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An axial magnetic field applied to vertical-cavity surface-emitting lasers induces emission of elliptically
polarized states. The characteristic switching between orthogonal linearly polarized states with no magnetic
field becomes a switching between elliptically polarized states with low ellipticity for weak magnetic fields.
Stronger magnetic fields induce time-dependent solutions with two main peaks in the optical spectrum, with
orthogonal elliptically polarized basis states. Strong magnetic fields induce rotating linearly polarized emission.
@S1050-2947~96!50606-2#

PACS number~s!: 42.55.Px, 42.60.Mi, 42.65.Sf, 42.55.Sa

Vertical-cavity, surface-emitting lasers~VCSELs! most
often emit linearly polarized light preferentially oriented
along one of two perpendicular directions associated with the
crystal axes. These two polarization modes have different
optical frequencies split, typically by a few GHz, by the ma-
terial birefringence. For relatively low injection currents,
VCSELs commonly emit in the fundamental transverse
mode, with a relatively abrupt switch between the states of
linear polarization as the injection current is increased@1–5#.

This general phenomenology is also found within a theo-
retical framework@6#, based on a model@7# that incorporates
the vector nature of the electric field, saturable dispersion
associated with the linewidth enhancement factor~or anti-
guiding parameter! of semiconductors, and carrier dynamics
associated with the different magnetic sublevels of the con-
duction and heavy-hole valence bands.

In addition to the linearly polarized states the analysis
@6,8,9# predicts elliptically polarized states~and states of
temporally modulated ellipticity! as intermediates in the
switching between the linearly polarized states. Long-lived,
but weakly unstable ‘‘two-frequency solutions’’ have also
been found in the model@10#, for which the total field spec-
trum shows two frequencies with roughly the same ampli-
tude and with each spectral component corresponding to a
different state of polarization. These features persist when
the Gaussian profile of the mode is included@10#.

Elliptically polarized emission was observed experimen-
tally for VCSELs in an axial magnetic field@11#, with greater
ellipticity close to the lasing threshold and for larger mag-
netic fields. A small remnant ellipticity was also observed at
zero magnetic field.

From the point of view of a model for VCSELs such as
@6,7#, one would expect an applied magnetic field to enhance
the dynamical role of the magnetic sublevels by breaking the
degeneracy of the resonant frequencies for left and right cir-
cularly polarized fields interacting with different magnetic
sublevels. When combined with the intrinsic birefringence of

the VCSEL, the magnetically induced Faraday effect would
then naturally transform the preferred basis states of the sys-
tem from linearly polarized states to elliptically polarized
states. An extreme case of magnetically decoupled radiation
channels for nondegenerate transitions for circularly polar-
ized fields might lead to simultaneous emission on both tran-
sitions, with the frequency difference resulting in a state of
rotating linear polarization. This leads us to expect that a
magnetic field of intermediate strength might stabilize two-
frequency solutions with simultaneous emission of two ellip-
tically polarized states. The remnant ellipticity observed ex-
perimentally for zero applied field may be a result of stray
fields or an indication of some material process that breaks
the sublevel degeneracy.

Motivated by these expectations we analyze in this paper
the predictions of the general theoretical framework of@6,7#
for VCSELs with an axial magnetic field based in the model
given by @6#

dE6

dt
52kE62 iv0E61k~11 ia!~N6n!E62 igpE7

2gaE76 igzE66gcE6 , ~1!

dN

dt
52g~N2m!2g~N1n!uE1u22g~N2n!uE2u2, ~2!

dn

dt
52gsn2g~N1n!uE1u21g~N2n!uE2u2, ~3!

whereE6 are the slowly varying, complex amplitudes of the
circularly polarized components of the vector electric field.
N is the total population difference between the conduction
and valence bands;m is the normalized injection current;n is
the difference in the population differences on the two al-
lowed transitions between magnetic sublevels;a is the line-
width enhancement factor;v05ka is a frequency shift for
the slowly varying amplitudes that leads to a zero optical
frequency at the lasing threshold in the absence of phase
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anisotropies;gp represents the effect of birefringence;ga
andgc are the strengths of the anisotropic amplitude losses
for the linearly and circularly polarized modes, respectively;
andgz represents the magnetic-field-induced frequency split-
ting of the circularly polarized modes in the absence of other
anisotropies.

When there is no magnetic field and no circular anisotro-
pies (gz5gc50) these equations predict different domains
of stability for the x- and y-polarized steady~constant-
intensity! states@6,10#, which have different optical frequen-
cies given by1gp and2gp , respectively. Depending on the
values of the birefringence parametergp and the injection
currentm, either one, both, or none of the two linearly po-
larized states are stable. As an illustration we restrict this
paper to a situation of low birefringence (gp52g) with
gc50 in which increasingm changes the system from a
domain of bistability to a domain in which only
y-polarized emission is stable. Other chosen parameter val-
ues arek5300 ns21, g51 ns21, gs550 ns21, a53, and
ga520.1. With the small negative value for the amplitude
anisotropy (ga) x-polarized emission is favored close to
threshold and there is a switch fromx- to y-polarized emis-
sion at approximatelym51.15.

With nonzero magnetic field the steady states are ellipti-
cally polarized ~with small ellipticity when the magnetic
field is weak! with their azimuths tilted towards thex and
y axes, denoted byex and ey , respectively. These can be
characterized by an ellipticity parameter defined as

x~ t !5
1

2
arcsinS uE1~ t !u22uE2~ t !u2

uE1~ t !u21uE2~ t !u2D . ~4!

Figure 1 shows the ellipticity for the solution found as the
injection current was increased in small steps. The inset
shows that, form below the polarization switching point,x
increases with both increasingm and increasinggz, in accord

with the experimental observations@11#. Form values above
the polarization switchx decreases with further increases in
m.

With increasing magnetic field, time-dependent solutions
are more prevalent. Three qualitatively different time-
dependent states have two predominant peaks in their optical
spectra. Samples are presented in Fig. 2. We denote them as
M ~elliptical polarization with modulated ellipticity and
modulated azimuth about nonzero mean values!, R ~states
with periodically modulated ellipticity around a zero mean
and with a rotating azimuth!, andRL ~rotating linearly polar-
ized emission!. Their characterization in Fig. 2 is given in
terms of their total field spectrum~sum of the power spectra
of E2 and E1) and their representation in the Poincare´
sphere@12#.

The state we callM has unequal strengths in its spectral
components, elliptical polarization for each spectral compo-
nent, and a small closed trajectory on the Poincare´ sphere.
The stronger spectral component has the elliptical polariza-
tion state given by the center of the trajectory. The state we
call R has two nearly equally strong spectral components,
and is thus represented by what is nearly a great circle on the
Poincare´ sphere. The elliptically polarized states of the spec-
tral components are given by the intersections of the surface
of the Poincare´ sphere with the diameter which is perpen-
dicular to the plane of the circular trajectory.RL is a limiting
case ofR in which the basis states of the spectral compo-
nents are circularly polarized, a condition reached only as-
ymptotically for large magnetic fields for the parameters we
have chosen. The state that is nearlyRL , which is shown in
Fig. 2~c!, has a small residual modulation of the ellipticity.

The time-dependent states are found as intermediate states
in the switching fromex to ey with adiabatically increasing

FIG. 1. Ellipticity ~x! vs injection current~m! for indicated val-
ues of magnetic field strength (gz). Inset:x vs gz for small values
of m.

FIG. 2. Optical power spectrum and Poincare´ sphere represen-
tation of time-dependent solutions termed~a! M , ~b! R, and ~c!
RL as discussed in the text. Parameters:~a! m51.16, gz50.01gp ;
~b! m51.1, gz5gp ; ~c! m51.1, gz510gp .
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current, as indicated in the phase diagram shown in Fig. 3~a!
for the control parametersm andgz . For simplicity we use
the symbolM in this figure to denote not only the time-
dependent states of modulated ellipticity, such as that shown
in Fig. 2~a! ~which appears after a Hopf bifurcation destabi-
lizes theex solution!, but also more complicated states of
modulated ellipticity including figure-8’s on the Poincare´
sphere. The results for no magnetic field include states la-
beledLx andLy for x- andy-polarized states, respectively.

We find three different scenarios in this switching pro-
cess, depending on the strength of the magnetic field (gz).
~1! For a weak magnetic field (gz!gp) the switching from
ex to ey occurs through narrow regions of intermediateM
andR states. This is a small modification of what happens
for zero magnetic field where the switch fromLx to Ly oc-
curs through intermediateex and M states. ~2! When
gz;gp , the switching occurs through broader regions of in-
termediateM and R states.~3! For very large magnetic
fields, the state selected close to threshold is nearly circularly
polarized~in this caseC2) and it switches to anR state as
the injection current is increased. The instantaneous elliptic-
ity of theseR states becomes very small with strong mag-
netic fields and asymptotically they becomeRL states.

For low injection current the system is bistable; hence
there is hysteresis if the injection current is first raised from
the lasing threshold to a value greater than 2 and then low-
ered, with the switching that occurs asm is decreased@Fig.
3~b!# appearing at a lower value of them.

These results indicate that substantial zones of polariza-
tion switching that may be useful for signaling applications
remain for low magnetic fields, with the switching occurring
between distinguishable states of different azimuth and low
ellipticity. The dynamically significant strength of magnetic
fields for qualitative changes in behavior is set bygz;gp .

Note added in proof.Recently we learned of related theo-
retical work @13# extending, as here, the theory@6–10# to
include magnetic fields and circular loss anisotropies. They
provide analytical solutions for the elliptically polarized
states.
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FIG. 3. Sequence of states~L—linear polarized, others as iden-
tified in Fig. 2 and the text! observed with adiabatically~a! in-
creased and~b! decreased injection current for indicatedgz. M—
states always appeared with increasingm betweenex andR states,
but they are not indicated unless they appeared for the specific
values ofm chosen for the tables.
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