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Polarization Switching of a Vertical-Cavity Semiconductor Laser
as a Kramers Hopping Problem
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We report stochastic polarization switching in vertical-cavity semiconductor lasers, with residence
times that vary by 8 orders of magnitude for a single such laser by changing its switch current
with a hot-spot technique. In spite of the potentially complicated polarization dynamics of these
lasers, the experimental results agree with Kramers hopping in a 1D double-well potential initiated
by quantum fluctuations. We confirm the validity of this surprisingly simple theoretical model by
independent measurements of the potential barrier between the wells and the spontaneous emission
noise strength. [S0031-9007(99)09390-4]

PACS numbers: 42.65.Pc, 42.55.Px

The vertical cavity surface emitting laser (VCSEL) is aing point is our recent theoretical and experimental
novel type of semiconductor laser, which is not completelywork [2,5,6] showing that the polarization dynamics of
understood. This refers, in particular, to important issuegjuantum-well VCSELSs, as derived from a split-level in-
such as polarization stability, polarization switching, andversion model [7-9], after adiabatic elimination of the
polarization modulation. It is generally believed thatspin-difference inversion is similar to that of a class
polarization behavior of VCSELs is extremely compli- A-type (gas or dye) laser when the anisotropies are not too
cated, in particular, when considering multitransversebig. In this description the polarization, described by the
mode devices [1]. However, recently a greatly polarization angle¢) and ellipticity angle §), is driven
simplified theory was developed, which allows ana-by dispersive and absorptive anisotropies. Specifically,
Iytical solutions and which predicts that the polarizationthe effective birefringenceu.sr) and effective dichroism
dynamics of VCSELs reduces to the Kramers hoppindy.s) create a difference in frequency and gain between
problem of a 1D double-well potential [2]. We note the lasing and nonlasing polarization, respectively. Both
that the Kramers double-well potential model has a longu.ss and vy consist of a linear part, which quantifies
history [3] and has been applied in many subfields othow much the cylindrical symmetry of the cavity is bro-
physics and chemistry [4]. In this Letter we validate ken, and a nonlinear part, which corresponds to a polar-
this surprisingly simple theory for practical VCSELs by ization dependence of the optical saturation and is thus
observing and analyzing stochastic polarization switchingproportional to the pump parameter = (I/Iy,) — 1.

The important quantity in the Kramers model is theWhen linear birefringence is the dominant anisotropy
average residence tim@') (also called average dwell (which is the case for practical VCSELSs [2,5,6]), we have

time [2] or first-passage time [4]), which is the average _ 3 _ —

time before a switch takes placél) depends on the weit = Vo, + 20 Gnon ~ Yo (12)
potential barrier between the wells and the strength of Yett = Yiin COS28) + Ynon » (1b)
the quantum fluctuations that initiate switching. The

experimental validation of the analytical VCSEL theory @Wnon = @ Ynon = @ % W, (1c)

[2] has become possible by using a hot-spot technique;
this has allowed us to manipulate the Kramers potential ovherew);, andw,,, are, respectively, the linear and non-
asingleVCSEL. In this way we have been able to changelinear birefringencey;, and y,on are, respectively, the
the average residence tiiE) by 8 orders of magnitude, linear and nonlinear dichroisnx, is the decay rate of the
in quantitative agreement with theory. intracavity field,I" is the decay rate of the spin-difference
The reason for this dramatic change in residence timesversion divided by that of the spin-averaged inver-
is that a VCSEL has a rather critical balance betweersion, anda is the phase-amplitude coupling factor. The
the deterministic force that pins the polarization and theangle 8, between the axes of the linear birefringence and
stochastic force due to quantum fluctuations (spontaneouear dichroism, is introduced to describe nonaligned lin-
emission) that triggers switching. The anisotropies whickear anisotropies. Fo8 # 0 the effect of linear dichro-
determine the stationary polarization are relatively smalljsm is reduced, because the linear dichroism must be
because of the nominal cylindrical symmetry of theprojected onto the axis of the linear birefringence, since
cavity, and the spontaneous emission noise is relativeliimear birefringence has been assumed to be the dominant
large due to the small size of the device [2]. anisotropy.
As the underlying theory has already been discussed Besides the deterministic force due to anisotropies,
[2], we will only highlight its essentials. The start- which sets the steady-state polarization, there is also
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a stochastic force due to quantum fluctuations. Theave assumed the linear birefringence to be dominant. The
presence of spontaneous emission results in a “noisgngle2¢ measures the azimuthal position of the almost
cloud” around the steady-state polarizati@h y) on the circular orbits around the, y axis.

Poincaré sphere (Fig. 1). (On the Poincaré sphere the Straightforward calculation yields an exponential distri-
equator corresponds to all states of linear polarizationbution of residence times (fop,o,, > D, which is sat-
the poles to the two states of circular polarization, andsfied in practice; see below), with an average residence

the rest to elliptically polarized light.) time of each eigenpolarization given by

In general, the fluctuations ip and y can be quite \/777 1 y
different. However, for practical VCSELSs, where the lin- (T) = exp( "°“>. (3)
ear birefringence is the dominant anisotropy, this differ- Ynon Vnon 4D

ence in fluctuations of both angles is negligible and the Since the potential is symmetri@;) is the same for both
polarization dynamics can be reduced to that of singldinear polarizations, i.e., the laser switches symmetrically.
angle ¢, where co®¢) = coqd2y)cod2¢) [2]. The  The rate of switching is thus expressed in terms of the non-
very complicated polarization dynamics of VCSELSs islinear dichroismy,.,, which specifies the barrier between
then reduced to the standard model of diffusion in a onethe two potential wells, and the diffusion coefficieht
dimensional potential. To obtain more insight into theThe exponentin Eq. (3) depends quadratically on the pump
statistics we derive from the Fokker-Planck equation forparametei, because the potential barrier scales with the
the polarization [2] as steady-state probability density — pump @won = ), due to polarization-dependent satura-

P(e)de = sin2g)e VP 4o (2a) tion, andl_) o< 1/ (Schawlow-Townes). _This “qu_adratic
©5) exponential” dependence makes the residence time a very
_ _YinCO Ynon sensitive function of the pump parameter.
\%4 = —————Cc092¢) — —— co4¢p). .
(¢) 2 2¢) 8 o) For the experiments we had a batch of about 50 proton

(2b) implanted AlLGa-,As VCSELs available, operating at
850 nm [10]. Within the range of fundamental tranverse

ode operation, betweeh, = 5 mA and I = 11 mA,

nly a few of these lasers switched polarization. Most of
these polarization-switching devices exhibited hysteresis,
because the switching occurred at relatively large currents,
whereas some showed stochastic hopping since they
switched at lower currents. To make a comparison with
theory, very large numbers of VCSELs would be needed
o end up with a reasonable number that switch at
relatively low currents. Furthermore such a comparison is
o . always hindered by unintentional differences from device
The switching occurs between two orthogonally Imearto device. In order to solve this problem we used the so-

polarized states, which lie _diametrically in the equgtorialca”ed hot-spot technique [11] to vary the switch current
plane. The trajectory which connects the pOIa”Zat'onofasinglelaser

before and after the switch is a spiraling motion because With this tool we changed the strength and orientation

of the linear birefringence by applying stress with a fo-
G+ cused 780-nm laser beam (typically 30 mW) that locally
heats the wafer surface next to the VCSEL. In experi-
ments with the hot spot we have not noticed a direct
effect on the dichroism, only an indirect one. By chang-
ing the position of the hot spot we can rotate the axes
y of the birefringence, so that th@ojecteddichroism will
change, assuming that linear birefringence is still the
dominant anisotropy. By rotating the birefringence axes
the projected dichroism, i.e., the first term in Eq. (2b), was
X+y canceled, which results in a bistable system with the laser
hopping symmetrically between two linear polarizations
determined by the axes of the linear birefringence. By
) o _ adjustment of the hot-spot power the VCSEL can now be
FIG. 1. Evolution of the polarization angles and ¢ during  f5rced to hop at any current within the range of the fun-

the switch, plotted on the Poincaré sphere. The switch correy tal t d
sponds to a spiraling motion between two linear polarizations@Mental transverse moae. .
diametrically opposed in the equatorial plane. The black dot TO measure the polarization of the emitted VCSEL

indicates the noise cloud. light we use three different tools [2]: a Fabry-Pérot

The parameterD is the strength of the Langevin
noise source that models spontaneous emission. We wi|
now limit ourselves to aymmetricdouble-well potential,
where the modes are equivalent;f co928) = 0]. The
potential has in fact two series of minima, 2p = 0
[(mod27) and2¢ = 7 (mo7), which corresponds to
pure x- and y-polarized emission. Noise can make the
system switch between two neighboring minima. Th
evolution of the two polarization angle$ and y on
the Poincaré sphere during a switch is shown in Fig. 1
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interferometer to measure the optical spectrum, a fasheasure the time it takes for the polarization to actually
photodiode in combination with a spectrum analyzerswitch gave an upper limit of 2 ns. For the theory to
to measure polarization-resolved intensity noise spectrbe valid the inverse of this time must be much smaller
(detection bandwidth 6 GHz) and a fast photodiode inthan the linear birefringence);,, which causes the spiral
combination with an oscilloscope to measure time tracesotion during the switch [2]. Asw;, =~ 15 ns'! (see
(detection bandwidth 500 MHz). below) we satisfy this condition.

The inset in Fig. 2 shows a typical time trace of the We will now discuss the independent measurements of
x-polarized part of the output power of a single- both the deterministic and stochastic force which deter-
transverse-mode VCSEL that hops at 6.4 mA. Spectrahine the residence time. First we have measured the ef-
measurements with a Fabry-Pérot interferometer (nofective anisotropies of the switching laser (Fig. 3) with
shown) confirmed that the two levels in the time tracepolarization homodyne detection [2,9]. The nonlinear
corresponded with the two different linear VCSEL parts of the anisotropies (and thus also the linear parts)
polarizations in the optical spectrum, only one of whichcan be extracted from the discontinuities in the effec-
was lasing at each time; from this we conclude thative anisotropies around the switch [2], where the lin-
hopping occurs between the two polarizations in theear anisotropies change sign, but the nonlinear ones do
fundamental transverse mode. A very long time tracenot. (This is because linear anisotropies generate dif-
containing more than0* switches, was used to calculate ferences with respect to two orthogonal linear polariza-
the probability distribution of residence times, as showrtions, whereas nonlinear anisotropies act the same on
in Fig. 2. This distribution is exponential, as expectedevery linearly polarized state). As the switch current
from theory, with a fitted average residence time ofcould be set with the hot spot, we could measure the non-
1.0 us. We checked that the statistics of both levels inlinear birefringence and nonlinear dichroise (lepth of
the time trace were the same. the potential well) as a function i = (I/I,) — 1 (see

Next we increased the current and adjusted the hot-spétig. 4). From the straight-line fits [Eqg. (1¢)] we deter-
power and/or position until the VCSEL hopped again. Inmined the absolute strength of the nonlinear anisotropies
this way the residence times were determined for differenfat w = 1) as wyon = 4.5ns ! and y,on = 1.5 N/,
hop currents; the combined result is shown in Fig. 3which impliesa = 3 andI" = 200, assuming the cavity
Note that each point corresponds with symmetric hoppingdecay rate to bec = 300 ns™!. Furthermore we found
As one can see in Fig. 3, for low currents switchingthat wy, =~ 15 ns!, so that linear birefringence is in-
occurs on a submicrosecond time scale, whereas for highdeed the dominant anisotropyiin > ®non, Ynon- The
currents the time scale rapidly increases to seconds. Sufitted threshold current in Fig. 4 was 5.1 mA, which is
a huge change in the residence times (about 8 orders afightly higher than the value of 4.8 mA determined from
magnitude) has never been observed before. the output-input curve.

Measurements have been repeated for different To measure the amount of spontaneous emission
VCSELs of our batch; the results shown in Fig. 3 arewe have determined the optical linewidth with a self-
also representative for the other devices. An attempt tbieterodyne fiber-delay setup. The measured linewidth

Av = (1 + o?)D/m was about 20 MHz atu = 1,
which corresponds with a diffusion raté®#=! of
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FIG. 2. Distribution of residence times of a polarization
switching VCSEL at/ = 6.4 mA. From the exponential fit
the average residence time was found tollfeus. The inset

u

FIG. 3. Residence times as a function of the normalized pump

shows a small part of the polarization resolved time trace; thgparameteru; the dots are experimental data and the line is a
full trace was used to calculate the distribution.

theoretical fit corresponding to Eq. (3).
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4 : : : In conclusion, we have experimentally studied symmet-
e V(o) ric polarization switching in VCSELs by changing their
@ switch current with the hot-spot technique and thus tai-
g 37 loring the Kramers po@ential of an individual'device. Thg
s / v % results confirm the valldlty _of a recentl_y published analyti-
5 cal theory for the polarization of practical VCSELSs [2].
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