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Polarization dynamics in a vertical-cavity laser with an axial magnetic field
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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.
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PACS numbg(s): 42.55.Px, 42.60.Mi, 42.65.Sf, 42.55.Sa

Vertical-cavity, surface-emitting laser® CSEL9 most the VCSEL, the magnetically induced Faraday effect would
often emit linearly polarized light preferentially oriented then naturally transform the preferred basis states of the sys-
along one of two perpendicular directions associated with thé&em from linearly polarized states to elliptically polarized
crystal axes. These two polarization modes have differengtates. An extreme case of magnetically decoupled radiation
optical frequencies split, typically by a few GHz, by the ma- channels for nondegenerate transitions for circularly polar-
terial birefringence. For relatively low injection currents, ized fields might lead to simultaneous emission on both tran-
VCSELs commonly emit in the fundamental transversesitions, with the frequency difference resulting in a state of
mode, with a relatively abrupt switch between the states ofotating linear polarization. This leads us to expect that a
linear polarization as the injection current is increagkds].  magnetic field of intermediate strength might stabilize two-

This general phenomenology is also found within a theofrequency solutions with simultaneous emission of two ellip-
retical frameworK 6], based on a modg¥] that incorporates tically polarized states. The remnant ellipticity observed ex-
the vector nature of the electric field, saturable dispersioerimentally for zero applied field may be a result of stray
associated with the linewidth enhancement fadtur anti-  fields or an indication of some material process that breaks
guiding parameterof semiconductors, and carrier dynamics the sublevel degeneracy.
associated with the different magnetic sublevels of the con- Motivated by these expectations we analyze in this paper
duction and heavy-hole valence bands. the predictions of the general theoretical framework&¥]

In addition to the linearly polarized states the analysisfor VCSELs with an axial magnetic field based in the model
[6,8,9 predicts elliptically polarized stategand states of given by[6]
temporally modulated ellipticily as intermediates in the
switching between the linearly polarized states. Long-lived, dE.

but weakly unstable “two-frequency solutions” have also —5~ =~ kE=—iwoE.+x(1+ia)(NEN)E. —iy,Ex
been found in the mod¢llL0], for which the total field spec-
trum shows two frequencies with roughly the same ampli- —yE-*iy,EL*yE, @

tude and with each spectral component corresponding to a
different state of polarization. These features persist when
the G_au_ssian profi_le of the_ m_ode is includad]. _ d_N: — y(N— ) — y(N+n)|E+ 2= y(N—n)|E_|2, (2)
Elliptically polarized emission was observed experimen-  dt
tally for VCSELSs in an axial magnetic fie[d 1], with greater
ellipticity close to the lasing threshold and for larger mag- dn
netic fields. A small remnant ellipticity was also observed at i y(N+n)|E, |2+ y(N—-n)[E_|?2, (3
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 enhancavhereE .. are the slowly varying, complex amplitudes of the
the dynamical role of the magnetic sublevels by breaking theircularly polarized components of the vector electric field.
degeneracy of the resonant frequencies for left and right cirN is the total population difference between the conduction
cularly polarized fields interacting with different magnetic and valence bandg; is the normalized injection current;is
sublevels. When combined with the intrinsic birefringence ofthe difference in the population differences on the two al-
lowed transitions between magnetic sublevelds the line-
width enhancement factow,= ke« is a frequency shift for
*Electronic address: serrat@fen.upc.es the slowly varying amplitudes that leads to a zero optical
"Electronic address: habraham@brynmawr.edu frequency at the lasing threshold in the absence of phase
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FIG. 1. Ellipticity (x) vs injection currenfu) for indicated val- % 1 ' yl( !
ues of magnetic field strengthy{). Inset: y vs v, for small values =0 () |*- N
of p. 279 o 219 1 0 1
/v Y
anisotropies;y, represents the effect of birefringence; FIG. 2. Optical power spectrum and Poincaghere represen-

and y. are the strengths of the anisotropic amplitude lossegation of time-dependent solutions terméa) M, (b) R, and (c)
for the linearly and circularly polarized modes, respectively;r, as discussed in the text. Parametéas:u = 1.16, y,=0.01y,;
andy, represents the magnetic-field-induced frequency splittb) x=1.1, y,= y,; (©) u=1.1, 7,=10y,.

ting of the circularly polarized modes in the absence of other ) )
anisotropies. with the experimental observatiofisl]. For u values above

When there is no magnetic field and no circular anisotrothe polarization switchy decreases with further increases in
pies (y,=v.=0) these equations predict different domains#- ) o ) )
of stability for the x- and y-polarized steady(constant- With increasing magnetic field, time-dependent solutions
intensity stateg6,10], which have different optical frequen- areé more prevalent. Three qualitatively different time-
cies given by+ y, and— v, respectively. Depending on the dependent states have two predominant peaks in their optical
values of the birefringence parametgs and the injection ~SPectra. Samples are presented in Fig. 2. We denote them as
currentu, either one, both, or none of the two linearly po- M (elliptical polarlzatlon with modulated ellipticity and
larized states are stable. As an illustration we restrict thignodulated azimuth about nonzero mean valugs (states
paper to a situation of low birefringencey =2y) with with periodically modulated ellipticity around a zero mean
v.=0 in which increasingu changes the system from a and with a rotating azimughandR, (rotating linearly polar-
domain of bistability to a domain in which only ized emission Their characterization in Fig. 2 is given in
y-polarized emission is stable. Other chosen parameter vaierms of their total field spectruiisum of the power spectra
ues arex=300 ns !, y=1 ns !, y.=50 ns !, @=3, and of E_ and E,) and their representation in the Poincare
ya=—0.1. With the small negative value for the amplitude SPhere{12]. o
anisotropy f,) x-polarized emission is favored close to The state we ca_llM has u_nequal strengths in its spectral
threshold and there is a switch froxa to y-polarized emis- components, elliptical polarlz_atlon for each spe_zrctral compo-
sion at approximately,=1.15. nent, and a small closed trajectory on the Poincgrkere.

With nonzero magnetic field the steady states are ellipti-] '€ Stronger spectral component has the elliptical polariza-
cally polarized (with small ellipticity when the magnetic tion state given by the center of the trajectory. The state we
field is weak with their azimuths tilted towards the and  C@ll R has two nearly equally strong spectral components,
y axes, denoted by, and e,, respectively. These can be and is thus represented by what is nearly a great circle on the

characterized by an ellipticity parameter defined as Poincaresphere. The e]liptically po_larized states of the spec-
tral components are given by the intersections of the surface

of the Poincaresphere with the diameter which is perpen-
1 [|EL(D)]>=|E_(1)]? dicular to the plane of the circular trajectoR, is a limiting
x()= Earcsw('E OP+E_(O[2) (4 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
Figure 1 shows the ellipticity for the solution found as the have chosen. The state that is ned&ly, which is shown in
injection current was increased in small steps. The insefFig. 2(c), has a small residual modulation of the ellipticity.
shows that, foru below the polarization switching poing The time-dependent states are found as intermediate states
increases with both increasingand increasing/,, in accord  in the switching frome, to e, with adiabatically increasing
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ol =z R R R R R R We find th.ree different scenarios in this swi'Fchi.ng pro-
L T g cess, depending on the strength of the magnetic figll.
10y |C. Ry Ry Ry Ry Ry Rp oo Rg (1) For a weak magnetic fieldy,<vy,) the switching from
% &2 R R R R R g - g €y to €, occurs through narrow regions of intermedidte
vlomyles M R R R g & - & and R states. Th_ls is a small modlflcgtlon of what happens
for zero magnetic field where the switch from to L, oc-
0lp | & & & M R & & - & curs through intermediates, and M states. (2) When
0017, [ €x € € € R & & - & Y2~ ¥p, the switching occurs through broader regions of in-
0 |Ls Ly L, & R L, L, - L termediateM and R states.(3) For very large magnetic
@] n |10 105 110 115 120 125 130 - 20 f|elds_, the _statg selected close 'Fo thr.eshold is nearly circularly
polarized(in this caseC_) and it switches to aR state as
the injection current is increased. The instantaneous elliptic-
100y, |R; R, R, R, R; Ry Ro - Ru ity pf t.heseR states becqmes very small with strong mag-
netic fields and asymptotically they becoiRg states.
0% |Re Ry Rp Re Ry Ry Rpoooor Ry For low injection current the system is bistable; hence
% |€2 R R R & & & - & there is hysteresis if the injection current is first raised from
| 0Ty &2 M R & & & & - & the lasing threshold to a value greater than 2 and then low-
ered, with the switching that occurs gsis decreasedFig.
01y, | €2 Ey & €y Ey Ey Ey - &y .
3(b)] appearing at a lower value of the
00ln | €2 & & & & & & v & These results indicate that substantial zones of polariza-
o |Ls, Ly L, L, L, L, L, - L tion switching that may be useful for signaling applications
®] » |10 105 110 115 120 125 130 .- 20 remain for low magnetic fields, with the switching occurring

between distinguishable states of different azimuth and low
_ ) ) ellipticity. The dynamically significant strength of magnetic

_ FIG. 3. Sequence of states—linear polarized, others as iden- fig|qs for qualitative changes in behavior is setfy-y, .

tified in Fig. 2 and the te.j(t.obslerved with adlfibgtlcaIIYa) in- Note added in proofRecently we learned of related theo-
creased andb) decreased _|nje_ct|on c_urrent for indicated M— retical work [13] extending, as here, the theof§—10] to
states always appeared with increasingetweene, andR states, include magnetic fields and circular loss anisotropies. The
but they are not indicated unless they appeared for the specifié1 id gl ical luti for th lioticall P | " d Yy
values ofu chosen for the tables. provide analytical solutions for the elliptically polarize

states.

current, as indicated in the phase diagram shown in Fa. 3 We are grateful for helpful discussions of these problems
for the control parameterg andy,. For simplicity we use Wwith F. Prati, G. Tissoni, J.P. Woerdman, M. Van Exter, M.
the symbolM in this figure to denote not only the time- Travagnin, and H. Li. C.S. and R.V. acknowledge support
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in Fig. 2@ (which appears after a Hopf bifurcation destabi-tifica y Tecnica(Contract No. PB92-0660-C03M.S.M. and
lizes the e, solution, but also more complicated states of J.M.R. acknowledge financial support from the Connisio-
modulated ellipticity including figure-8's on the Poincare terministerial de Ciencia y TecnolagiProject Nos. PB94-
sphere. The results for no magnetic field include states lat167 and TIC95/0563, and European Union HCM Grant No.
beledL, andL, for x- andy-polarized states, respectively. CHRX-CT-94-0594.
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