible
mode is stable, zones of bistability and zones in which neitheutcomes depending on the noise-selected initial state at the
linearly polarized mode is stable. As the birefringerieg) lasing threshold). Unlike the switching found in the conditions
goes to zero, only the-polarized solution is stable. In aof Fig. 5(a), with the gain anisotropy represented in Fig. 8
large domain given roughly by > 1.1 and0.03 <+, /v <8.0, there would be a reverse switching frofapolarized toz-
only theg-polarized mode is stable, indicating that despite th@larized emission at about= 1.05 as the current is lowered
favoring by the gain anisotropy for the-polarized solution, (instead of retaining thg-polarized emission all the way down
the emission will switch taj-polarized emission as the currento the lasing threshold).
is increased near threshold, an effect of the combination ofThe amplitude anisotropy can also force a polarization
saturable dispersion and birefringence similar to that whigwitching in a situation where it does not exist whgn= 0.
appeared in Fig. 3. For those values~gf for which, as the As an example, Fig. 10 shows the time-averaged power of
current is increased the dashed curve is crossed before the sedich polarized mode foy, = 10y when, = 0.1y, where a
curve is crossed, there will be hysteresis in the switching poirswitching from - to Z-polarized emission occurs (compare
as the injection current is raised from its threshold value whength Fig. 6). As indicated by the letters on Fig. 10, these
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vary depending on the particular materials. This topic merits
detailed experimental study because of the implications for
specific designs and applications.

F.P. (adim)

VI. PLANE WAVE VERSUS GAUSSIAN APPROXIMATION

In the previous sections, we neglected the dependence of
the laser emission on the transverse coordinates. However,
it is known that VCSEL's close to threshold operate with
the Gaussian mode TEML In this section, we show that the
linear stability analyses for the plane wave model performed
in Sections Il and V remain qualitatively valid even if one
assumes that the laser beam has a Gaussian transverse profile.
We write

0.4F
0.2F . -

b N ee®®]
0.0 80060908 0000000906068 7" 3

1.0 1.2 1.4 1.6 1.8 Ei(r,t) = e /w0 e (t) (45)

Norm. Injection current pu

Averaged Power < |E|?>

Fig. 10. Light—current characteristic for each linearly polarized mode, aMhe€rewy is the beam waist, which can be taken constant along
associated fractional polarization for. = 0.17. The rest of the parameters the very short active region in the longitudinal direction. The
are as in Fig. 6. carrier populationsV andn must then be functions of and

t as well. The dynamical equations (2)—(4) become
and other numerical solutions show that zones of elliptically

polarized emission, and periodically and chaotically modulated de_i =r(l +ia) U due™(N £n)—1|ex
emission, exist in the presence of amplitude anisotropies for dt )
values of the current just above some of the instabilitiy = 1YpCx = Yalx (46)
boundaries of the 'Ilnearly polarized solut'|ons where swmlar TV YN = ()] = AN +n)e e |?
states were found in the absence of amplitude anisotropies. ot

The current at which switching occurs depends on the value — (N —n)e ¥|e_|? (47)
of the amplitude anisotropy. For a fixed value of the frequency on _ a2
splitting of the modes, the larger the amplitude anisotropy, the ot " VN +nje™ ey ]
larger the current at which switching occurs. If the amplitude + (N —n)e ¥|e_|? (48)

anisotropy is large enough, thepolarized state will be the

only stable polarization state for all accessible values of théere we have introduced the new radial variable=

current. If the amplitude anisotropy is small and favars 2(r/wo)?. We also take the pump parameteto be a function

polarized emission, the light-current characteristic is simil@f . If the active region is a cylinder of radius,, 1 takes

to that shown in Fig. 6. two different values foru < 2(r.4/wo)? and wu > 2(r 4 /wo)?.
Changes in the amplitude anisotropy are often attributed Aofinite value of the ratior /wo allows us to consider the

thermal effects [3], [13], [46], [56]. Changes in the injectiorgffects of gain guiding. For simplicity, we assume that the

current, lasing power, and number of recombinations changlius of the active region is much larger than the beam waist

the deposited thermal energy, causing shifts in the cavigp: SO that2(r4/wo)* — oo. In this approximation, the pump

frequencies and in the gain profiles. Since the frequenBrameter. can be taken constant and the integration range

splittings of the cavity modesy, ) are very small compared tofor the variable is (0, o0). o

the width of the gain profile, the gain differences are usually The linearlyi-polarized state is given by

small, though there is a relatively large shift in the wavelengths

— U/ 20— tava)t
of emission as the current is varied. These changes in the By =c Qe ) (49)
relative gain for the modes could be modeled in our equations 14 Jo MM (50)
by a dependence om of the parametery, or more complex K 202

depend_ences_op Of Wy, 7, aNd Y. ._.and theg-polarized state by
In this section, we have demonstrated that a combination

of birefringence and saturable dispersion can lead to polar- Ey = tie™2Qet 0w are)t (51)
ization switchings, particularly to the selection (preferential 1 2

" ; . S Yo _ In(1+42Q7)
stability) of the mode with lesser gain. This points out that 1-——=n 507 (52)

changes in the relative gain that result from heating or from
changes in the injection current are not the only factors thahe amplitudey has been taken real without loss of generality.
influence the stability of linearly polarized solutions when tha comparison with (41) and (42) shows that the thresholds
birefringence and nonlinear dispersion of the semiconductor the two solutions, obtained in the limip — 0, coincide
laser are considered. Which of these is the factor primariyith those of the plane wave modgl = 1 + ~,/«). Linear
responsible for the experimentally observed switchings matability analysis yields the following characteristic equation,
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where the upper signs hold for thiepolarized solution and parameters of the VCSEL and by injecting into the laser an

the lower signs hold for thé-polarized solution: optical signal whose polarization is orthogonal to that emitted
9 9 by the laser [5], [57]. Two different situations should be con-
<)\ + 2 1) A2xateyy 4<'V_P) + 4<'V_a> sidered, depending on the stability of the two linearly polarized
Y Y Y v states. If the system is bistable, after a sufficiently strong or
Kooy ~y ~ sufficiently long pulse injected signal causing switching, the
2=+ )| F2lal4+ 2 i i i
< ) { + < )} laser will remain on the new state. If the system is monostable,
. the laser will go back to the initial state soon after the injected
+ 2<)\ + E) < + 7—“) {)\ F 2<7—“ + 7—”)} signal is removed.
'72 T v v We have analyzed both cases, considering the Gaussian
L+ 2%/ A+ /] _ (53) Model presented in the previous section. The term describing
In (1+2Q?) the external field can be easily inserted in the equations. For

instance, if one considers injection ofjgoolarized beam, the

Equation (53) is implicit inA because\ is contained in the . : !
gruations for the field amplitudes are

argument of a logarithm. However, we are interested just

finding the stability boundaries, where, by definitiéte (1) = de, . Y .
0. Therefore, we can study (53) in the line (\) < v, /7. o =il i) U due™"(Nex + iney) — 61}
Sincey, > v and Q? is typically of order 1 or less, we can . _
make the following approximation: i + Aw)es ~ Yaca (56)
de, . —u .
| <1 L ) 2Q° k. In (1 +2Q2) 5 =l tia) [/ due™"(Ney —iney) — Cy}
n >~ = .
At/ A+s/v FEYa A+7s/7 +i(7p_Aw)ey+’7aey + Kinj€inj (57)

(54)

_ ) _ ) o whereriy; is the coupling coefficient. (The coupling coefficient
Inserting (54) into (53), we obtain a cubic equationNiof the  ¢qincides with the inverse photon lifetimefor the ideal case
form P(A) = 0, as in the plane wave case. The characterisiig o effectively mode-matched injected input beam where the
polynomial is injected beam has the same waist as the input beam and does

not suffer any misalignment. In addition, one has to assume
POY =24 (L 15470 )52 ) ass
- ~ + ~ that the two Bragg reflectors have the same transmissivity to

2 2 obtainxiy; = x.) The amplitude of the injected field ég,; and
+4 <’V_P> + <’V_a> + p—1 its frequencyw;,,; is now taken as the reference frequency. The
v v v 2 frequency detuningAw is defined as the difference between
o 1 N 2 N 2 win; and the frequency intermediate between those ofithe
¥ —“<—S - —)})\+4 <—p> + <—a> ] polarized(w, = —v,) and j-polarized(w, = -,) solutions.
YAy 2 v v Therefore Aw = —, (Aw = ;) means that the injected field
' <£ 3 1) 4" (u 1% ﬁ) <’7_a n a’y_,;) is resonant with thet- (j-) polarized modes of the VCSEL.
5y K v We have studied the response of the laser to optical injection

(55) for different values of the injected powes;,;|*> and of the

o o o ) frequency detuning\w, in both bistable and monostable cases.
which is very similar to (44). In the limit, > v and@Q® < 1, Fig. 11 presents results for a bistable case corresponding to
the two polynomials coincide. Fof, = 50v, the stability the parameters of Fig. 3 ang, = 2y, = 1.1 and ki = k.
boundaries defined by (55) are almost indistinguishable frofihe frequency detuningw is varied from—6+ to 6+. For this
those given by (44) and represented in Fig. 3. We haygstaple situation, the injected signal is a rectangular pulse
also checked that the averaged light power versus injectgdqyration Aty,;. We estimated the injected energy in the
current curve for each polarization state obtained by numeri¢gjiowing way: the injected poweP and the power emitted
integration of (46)—(48) coincides with that of Fig. 5(a) if thgy the VCSELP, are proportional, respectively, tei,;|? and

same parameter values are used (except for a different scab@{@’ where @ is the stationary amplitude given by (50) and
of average power). This shows that when the transverse prof®) Then the injected energy is

of the fundamental mode is taken into account, the polarization )

. . . . P ..
behavior of the laser is essentially t'he same as in thg plane Ei; = PAt; = - POty = |ein;] Pyt (58)
wave case. More accurate comparisons including gain and

Py 2092
index reshaping of the mode are reported in [55]. We have fixedAt;,; = 1 ns in all simulations, and the power

Fy emitted by the VCSEL close to threshold is assumed to
be about 0.1 mW. The switching energy is then obtained
by inserting in (58) the minimum value af;,; for which

In Sections IV and V, we have shown several examplasvitching occurs.
of polarization switching obtained by varying one of the In Fig. 11, the triangles indicate the switchigg— 2 by
VCSEL's parameters, namely the pump intengitfHowever, injecting az-polarized pulse in a state initiallj-polarized.
polarization switching can be also obtained by fixing th&he circles are for the inverse switching — # caused by

VII. POLARIZATION SWITCHING
INDUCED BY OPTICAL INJECTION
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Fig. 11. Switching by injection of 1-ns-long pulses in a bistable situation

given by = 1.1 from the conditions of Fig. 5 ang, = 0.5+. Switching
energy for the transitioj — & (triangles) and for the opposite transition
(circles) as a function of the scaled frequency detuning/~. /P.,

injection of ag-polarized pulse. The dashed lines indicate resig. 12. Switching occurring upon injection of signal with first linearly
onance of the injected signal with the evemua"y reacheor increasing and then linearly decreasing intensity in a monostable situation.
. . . . . Hysteresis cycles for the power of thiepolarized andj-polarized components
g-polarized state. The behavior of the laser is very different f@f/the light emitted by the VCSEL versus the normalized injected power. The

two possible directions of switching. In general, the switchingymbols represent average emitted power over a time interval of 80 ns. The
energy is much higher for the frst case (switching to the loSEle el e scan i ncrensng nected pouer anc e rngis o e
stable state). It is evident that the most efficient (least energyy -, = o.5+.

demanding) switch is accomplished by setting the frequency

of the injected signal to a value different from the frequendpr both polarization components. Sometimes the switching is
of the desired final state. This is a reminder that the actu@t so clean (abrupt) as in Fig. 12, and we have found more
switching transient may be a complicated trajectory in the sigradual transitions from one polarized mode to the other. This
dimensional phase space. Ff\w/y = 4 and Aw/y = 6, the feature appears frequently in experimental results. Moreover,
switching energies are comparable and very small, on the or@iebur dynamical simulations, very often the intensities of both
of 10 eV. Taking into account that the energy of one photon @fodes oscillated, though at high frequencies corresponding to
wavelength 850 nm is about 1.5 eV, the arrival of 10 photoRge intermode beatnote frequen@y,) and higher harmonics.

in 1 ns is enough to make_the Igser swit_ch in the situation of The values of poweP for which thez-polarized component
effectively mode-matched injection considered here. of the emitted field switches off and on for different detunings

~ We next consider a different situation: switching by injection\ ,, are shown in Fig. 13. The triangles indicate the switch-off
in & parameter region in which there is no bistability. This i§o\ver and the circles indicate the switch-on power. This figure
the experimental situation described in [5] and we have tried Qesents many similarities with [5, Fig. 4]. In both cases, the

keep our simulations as c_Iose as possible to those expe_rime fHimum switch-off power is attained when the frequency of
The r_eported _frequengy difference be_twegn orthogonal I|nea£ e injected field coincides with that of the VCSEL'’s state
polarized emissions is 9 GHz. Taking into account that in

: . L2 with th m larization (in our in the case of
our model this frequency difference is given By, /(2r), we 5] w )e l\:(f;lresvgJ F;lheah 0steiesicsmc SES?;’Iar er on the small
took v, = 30 radns™!. The amplitude anisotropy paramete L/ ’ y 4 9

~v. Was chosen in such a way that in a scan of the injecter(‘i:’quency (large wavelength) side, while there is a gradual

carrent as in Fig. 10, the laser switches from {hpolarized transition from one polarization to the other on the opposite

to the #-polarized state at aboyt — 1.2, in agreement side. The value of the switching power compared to the power
= 1.2,

with [5, Fig. 1]. For the other parameters, we used the sari@itted by the VCSEL, which in our results feg,; = « is
values as those used for Fig. 3 ang, = x.” We fixed about three orders of magnitude smaller than in the experiment,

v = 1.5, above the current at which the polarization switchin?epends critically on the value of the coupling parametgr
occurred, where only thei-polarized state is stable, and" the real experiment, most of the injected power is lost
we simulated an injected signal of a beam of orthogonalecause it is very difficult to match perfectly the injected
polarized light. Following the experimental procedure, th@eam and the beam inside the resonator. This leads to a
injected optical power was increased linearly in time untfalue of xi,; considerably smaller thar which results in
switching occurred, and then the injected power was decreagethuch larger experimental value of the switching power. In
to zero. In agreement with the experimental results, we fouaddition, discrepancies between our results and experimental
polarization bistability in laser emission, as shown in Fig. 12esults may also be due to the intensity-induced changes in
Adiabatically sweeping the injected powBrfrom 0% to 0.7% the frequency differences between the two polarization modes
of the emitted poweF, and back, we found an hysteresis cyclevhich are not included in our model.
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w w Our results suggest that additional insight about VCSEL
‘ M ' ' dynamics may be extracted through careful measurements of
the spectra of polarization-state fluctuations and from detailed
measurements of the intermediate states in the polarization-
state switchings which are observed. Careful determination,
for example, of the hysteresis, if any, in the current-induced
A polarization switchings would also be useful for determining
the appropriate values of the parameters to use in modeling
this behavior.
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