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Polarization Fluctuations Demonstrate Nonlinear Anisotropy of a Vertical-Cavity
Semiconductor Laser
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We report observation of polarization fluctuations in vertical-cavity semiconductor lasers, which
allows us to demonstrate and quantify the importance of nonlinear polarization anisotropy. We focus
on three aspects, which all fit within the same theoretical framework: (i) a nonlinear spectral redshift,
(ii) an extra four-wave mixing peak in the optical spectrum, and (iii) correlations between the polariza-
tion fluctuations. [S0031-9007(98)06185-7]

PACS numbers: 42.55.Px

In conventional semiconductor lasers the optical polarnonlinear anisotropy disappears. Hor> 1, a case that
ization is pinned by the stripe geometry. In semiconducapplies to our experiments (see below), the spin-difference
tor vertical-cavity surface-emitting lasers (VCSELS) suchinversion can be adiabatically eliminated from the laser
pinning is practically absent due to their nominal cylin- rate equations [1,2] and the polarization dynamics simpli-
drical symmetry. As a consequence it has been predicteiibs to that of a class A laser [12]. For such a laser one can
that the polarization fluctuations in the emitted light, be-show that, irrespective of the microscopic model, there is
ing driven by spontaneous emission noise and modified bgnly one (complex-valued) parameter that determines the
the optical anisotropies, can become exceptionally strongonlinear anisotropies [2].
in these lasers [1,2]. Earlier studies showed the dominant A complete description of the light emitted by a single-
anisotropy in VCSELs to be linear birefringence causedransverse-mode VCSEL involves four variables, which
by stress acting via the elasto-optic effect [3] and by incan be chosen as phase, intensity, polarization direction,
ternal electric fields acting via the electro-optic effect [4].and polarization ellipticity. When we neglect the phase
Nonlinear anisotropies, which increase with laser powerand assume the intensity to be constant (operation suf-
and reflect the polarization dependence of the gain saficiently far above threshold), we retain the polarization
uration, were found to be much weaker and noticeabl@angle (r) and the ellipticityy (). For practical VCSELs
only as small deviations from a linear coupled-mode dethe optical field is approximately linearly polarized [5],
scription [5]. Nonlinear anisotropies have been mentioneélong the axis of linear birefringence which we define
as the prime origin of polarization switches, i.e., sudderto be thex axis, so that the optical field can be writ-
changes in the VCSEL polarization as a function of laseten asE(t)e " ~ |E|[é, — (¢ + ix)éyle ', with
current [6], but quantitative data is scarce [7] and compety, , « 1. For I' > 1 and constantE| the basic rate

ing mechanisms might also play a role [8,9]. In this Let-gquations for the polarization angles are [1,2]
ter we will show how fluctuations in the laser polarization

presents conclusive experimental evidence, qualitative and de¢
guantitative, for the existence of nonlinear anisotropies (or ar 2ed —
polarization-dependent saturation) in VCSELSs.

The simplest and still realistic description of the non- dy KL
linear aspects of a quantum-well VCSEL is based on o 2ot (26 - 2T)X + fy.  (1b)
a model developed by San Miguet al.[10], and ex-
tended by others [1,2,6,11], in which the conduction andrhe linear anisotropies appear as a linear birefringence
heavy-hole valence band are treated as four discrete legw and a linear dichroisn2e, where o > 0 and € >
els, M = i% andM = i%, interacting via the circular 0 correspond tox-polarized light having the highest
components of the optical field. An important parameterfrequency and highest loss, respectively. The nonlinear
in this model isT", which describes the spin flip relax- anisotropies appear asu/I", in Eq. (1a) multiplied by
ation between levels with opposite angular momentumthe phase-amplitude coupling parameter where « is
+M and—M (I' = y,/v, wherey, andy are the decay the cavity loss rate of the optical field and is the
rates of the spin-difference and spin-averaged inversionpump parameter = (I — I,)/In], which measures the
respectively). The parametdi determines the strength degree of saturation. The Langevin noise sourggs
of the nonlinear anisotropies; for smdll the circularly and f, represent the spontaneous emission that perturbs
polarized optical transitions are almost decoupled andhe system away from the-polarized equilibrium state
the optical saturation is highly anisotropic; for— «the (¢ = y = 0) and drives the polarization fluctuations
system effectively reduces from four to two levels and theg (r), y (1) < 1.

200 + 2a%>)( + f¢, (1a)
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The experiments were performed on a batch of som&u /I, are expected to lead to an additional damping and
50 proton-implanted GaAs quantum-well VCSELs op-redshift of the “nonlasing” component [2,14]. The nonlin-
erating at a wavelength of 850 nm [13]. To facilitate ear redshift shows up in its purest form around a polariza-
comparison of the various experimental approaches (sd@®n switch, where the nonlinear contribution changes sign
below) we will display results obtained for one VCSEL but the linear one does not, so that the frequency splitting
only. The linear birefringence of the chosen VCSEL wasA v between the two spectral peaks is expected to change
relatively small &3 GHz), to ensure that the nonlinear by an amount [15]
anisotropy was not completely overwhelmed by the lin- A ~ oo KM 5
ear anisotropy. Figure 1 shows the polarization-resolved @hop = LA 2)

output power of this VCSEL as fungtion of inpuf[ cur-  Figure 1(b) shows the frequency splitting» (mea-
rent. Single transverse-mode operation was obtained bgyred with a planar Fabry-Perot interferometer) as a
tween threshold/(, = 4.5 mA) and/ = 10.5 mA. Near  fnction of current. When the laser polarization switches,
I =9 mA this VCSEL exhibits a polarization switch with A, was found to jump from 3.45 GHz for dominant

hysteresis. _ _ x-polarized emission to 2.30 GHz for dominant
We will give three experimental proofs for the exis- y_polarized emission. We attribute this jump to the

tence of nonlinear anisotropies in VCSELs. The firstyonjinear redshift mentioned earlier; it has been observed

proof comes from the optical spectrum, where polarizafor |l our VCSELS that exhibit a polarization switch

tion fluctuations show up as a weakpolarized peak, [9]. In all cases the sign of the observed frequency

which contains~1% of the intensity of the dominant jymp agreed with that predicted for a nonlinear redshift

x-polarized peak [see Fig. 1(a)]. Thepolarized peak ang confronting its magnitude with Eg. (2) we obtain

is shifted and broadened with respect to theolarized a(kp/T) = Awpop/2 = 3.6(2) ns!.

peak [5], the shift and broadening being determined by the The second experimental proof also comes from the

imaginary and real parts of two eigenvalues of Egs. (1ayptical spectrum. We write down the deterministic (i.e.,

and (1b), which aret,, = 2¢ — (kpu/T) * iwo, where  poise-free) time evolution of the optical polarization as

wy = 40% + 4oaku/T — (ku/T)*. These eigenval-

ues show how nonlinear anisotropies, as quantified by d(t) + iy(t) = e ten/Dl(giwt 4 gp=iwory = (3gq)

2.0f

2
@) AR =~ (a? + 1)(%) <1, (3b)
. 0

where we again assumed the nonlinear effects to be

relatively weak. The evolution of¢ + iy) consists

of a “corotating” term and a (generally much weaker)

“counterrotating” term [1,2]. In the optical spectrum the

corotating term is visible as the-polarized peak that we

just discussed, which is displaced byw, with respect to

the dominantk-polarized laser mode. The counterrotating

0 ‘ ‘ ‘ ‘ ‘ ‘ term corresponds to a spectral peak displaced+ay,

a5 (D) 1 i.e., a mirror image of the “nonlasing mode” with respect

°© to the lasing mode. The presence of this mirror image

is a direct result of nonlinear anisotropies; it can be seen

AV;0p=1:15(6) GHz | as a polarization-type of four-wave mixing (FWM) in the

laser, where the polarization beat between the lasing and

25 1 nonlasing modes drives an oscillating spin population,

t.\‘\' which then scatters part of thepolarized lasing mode
into two y-polarized components, one displaced-byy,

20 ‘ ‘ ‘ ‘ ‘ ‘ ] i.e., into the nonlasing mode, and the other tyw,

4 5 6 7 8 9 10 u which creates the FWM component. In view of this
theoretical prediction of the FWM component we have
made a detailed search of the spectra of our VCSELs,
FIG. 1. Polarization-resolved output power (a) and effectiveespecially those with smad, [see Eq. (3b)].
birefringenceAr (b) as a function of current. At low current Figure 2 shows the optical spectrum of the

the emission is dominantly polarized (solid curve, open . _ ; eai — _
circles); at higher currents the laser switchesytpolarized y-polarized emission fof = 9.0 mA (and 1.9 mW of op

emission (dashed curve, dots); above 10.5 mA higher-orde‘ijc"’lI output). For 'ghis me.asurement thepolarized_lasing
transverse modes appear. Note the sudden changarin Mode (peak), which by itself peaks at 40 on this scale,
associated with the polarization switch. was suppressed to abou® > for the dashed curve (to
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relative strength of the FWM peak varies as expected
from Eqg. (3b): it is most prominent for smalb, and
increases steeply with current, i.e., with the amount of
saturation [16].

FWM peaks were also observed for VCSELs with
different frequency splittingd» = wy/(27): for a laser
with Av changing from 6.7 to 5.7 GHz at a switching
current of/ = 9.5 mA, the relative intensity of the FWM
peak wasy,/y; = 0.15(3)%, in agreement with theory.
For a laser with a much smaller splitting, i.eg/Q27) =
—0.6 GHz, the relative intensity of the FWM peak was as
much as 20%. For this laser the assumption of relatively
weak nonlinear anisotropies clearly breaks down, and the
frequency [GHz] approximate expressions cannot be used.

The third experimental proof of nonlinear anisotropies

0.08

0.04

0.02
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FIG. 2. A detailed view of the-polarized optical spectrum at ot ; _
I —90mA. For the solid curve the-polarized lasing mode comes from a quantitative comparison between the fluctu

was fully suppressed; for the dashed curve suppression by gfions in the polarization directi.oqh and the eIIipticityX. .
factor of 10° allows it to serve as a marker. Note the presencel he presence of a counterrotating term in Eq. (3a) implies
of the “nonlasing peak¥, and the FWM pealk,. that the evolution oty + iy in the complex plane is not

along circles, but instead along elliptical trajectories. As a

B result, when the system is driven by noise, the fluctuations
serve as a frequency marker) and to less tiarf for the ¢ and y are predicted to have different amplitudes

solid curves. Thd00X magnification clearly shovv_s the [1]. From Eq. (3) one already obtains the ratio between
presence of a weak FWM peak (peal, being the mirror  ihe girectional and ellipticity fluctuations for frequencies
image of the usual nonlasing peak (peal. In Fig. 2, ~ 4, Fourier analysis of the original Egs. (1a) and
the relative strength of, as compared tg, is 0.63(7)%.  (1p), in the presence of white noise, shows that this ratio

Inserting this value into Eq. (3b) and combining it with 5ctyally depends on noise frequency as [15]
the measured frequency splittingy/(27) = 3.45 GHz,

we find (ku/T)Va? + 1 =3.54)ns’!. This value (Ip(@)?): _ | 4 lekp wh @)
agrees with the earlier value obtained from the nonlinear <|X(w)|2>% wol’ wé + w2/

redshift, since typicallyr = 3-4, so thatva? + 1 = a.

Figure 3 shows the measured intensity of the FWM We have measured the polarization fluctuations in the
peak, relative to that of the nonlasing peak, as a funcVCSEL light, by passing the light through a (rotatable)
tion of current; the open circles denote the case of domA/4 plate and polarizer, to project onto a (selectable) po-
inant x-polarized emission, and relatively large effectivelarization state, and by measuring the intensity fluctua-
birefringencew,, whereas the solid dots denote the casdions in that projection with a fast photodiode and RF
after the polarization switch, wher@, is smaller. The analyzer (up to 3.7 GHz). The/4 plate and polarizer
allow projections on any polarization state so that we can
observe fluctuations i or y or any combination of the
two. The lower curve in Fig. 4 shows the noise spectrum
atl = 9.0 mA for projection, with a polarizer only, onto
the dominantc polarization, so that we observe the inten-
. sity noise in thex poIarization,(IPx(w)P)%. The upper
and middle curves show the noise spectrum for projec-
tion onto thex + y (45° linear) andx + iy (circular) po-
oo larization, respectively. As the noise level in the mixed
0.005 T projections is much larger than that in theprojection,

- the extra noise must originate fropolarization instead
el of intensityfluctuations. The coherent beat between the
0 two polarized components yields(r) (upper curve) and
x(t) (middle curve) as the in- and out-of-phase compo-
current [mA] nent of they-polarized light with respect to the dominant

FIG. 3. The spectral intensity of the FWM peak relative to thex_pOIarlzed light [see expression fal() above Egs. (1a)

nonlasing peak, plotted as a function of current. The circles an(nfilnd (1b)]. .The upper two curves in Fig. 4 th_us confirm
dots correspond to the situation before and after the polarizatiof€ theoretical prediction [1] that the polarization fluctua-
switch, respectively. The dashed lines are to guide the eye. tions are stronger in the polarization directignthan in
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