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Polarization fluctuations in vertical-cavity semiconductor lasers
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We report, theoretically and experimentally, how polarization fluctuations in vertical-cavity semiconductor
lasers are affected by optical anisotropies. We develop a spin-elimitatss A description of laser polar-
ization and show how the various model parameters can be extracted from the experimental data. In practice,
the linear anisotropies are often much stronger than the nonlinear anisotropies, so that the polarization modes
defined by the linear anisotropies form a useful basis. For this case we derive a one-dimensional model for
polarization noise, with simple expressions for the relative strength of the polarization fluctuations and the rate
of polarization switches. For the other, more extreme, case where the nonlinear anisotropies are &srstrong
even strongerthan the linear anisotropies, the spin-eliminated description remains valid. However, in this case
the concept of polarization modes is shown to lose its meaning, as a strong four-wave-mixing peak appears in
the optical spectrum and polarization fluctuations become highly nonunif@h®50-29478)06311-3

PACS numbds): 42.55.Px

[. INTRODUCTION ity, depicted in so-called stability diagrams, and more spe-
cifically on polarization switching and bistabilifd—6]. Al-

Polarization fluctuations are present in all lasers, but ar¢hough polarization switching has been observed in several
exceptionally strong in semiconductor vertical-cavity experiments, a quantitative comparison with theory proved
surface-emitting lase® CSELS. The reason for this is two- to be difficult, due to the numerical methodology and due to
fold. On the one hand, the spontaneous emission noiséhe fact that only limited information could be extracted from
which drives the polarization fluctuations, is relatively strongthe experiments reported so far,8]. Also, alternative expla-
due to the limited size of the device. This is true for anynations for polarization switches seemed equally liKély
semiconductor laser and leads, among others, to a relatively Other experimental studies involved the optical spectra of
large quantum-limited laser linewidfli]. On the other hand, light emitted by VCSEL49]. In general, these spectra con-
the deterministic forces, being the optical anisotropies in thesist of two (Lorentzian-shapedcomponents, a strong “las-
device, are relatively small due to the nominal cylindricaling mode” and a weak “nonlasing mode” with orthogonal
symmetry of a VCSEL. The combination of strong stochastigpolarization, the two components being related to the two
noise and weak restoring forces creates relatively large po/CSEL polarizations. The differences in center frequency
larization fluctuations. A proper understanding of these flucand spectral width between these two components could be
tuations is clearly important from a practical point of view; almost completely attributed to linear anisotropies; only
in any application of VCSELSs polarization noise will be con- small deviations between experiment and a linear “coupled-
verted into intensity noise by th@navoidablg polarization mode” model hinted at more complicated population dy-
dependence of a practical detection system. Alternativelypamics[9]. In practice, nonlinear anisotropies were thus
and this is the emphasis of the present paper, a study of thefaund to be relatively small, corresponding to a large value
fluctuations constitutes a very useful tool to unravel the vari-of T
ous anisotropies and other laser parameters of practical A reconciliation between experiment and theory came
VCSELs. A preliminary report of our study has appearedwith a simplified theoretical description, which was concur-
recently[2]. rently developed by several authd&10,11, in which the

Until recently, it was difficult to compare theory and ex- spin inversion was adiabatically eliminated from the laser
periments on VCSEL polarization. The “standard” theoret- rate equations. This leads to a first-order separation of the
ical model for the polarization of a quantum-well VCSEL is polarization and intensity/inversion dynamics, so that the po-
the “split-inversion model,” developed by San Miguel, larization dynamics of a VCSEL is that of a class A laser,
Feng, and Moloney3]. In this model the conduction and although the intensity dynamics is still that of a class B laser
heavy-hole valence band are treated as four discrete level@yith relaxation oscillations In this model, the effect of the
with M= +1 andM = + 3, respectively, and the inversion is eliminated spin inversion is still contained in the rate equa-
split into two transitonsM=3—3 and M=—3~—3), tions for the optical field, namely, as a nonlinear anisotropy
each interacting with circularly polarized light of a specific or polarization-dependent optical saturation, the saturation
handedness. An important parameter in this model'jis power for linearly polarized light beinslightly) larger than
which describes the spin-flip relaxation between the two spirfor circularly polarized light.
inversions(normalized to the inversion decay ratenfortu- As a next step the rate equations are generally linearized
nately, the split-inversion model is rather complicated, as tharound steady state. The simplicity of the linearized spin-
dynamics of two population inversions has to be accounte@liminated model allows for many analytic expressions; the
for, so that analytic approaches are very difficult. Numericalmodel yields, among others, expressions for a nonlinear red-
studies have concentrated on the issue of polarization stabishift and for excess damping of the nonlasing mode as com-
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pared to the lasing modé,10,11. More recent predictions TABLE I. Important parameters and variables, together with
[11] concern the appearance of a thifdur-wave-mixing  their symbol and units.
peak in the optical spectrum and asymmetries in the

polarization-resolved intensity noigsee below. Parameter or variable Symbol Units
Theoretically, this paper constitutes an extension of thg jnear birefringence @iin nst

work on the spin-eliminated model reported[B8] and[11].  |inear dichroism Yin nst

We will put special emphasis on the role of noise. The keyprgjected linear dichroism /= %inC0S B ns 't

issue is not so mucihetherthe lasing polarization is stable, angle between lin. birefringence 8 rad.

but ratherhow stable it is, what the stability eigenvalues are, & lin. dichroism

and how much the polarization still fluctuates around itSNonlinear birefringence Oron™= Ynon nst

equilibrium value. We hereby derive many useful expres-onlinear dichroism Yron ns !t

sions for VCSEL polarization noise that allow for easy com-Henry's phase-amplitude coupling factor

parison with experiment. As a further extension, we will go Effective birefringence wo=27V, ns*

beyond the linearized theory, concentrating on the practicatffective dichroism Yo=Y+ Ynon NSt

case that linear birefringence is the dominant anisotropy, angavity loss rate K ns!

study the dynamics of polarization switching in VCSELS. (of intracavity optical field

Experimentally, we report a multitude of data on VCSEL Loss rate of average inversion Y nst

polarization noise, extending the work reported[#). By  Loss rate of difference inversion Vs ns?

analyzing the measured polarization fluctuations, which camormalized spin decay rate F=vyly

be exceptionally strong in VCSELs, we extract a series olNoise strength D=ngx/S nst

VCSEL parameters, with emphasis on the various opticabpontaneous emission factor Ngp

anisotropies. Number of photons in S

We focus on three experimental tools to study the polar- fundamental cavity mode
ization fluctuations. The first tool is a measurement of thdntracavity intensity |
polarization-resolved optical spectrum, where polarization (normalized to saturation

fluctuations show up in the form of additional spectral peakdolarization orientation angle ¢ rad.
with a polarization different from that of the lasing peak. The Polarization ellipticity angle X rad.
second tool is a measurement of the polarization-resolveBotationally averaged polarization anglep rad.

intensity noise, a polarization-type of homodyne detection;
suggested by Hofmann and Hd44] and first demonstrated _ .
in [2], in which the intensity noise, after polarization projec- Whereas Sec. Xl summarizes the results and gives an overall
tion of the VCSEL output, is frequency analyzed. We will conclusion.

show how this technique provides information on the polar-

ization fluctuations. As a third tool we employ a time- Il. ADIABATIC DESCRIPTION

domain study of the polarization-resolved intensity. OF POLARIZATION FLUCTUATIONS

In Sec. Il we will briefly review the adiabatic model for ] o
the polarization dynamics of VCSELs. In doing so we will ~ Since we do not want to copy the derivation of the start-
generalize the earlier theory to the case of nonaligned birdd equations we refer tg3-5] for the standard split-
fringence and dichroism. After discussing the various paraminversion model and tf6,11] for the spin-eliminated version
eters in the problem, we will show how their magnitude canof t_hat model. The validity cor_1d|t|on for the adlaba_tlc §I|m|—
be determined from experimental data. To facilitate the comPation has been thoroughly discussed@h the polarization
parison between theory and experiment, Secs. Ill and I\°f the optical field should vary slowly as compared to the
present several useful expressions for the polarizationedium response to polarization changes. This meansithat
resolved optical spectrum, and the polarization-resolved inthe optical anisotropies should not be too large, as these set
tensity noise, respectively. the time scale of polarization changes, digl the normal-

In Sec. V we isolate the case where the linear birefriniz€d spin-decay rat& should be large enough, as this sets
gence dominates over all other anisotropies; this is the cadB€ time scale of the medium response.
encountered for almost any practical VCSEL. We will show e will spend some effort in defining the parameters and
how in this case the adiabatic description in terms of twovariables of the problertsee Table)l as the literature is far
polarization variables can be reduced even further, to &0m uniform in this respect3—6,11. As variables we use
simple one-dimensional description, with appealing expresthe average inversioN (normahzedﬁto .the threshold inver-
sions for the relative strength of the polarization fluctuationssion) and the optical field vector Ree™'“']. The latter can
and the hopping rate in case of polarization switching. be separated into two complex field compondatsand E,

In Secs. VI-X we present and analyze our experimentalor E, andE_). This is, however, somewhat inconvenient as
data, organized via the three basic techniques that we use. honlinear anisotropies create correlations between the fluc-
Sec. VI we discuss the experimental setup, in Sec. VIl thduations in these components. We will therefore anticipate
polarization-resolved optical spectra, in Sec. VIII thethe expected separation between the polarization and
polarization-resolved intensity noise, and in Sec. IX the podintensity/inversion dynamics, and describe the optical field
larization switches that occur in some VCSELSs. In Sec. X wevector with four real-valued variables, instead. The first vari-
will discuss results for VCSELs with a different design, able is a common phase facttihe phase of the laser field
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¢1), which exhibits a diffusive evolution that has no conse-larization ceases to be linear and obtains an average elliptic-
guences for the other dynamics. The other variables are thigy yss[where we consider only,<1, see Eq(A2a)], and
Optica| intensity| :|é|2, and two Poinca'rang|es¢ andX (Il) the polarization dynamiCS is now determined by the pro-
that characterize the optical polarizatiph?], where ¢ (0  Jected linear dichroismy, = y;j,cos 2.

<¢=m) is the direction of the polarization ellipse and For completeness we note that, in some aspects, the va-
(— wl4<y=<l4) is the ellipticity angle. For practical VC- lidity range of Eq.(2) surpasses that of the underlying split-

linear, in a direction that we can define to be theaxis. have reduced our description to a general third-order Lamb

Linearization around this point yields theory for the laser polarization, which is valid for any class
A laser with rotational symmetr§6]. In this sense Eq_2) is
E~[e,—(¢+ix)e,]|Ele ' (1)  Quite general; it is only the interpretation of the nonlinear

anisotropies ynon and wpen, 8S Ynon= kl/T and wpg,
The original split-inversion model contains three decay= a¥non, that is specific for the split-inversion model.

rates: the decay rate for the optical field, the decay rate The eigenvalues of the above equat[é. (2)] arex=
for the average inversiol\(, + N_)/2, and the decay rate, =~ — Yo+ iwg, With

for the difference inversionN, —N_)/2, wherel'= y4/y.

Adiabatic elimination of the difference inversion clearly Yo=Yt Ynons (33
demonstrates and isolates the polarization dependence of the

qptical sgturatiqn. The magnitude of the cprrequndin_g non- wo= \/wﬁn+2w|maynon— Yﬁon

linear anisotropies iy,,n= !/I" for the nonlinear dichroism

(absorptive saturatiorand wpe,= @ ynon for the nonlinear bi- = V(@jin+ @¥non) = (@ +1) Yaon, (3b)

refringence (dispersive saturation where « is Henry's
phase-amplitude coupling factofl]. These nonlinear wherewy and vy, contain the combined action of linear and
anisotropies are proportional to the intracavity intensgity nonlinear effects and will thus be called teéectivebire-
which has been normalized with respect to the saturatiofringence andeffectivedichroism, respectively, and where
intensity and which for an ideal four-level laser is thus equalthe nonlinear terms corresponds to a “spectral redshift” and
to the normalized pump parameter{6]. “excess broadening” of the nonlasing peak as compared to
The rotational polarization symmetry of a laser is gener-the lasing peal6,10,11. The corresponding eigenvectors
ally broken by linear anistropies, i.e., anisotropies that areare
independent of laser power. In the absence of a magnetic
field there can be only two of these: a birefringergg and wjint2ayn,
a dichroismyy;, [5,13]. As these anisotropies have a direc-
tionality, we also need the angibetween the axes of linear
dichroism and linear birefringence. A summary of the pa-where the approximate expression is valid fas,
rameters that we use is given in Table |. For easy comparisos a2+ 1y,
with the literature we note that our symbalg, andy;;, , for The main reason for writing down the above eigenvectors
the linear birefringence and linear dichroism, correspond t¢Eq. (4)] is that these already show the intrinsic polarization
20and—2€in[5,6,14,t0 —2y,and—2y,in[4],and to)  dynamics, i.e., the response to a perturbation without noise.
and s in [11], respectively. Furthermore, the nonlinear di- In the absence of nonlinear anisotropies, i.e. yigy=0, the
chroismy,,,is denoted a&!/I" in [5,14], asku/I" in[6], as  dynamics is extremely simple: on the Poincaghere the
k(u—1)/T in [4], and asyn/2 in [11]. Note that the linear polarization(¢,y) will evolve along a spiral-like curve to-
birefringence and linear dichroism both have a sign, beingvards steady state. In terms of optical amplitudes this means
positive when the lasing mode has the highest frequency anthat there is asteady-statelasing mode and agorthogo-
highest linear gain, respectively. nally polarized nonlasing mode that gradually decays to
In earlier work the linear birefringence and linear dichro- zero. The rotation on the Poincasphere is counterclock-
ism were often assumed to be aligned, resulting in VCSElwise for the casavw,>0, where the dominant-polarized
eigenmodes that are linearly polarized along the commomode has the highest frequency.
axes of birefringence and dichroism. We now generalize this In the presence of nonlinear anisotropies the situation be-
approach, allowing the axes of linear birefringence and lineacomes more interesting. Equatié#) shows that the ampli-
dichroism to make an arbitrary angle In the Appendix the tudes in thegp and y directions will then be different, so that
full expressions for this general case, frd® 13,14, are  the evolution is now along aglliptical spiral-like trajectory.
rewritten into the following linearized polarization rate equa- As a consequence, fluctuations in the laser’s polarization di-
tions: rection ¢ are expected to have a different magnitude than
fluctuations in the ellipticityy. As another consequence a
d [¢p— s ~Y T Oin— 2Q%on| [ p— s (4 third peak is expected to appear in the optical spectrum. This
dt | x— Xss - Win — %= 2%non | \ X~ Xss + ) is because the mentioned trajectory can be decomposed in a
2 clockwise and counterclockwise circular trajectory, which
correspond to spectral peaks on the high- and low-frequency
where y,= yinC0s 28, ¢ and x¢ are steady-state angles, sides of the lasing peak, respectivéB,11]. The approxi-
andf, andf, are Langevin noise sources. Misalignment ismate amplitude of these components can be easily found
thus found to result in two change@) the steady-state po- from Eq.(4).
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Equation (2) shows how polarization fluctuations result By combining these equations with the expressions for the
from a balance between the stochastic driving force of polarpolarization nois¢Eqgs.(5)] it is relatively straightforward to
ization noise and the damping and spectral deformatioralculate the experimentally accessible polarization-resolved
caused by the various anisotropies. The polarization noise igptical spectra and intensity noise. This will be done in the
a manifestation of the quantum noise that results from theext section.
discrete character of photons and carriers. For praCtical For Comp|eteness we note that the S|mp||c|ty of the above
VCSELs«/y>1, so that photon noise dominates, as the avresults is due to the fact that, after spin elimination, the po-
erage number of inverted carrier states is much larger thapyization dynamics(¢,y) is separated almost completely
the average photon number. As photon noise originates fro|qm the other dynamics, namely, that of the intendity

random spontaneous emission of photons with arbitrar%\verage inversio, and optical phase,. The only cou-
phése and zafbltrary po'Iarlzat|orN'(L~N_), the complex pling is via the intensity dependence ¢f,, and this cou-
noise vectorf(t) comprises four_ independent _rea|-_\/61|u'39l pling disappears when the intensity is reasonably constant,
numbers, that can be divided into phase noise, intensitye “\yhen fluctuations are limited or at frequencies very dif-

mode(scalay problem. The two polarization components are

o : : on dynamics of a VCSEL can be that of a class A laser,
similar uncorrelated real-valued Langevin noise sources o . : : .
; . : . whereas thdrelatively weak intensity fluctuations that are
identical strength, which satisfy

still present can be those of a class B laser that exhibits
(F (t)f (1)) =(f 4t f4(t2))=Dd(t;—ty), (58 relaxation oscillation$15,16].

(If (@) [2)=(|f y(@)|?) =D =ngxS, (5b)

where the noise strength, or diffusion rdde is inversely
proportional to the photon numb&rand proportional to the

product of cavity loss rate and spontaneous emission factor 5 . o
Ngp (Ns=1 results from incomplete inversion as determined'E(“’)| of the VCSEL light, as measured after polarization

by the finite temperature, which smoothens the sharpness 8folection. In the linearized description, i.e., iry<1, the
the Fermi-Dirac distribution[15]. projection onto the dominant polarization depends only on

One way to solve the polarization rate equatié®sis via e dynamics of the optical phase and intenssige below
Green functions that are based on the eigenvectors afgq. O the other hand, if we block this light and project onto the
this was done if11]. An easier way is to apply a Fourier orthogonal polarization, we obtain different information,
transformation and solve the equations in the frequency do?@amely, on the polarization dynamics. The optical spectrum
main, to obtain thus observed is the Fourier transformation Bf(t)~

: —[o(t) +ix(E(exd—ig()], where E(t)=|E(t)|
(lo— 7“_27"0”)f¢{(“’)+(“’“"+2_a7”0”)fx(“’) ~|E,(t)|. For convenience, we will first assume the optical
(w—wo—iye)(w+wo—ivp) ’ field and optical phase to be constantEgt)exd —ig(t)]
(63) =E,; later we will remove this restriction. In this practical
case, they-polarized spectrum is dominated by the polariza-
(6b) tion dynamics, so that

IIl. POLARIZATION-RESOLVED OPTICAL SPECTRA

In this section we will calculate the optical spectrum

H(w)=

—wjipf y(0) +({o—y)f(w)
(0—wo—iyg)(w+we—iyg)

x(w)=

(w— wlin)2+(w_ wlin_2a7n0n)2+ "}’f+(7\\+27n0n)2

(|Ey(@)|)~E¥| p(w) +ix(w)|?)=DE] (02— 02— 27+ 4720’

Y

This optical spectrum generally consists of two peaks: aan then be used to estimate the combifiesl, dispersive
strong peak ab»~ — wg, which corresponds to the “nonlas- and absorptivenonlinear anisotropy ¢+ 1)yﬁ0n via

ing mode” in the coupled-mode descriptip®], and a(much

weakej peak atw=~ wq, which is produced in a polarization ) )

type of four-wave mixing(FWM) between they-polarized (|Ey(wo)[?) _ (@®+ 1) Ynon Yo

peak atw~—wy and the dominank-polarized peak atv (Ey(~wo)) 4w} 403’ &

=0 [2]. The y-polarized spectrum can be approximated as

the sum of two Lorentzian curves with the same width when

o> y,. The position and widtiHWHM, half width at half ~ where the second term results from the Lorentzian wing of
maximun) of the two peaks yield the effective birefringence the nonlasing peak at the position of the FWM peak. Note
wg and the effective dichroisny,, respectively. The inten- that a decomposition of the eigenvectpEs). (4)] in their cw
sity of the FWM peak, relative to that of the nonlasing peak,and ccw components gives the same approximate result.




PRA 58 POLARIZATION FLUCTUATIONS IN VERTICAL-. .. 4195

It is relatively easy to go beyond the approximation of
“constantE(t) and ¢,(t)” by noting that the polarization-
resolved optical field is theproduct of the field
E(t)exd —ig(t)] times a function of ¢,x). As a result, in the
general case the polarization-resolved spectrum equals the
convolutionof the ideal spectrurfEg. (7)] with the spectrum
|E(w)?|~|E,(w)|?, as measured for projection onto the
dominant polarization. The shape of the latter is similar to
that of “edge-emitting” lasers: it has a finité€Schawlow-
Townes laser linewidthy,,s., due to diffusion of the optical
phase, andgenerally very weaksidebands due to relaxation
oscillations[16]. After convolution one thus finds that phase
diffusion broadens all spectral peaks by an equal amount
Yiase: Deing the(HWHM) spectral width of|E,(w)|?, but
that it does not affect the relative strength of the FWM peak
as compared to the nonlasing peak, since these have the same
(intrinsic) width (for we> vyy).

IV. POLARIZATION-RESOLVED INTENSITY NOISE

- L . . FIG. 1. Principle of noise projection on the Poincaphere. The
Next we will discuss the polarization-resolved intensity njarization fluctuations around the, almost linearly polarized,

noise. A measurement of this projected noise is extremelyieaqy state are represented as a noise cloud around a position close
simple: the laser light is passed through a rotatablé g the equator. Propagation through/d plate and polarizer results
waveplate and subsequently through a rotatable polarizer, @ a 90° rotation towards the north pole and a projection downwards
projecté(t) onto a selectable polarization state, after whichonto an axis, the orientation of which depends on polarizer angle.
the projected intensity noise is measured. Projection onto thBy projecting onto axis®; or P, we can measure the noise in the
dominantx or orthogonaly polarization yields information Poincareanglesy or ¢, respectively.
about the “polarization-mode partition nois¢’17]. The in-
tensity noise in the orthogonal projection is generally the neighborhood of the equatoréty<<1. When the light is
rather small, being second orderdnand y [see Eq(1)]. A passed through ®/4 plate, with its axes at 45° with respect
much stronger signal, i.e., first order énand/ory, is found  to the dominant laser polarization, this noise cloud is rotated
for projection onto a “mixed” polarization likex+y or x by 90° on the sphere, to end up around the north fridgt-
+iy. Such a projection constitutes a polarization homodynéanded circular polarizationThe projected intensity behind
detection, because it allows one to observe beats between theconsecutive polarizer can now be found graphically by pro-
x-polarized lasing peak and thepolarized nonlasing and jection of the polarization state onto an axis passing through
FWM peaks[11]. Through these intensity beats, which go equator and center of the Poincaghere, with an orienta-
unnoticed without projection, one gets a quantitative meation that depends on the polarizer angle. When the polarizer
sure for the polarization fluctuations in the laser. axis is aligned with that of the lasing mode one projects onto
An appealing picture of the principle behind polarization axis P, in Fig. 1 and measures,gec(t) = (1/2)(1+sin 2y)
projection arises when we introduce the Poinepkere. On  ~[I1(t)/2][1+2x(t)]. When the polarizer axis is aligned
this sphere each polarization state is depicted as a singlender 45° one projects onto axfy and measurekgjec(t)
point, i.e., the normalized Stokes vectoP,(P,,P3) ~[1(t)/2][1+2¢(t)]. Other orientations give linear combi-
=(cos 2y cos 2h,cos Z sin 2¢,sin 2y), where the equator nations of these results.
corresponds to all states of linear polarization, the poles to After this discussion, a calculation of the polarization-
the two states of circular polarization, and the rest to ellipti-resolved intensity noise is straightforward. When the overall
cally polarized light. On the Poincasphere, the polarization intensity is stable enough, the projected noise will be deter-
evolution is represented by a time trace and polarization flucmined by the polarization dynamics only, so that the relative
tuations by a “noise cloud.” Figure 1 sketches how, for intensity noise, for projection onto thé or y direction re-
dominantly x-polarized light, this noise cloud is located in spectively, is given by

<|A|projec(w)|2> — 2\ _ w2+(wlin+2a7non)2+(')’|\+27non)2

B A A R T Sy ©a
(|ATprojec @)|?) _ ~ 0+ 0i +yf
W—4<|X(w)| y=4D (wg_wg_ 7%)24‘4‘)/%(1)2 . (9b)
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For the case of relatively large birefringencewy( apparently overlooked in the time domain analysid id],

> v0, Ynom @ ¥Ynor)» these projected noise spectra are quitebecause that analysis neglected the nonorthogonality of the

similar, both peaking around, and having a spectral width eigenvector§Eq. (4)].

of yo (HWHM). From fits to these spectra one can directly ~When linear birefringence is not the dominant anisotropy

obtain the effective birefringenae, and effective dichroism the analysis becomes more complicated. In principle one

Yo, Without the experimental complication of a finite laser should use the exact result Ed.1) instead of the approxi-

linewidth v, that occurs when analyzing the optical spec-mate expression Eq12). A problem is that the exact result

tra. Eqg. (11), which can be written asa?+C4)/(w?+C)), is
Interestingly enough, the above spectra have the samgomplicated, because th@ coefficients contain many un-

functional form as the relative intensity noi¢RIN) spec- knowns. A rewrite as

trum. When the intensity fluctuations are relatively small, so

that the intensity rate equation can be linearized, this RIN wo C4—C, 1+[2(a?+ 1) y2o,+ vall 0]
o AYnor=—-
spectrum is given by N2 CytCy | 1+ (aP+ 1) Yol @5+ vo/ (awo)
24 4.2 (13
<||(w)|2>_ D 0t 4y, (10 i hel . ical h
|(2) (wz—wrzo)2+47r20w2’ provides some help, as in practical caseme Sec. VIl the

complicated factor within parentheses is generally very close
to unity. In the experimental analysis we will first neglect
this correction factor, and substitute the fitteg andC, into

. 4 : Eq. (13) to derive the nonlinear anisotropyy,q,. As a next
s the same In Eqd9a,h _and(lO), the relative strengfths Of. step we resubstitute the obtained redahd assume that
the polarization fluctuations as compared to the intensit

; ; ! &1) for a somewhat better second estimate.

qu_ctuat|ons are approximately equa_l to _the ratio of the relax- Hofmann and Hesfdl1] already noted that the fluctuations
at;]on dlecaydratey_,o, over the %olatnzatmﬁ decay ratg,, in ¢ and y are not independent, but correlated. As a result,
where low damping correésponds 1o a sharp resonance afﬂﬂe projected polarization noise will have extrema for direc-

large quctuanps.. . . tions different from the¢ and y axes. To find the rotation
Once more it is relatively easy to generalize the eXpreSéngIe\Ifmt, of the elliptical noise cloud in the,y plane, we

sions for' the prOJecte(_d pola_rlzatlon noise to beyond the aP;avrite Eqs.(6a,b to obtain
proximation of stable intensity. In the common case of rela-

where w,, and vy,, are the relaxation oscillation frequency
and damping rate, respectivdlys]. As the diffusion rateD

tively small intensity and polarization fluctuationsD ( {|p(w)cos W + y(w)sin ¥|?)

<0, Yr0), the time-dependent part of the projected intensity )

is approximatelys Al (t)+1ox(t) or 2A1(t) +1,¢4(t), where x[w°+Co+Cicos 2V -V )], (149
Al(t) is the deviation from the average intensity. As the

i i izati i i - Wjin— a 1
intensity and polarization fluctuations are practically uncor fan(2W o) = lin— @Y ~Z (14p

related, apart from minor interactions via the dichroismy
and y,on, the general projected noise spectrum is equal to
the sum of the ideal polarization noise spectrligs. (9)] whereCy andC, are constants, and where the approximation
and the(scaled intensity noise spectrum, as measured with-in Eq. (14b) is valid only in the limit of dominant linear
out polarization projectiofEg. (10)]. birefringence ;> v, ¥non @¥non)- Note that the pre-
The difference between th¢ and y projections, i.e., be- dicted rotation angle¥ . is independent of frequency; a
tween Eqgs(9a and (9b), is a measure for the ellipticity of change of detection frequency will only affect the ellipticity
the noise cloud on the Poincasphere: of the polarization noise cloud on the Poincaghere, but
not the angle¥ ; at which the noise reaches its maximum.

awjn+ ¥+ (a?+1) Ypon @

<|¢(w)|2> _ w2+(wlin+2‘17non)2+(')’l\+27n0n)2

<|X(w)|2> - w2+wﬁn+ Yf ’ V. POLARIZATION FLUCTUATIONS
(11) FOR LARGE LINEAR BIREFRINGENCE
and can be used to estimate the nonlinear anisotropigs The above analysis was based on a linearized description

and ay,,,. For relatively large linear birefringencewf, ©Of the spin-eliminated model; i.e., the relative strength of the
> Y1 Ynom @ Ynor) the ratio displayed in Eq11) approaches Various anisotropies could be anything, as long as the laser

unity and the exact result can be approximated as polarization remained approximately lineas,§<1). In
practical VCSELSs, the linear birefringence generally domi-
n1/2 2 nates over all other anisotropies, i.e., wj,
%% 2%men| 90| (15 >y, Ypom@¥non being still small enough to satisfy the
([x(@)]%) wo \wptw adiabatic approximation, for which,< ys/« is needed6]

[typical numbers arey;,<3ns?, y,or=1nst, a=3, wj,
where we have introduced square roots to facilitate a com=60 ns%, andy,~300 ns (see below an@6,9,23)]. For
parison with the experimental signal on the RF analy2¢r  this common case of dominant linear birefringence the spin-
Equation(12) shows that the nonuniformity of the polariza- eliminated model can be further simplified by a second adia-
tion fluctuations depends on frequency, being relatively largdatic elimination, as demonstrated in this section.
for w<wq and disappearing fow>wy. This aspect was We start by noting that, for the case of dominant linear
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birefringence, the polarization-resolved optical and intensityto that in the other projectiont, andf, [see Eq.(5)]. The
noise spectra become relatively simple, as the strength of th@mount of noise irP, is then found by a simple transforma-
FWM peak and the nonuniformity of the polarization fluc- tion. The addition of noise can also produce extra drift terms
tuations are strongly reduced, being inversely proportional tén the equation$18]. For instance, the polarization noise in
w? andwy, respectivelysee Eqs(8) and(12)]. One expla- P, and P will produce a steady decrease pf=1-P3
nation for this behavior is that the relatively fast rotation on—P3. Keeping this into account we obtain the following
the Poincaresphere, associated with the large linear birefrin-stochastic equations:

gence, makes all trajectories look like “tightly wound cork- P

screws” and thereby smooths out the difference betwgen 1 —

and y dynamics. An equivalent explanation is that the large gt =(NF YnoP1) (1= Pl) 4DP;+(2\1-P; Vfe.
frequency difference, in the optical spectrum, between the (17a
nonlasing and lasing peak reduces the coupling between the

two, making the orthogonal polarization mode look more and ~ d¢ yu D
more like a standard nonlasing mode. at tar(Zgo) anze
As a starting point for our ful{nonlinearized description (17b)

of the polarization dynamics we could use E@s1) in Ap-
pendix A. Instead, it is more convenient to rewrite the spin-These equations show how the dominant linear birefrin-
eliminated model in terms of the normalized Stokes vectorgence, or fast rotation on the Poincasghere, effectively

as[11] redirects the nonlinear anisotropy, so that the originain-
linean competition between the two circularly polarized
dP; states is converted into a competition between the linearly
dt Yin€OS PB(1—P3)— yinsin 28P1P; polarized states aligned along the axes of birefringence.
Equation(17b) thus has the same form as H®) in [19],
+ 2ynonP1P§+ 2aYnoP2P3, (159 which was recently derived for the dynamics of the ellipticity
angley of an isotropic class A laser with strong competition
dpP, ) ) between its circularly polarized fields.
gt =~ @inPat vinSin 28(1-P3) — ¥inc0S BP1P; By transforming the above equatiotis7a,b into the cor-
responding Fokker-Planck equations we regain the standard
+2Yn0P2P3— 20 YnorP1P3, (15  problem of “diffusion in a potential well,” on which the
dynamics of a class A laser is usually mappaa,21. The
dP; steady-state probability distributions and potentials of our
gt~ @inP2~ %in€0S PPy system are
~ YinSin 28P2P3— 2¥naP3(1-P3). (150 P(Pl)ocexp[_ Vm[()Pl) Mexp[ T, Juny Pl)}
For the case of dominant linear birefringence the prevailing (183

evolution over the Poincarsphere is a fast rotation around

the P, axis, whereP, and P5; perform a rapid out-of-phase V(o)
oscillation with approximate frequenay,,, driven by the P(p)xexp — —5—
first terms in Egs(15b,9. On top of this rapid oscillation of

the P, andP5 coordinates, there is a much slower evolution _

of the P, coordinate, that can be separated out via a new OCSII"(Z(p)eXF{ZD coq2¢) 8D }
adiabatic elimination. On the Poincasphere, the slow vari-

able measures the position of an almost circular orbit at al- (180)
most constanP;=cos(2p), where o= ¢ only at y=0. By
averaging Eq.15a over the fast rotation just mentioned
we can set (P;P,)=0, (P,P3)=~0, and (P,P3)

The above result can be used to calculate the power ratio
' of the nonlasing and lasing ModBgniasing Plasing:  OF
equivalently, the mean-square deviation from the steady-

2 .
~(1/2)P1(1—P3), to obtain state polarization, or, equivalently, the size of the noise cloud
dp on the Poincaresphere [see Eg. (1)]. For dominant
1 ) i i ;
W%(WJF YnolP1) (1— P2). (16 X polarized emission one finds
I:)nonlasing 1 2 D D
As the combination (% P,)/2 is equal to the relative inten- Plasing - 5(1_<P1>):<‘P )= v+ )’non: ' (19

sity of they-polarized light, the above equation describes the
deterministic evolution that underlies the polarization-modeFor dominanty polarization the expression is the same, apart
partition noise. from a minus sign in front ofy,. Note that integration of the

To obtain the full polarization dynamics we will now add projected polarization noise spectrum, E¢®, over (posi-
noise to the above equatioh6). For the anglep it is imme-  tive and negativefrequency, gives the same result, for the
diately clear how much noise should be added: as polarizazase of dominant linear birefringence considered here. Equa-
tion noise is isotropic on the Poincasphere, the amount of tion (19) shows, in a very convenient way, how polarization
noisef ,, perpendicular to the fast orbital evolution, is equalfluctuations result from a balance between a stochastic force
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on the one hand and the restoring forces of (@ilesorptive
anisotropies on the other hand. More specifically, it shows photo
how the relative power in the nonlasing polarization, or the \ diode RF-analyzer

size of the noise cloud on the Poincagghere, can be used to ‘H[]$ $@

estimate the noise strengfh, when the dichroismy, is VCSEL M4 M2 isolator

Fabry Perot //

known. photo
Polarization noise can make the laser hop from the poten- diode fD
tial well of dominantx polarization to the other well of oscilloscope

dominanty polarization, and back. The present model gives ) o o
a simple expression for the average hopping time if FIG. 2. Experimental setup. After polarization projection we

. _ measure(i) optical spectra with a Fabry-Re interferometer (i)
>1. = . h . .
gc;(gfl(ﬁr?n);inlezgfz tsrgtzyi?r;isglnc g;gzy'l(] 0) the average projected noise spectra with a 6-GHz photodiode and RF analyzer,

and (i ) time traces with a fast photodiode and oscilloscope.

mD 1 el non/(4D)] (20) VCSELs is around 5 mA, with higher-order modes appearing
"Ynon Ynon around 10 mA at an output power of about 2 mW. At low
current the laser polarization was practically always close to
In the limit y,0n/(4D)>1, the above expression for the hop- vertical, i.e., perpendicular to the array axis. The steady-state
ping time is extremely sensitive to the polarization diffusionellipticity yswas typically 1° or less, with a few exceptions
rate D, so that it can be used to get an accurate measurgf . ~5—10° for lasers with small negative birefringence
thereof, onceynon is known. wg. The size of the batch allowed us to pick the most inter-
For completeness we note that, in the spin-eliminatettsting VCSELs for further study, namely, those with rela-
model, there are actually two different mechanisms that cafiyely small effective birefringence and those that exhibit a
produce a polarization switch. One type of switch occurspolarization switch. In the presentation of the figures we will
when we let the linear dichroisry, depend on injection concentrate on two specific VCSELs, which we have labeled
current[7,9], in such a way thay, changes sign at a certain VCSEL 1 and VCSEL 2. Unfortunately, thécurrent-
current; at this pointy~0 and lasing in the two polarization dependent VCSEL performance showed small variations
directions is equally favorable. This first type of polarizationfrom day to day, so that the exact numbers for birefringence
switch should obey the equations in this section, at least fognd dichroism, as obtained for the same VCSEL from the
the (common case of dominant linear birefringence. De- various figures, do not always match.
pending on the amount of noid® and the strength of the  The experimental setup is sketched in Fig. 2. To limit the
nonlinear dichroismy,,,, the laser polarization will exhibit external noise to the minimum, the VCSEL is enclosed in a
fast, or slow hoppingsee Eq.(20)], where extremely slow temperature-stabilized bastability~0.1 mK) and driven by
hopping will experimentally be interpreted as bistability or a stable current sourcestability ~0.75uA from dc to 1
hysteresis. The second type of switch is not based on currenfiHz). The collimated laser light is first passed through a
dependent linear effects, but has an intrinsic nonlinear nagotatable \/4 plate, and subsequently through a combina-
ture. In the spin-eliminated model, E@b) shows how this  tion of a (rotatabl@ \/2 plate and optical isolator, which
nonlinear switch can occur only in VCSELs with small nega-together effectively act as a rotatable polarizer. By setting the
tive linear birefringencew;;,, where the nonlinear redshift angles of then/4 and\/2 plates we select the polarization
can pull the(high-frequency nonlasing mode into the lasing state on which the laser light is projected. After projection
mode, to create polarization instability and switchifg For  the light can be analyzed in three different ways. A planar
w§<— ¥ one of the eigenvalues yy=iwg will correspond  Fabry-Peot interferometer, with adjustable free spectral
to an undamped evolution, the polarization fluctuations willrange, allows for detailed measurements of the optical spec-
become excessively large in one direction, and one has to geum. A 6-GHz low-noise photoreceivéNewFocus 1534
beyond the linearized equations to solve the problem. Thitn combination with a 25-GHz RF analyzeiHewlett-
phenomenon has been discussed in many theoretical papepackard HPO563E allows for measurements of the
e.g., in terms of a Hopf bifurcation towards elliptically po- (polarization-resolvexintensity noise. As a third method we
larized modeg¢4,5], although the exact nature of this switch can also observe this noise in the time domain, using a fast
is often hidden in complicated carrier dynamics. In the ex-photodiode(DC-200 MH2 in combination with a 350-MHz
periments, linear birefringence generally dominates over thescilloscope(LeCroy 9450. In the next sections we will
other anisotropies so that this second type of polarizatiomliscuss the results of these three methods in consecutive or-
switch, with its different behavior and different statistics, is der.
quite rare[22)].

(M=

VIl. POLARIZATION-RESOLVED OPTICAL SPECTRA

VI. EXPERIMENTAL SETUP . . .
Figure 3 shows optical spectra, for VCSEL 1 operating at

For the experiments we have used a batch of some 50=9.0 mA. In Fig. 3a) the wave plates were set for projec-
proton-implanted VCSELSs, organized as 1D arrays. The lation onto the dominanthorizonta) polarization, whereas this
sers operate around 850 nm and comprise three 8-nm-thigsolarization was largely blocked in Fig(l8 (we intention-
GaAs quantum wells in aXlcavity, sandwiched between an ally kept a very small fraction of the lasing peak to serve as
upper and lower Bragg mirror of 19 and 29.5 layer pairs,a markej. These figures show that the optical spectrum con-
respectively [24]. The threshold currents of all these sists of thregequidistant peaks, which(from left to righ
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FIG. 4. The optical spectrum of VCSEL 2 lat 10.0 mA shows
how, for VCSELs with very small birefringende,= —0.85 GHz
in the present cagehe FWM peak can be as much as 20% of the
nonlasing peak. The dashed-dotted and dotted lines are fits to Eq.
(7) and to a single Lorentzian, respectively.

Spectral intensity [arb. units]

Frequency [GHZ] nonlinear anisotropy of/a>+ 1y,,,,=3.6(2) ns*. Unfortu-
nately, the optical spectrum does not allow a further separa-

FIG. 3. Polarization-resolved optical spectra of VCSEL 1 at tion into nonlinear birefringence and nonlinear dichroism; it
=9.0 mA, taking with a Fabry-Ret interferometer. The mainly provides information on the nonlinear birefringence,
x-polarized lasing peak, which dominates, is almost completely g generallyr>1 [25], so thatya’+ 1~a.
suppressed in the-polarized spectrum db) (same arbitrary units Theoretically we expect the relative strength of the FWM
The latter shows t_he n_onlasing peak at higher frequency and awe%ak (as compared to the nonlasing pea& be inversely
FWM peak, as mirror image, at lower frequency. proportional to the square of the effective birefringenge

[see Eq(8)]. This is indeed observed: for two other VCSELs

are denoted the four-wave-mixingkWM) peak {/,), the we measured a relative strength of 0B% at v,
lasing peak X), and the nonlasing peaky{). Roughly = =3.45GHz, and 0.18)% at v,=6.7 GHz. For our “aver-
speaking, the lasing peak is associated with the steady-stadge” VCSEL, with vo~10 GHz, the strength of the FWM
polarization of the laser, the nonlasing peak is a result opeak was below 0.1% of that of the nonlasing peak and
amplified spontaneous emission in the orthogonal polarizathereby below the noise level. This strong dependence on
tion, and the four-wave-mixing peak results from nonlinearbirefringence explains why the FWM peak was not noticed
mixing between these two. Comparison of the vertical scalaintil recently.
of Figs. 3a) and 3b) shows that the lasing peak dominates As a last piece of information we calculate the amount of
over the nonlasing peak by roughly 3 orders of magnitude; ipolarization fluctuations, by dividing the sum of the spec-
takes quite some suppression to resolve the latter. The FWMally integrated strengths of/-polarized nonlasing and
peak is much weaker still and often difficult to observe. INFWM peak by theintegrated x-polarized lasing peak. From
fact its presence was first reported only recefilyy Fig. 3 we determine this ratio to be 0(68%. On the Poin-

The optical spectra of Figs.(& and 3b) contain infor-  care sphere, this corresponds to a noise cloud with a size
mation about many laser parameters. First of all the fre{(2¢)?)/2~9° [see Eq(19)], which, on the world globe, is
quency difference between the lasing and nonlasing peakquivalent to an area bigger than Alaska, but smaller than
gives the effective birefringence,, whereas the difference Australia. At the end of Sec. VIII we will discuss how the
in their HWHM spectral width gives the effective dichroism above value can be used to determine the magnitude of the
vo. For VCSEL 1 studied in Fig. 3, the effective birefrin- polarization noise, and thereby the cavity loss rate
gence is relatively small atg=wq/(27)=—1.82(2) GHz For VCSEL 2, studied in Fig. 4, the birefringence is ex-
(minus sign because the low-frequency mode ladbss is  tremely small(and negativeat vo=—0.87 GHz in VCSEL.
why it has been selected. Its effective dichroism has a morgds a consequence, the strength of the FWM peak now
typical value, namelyy,/(27)=0.22(2) GHz. For most amounts to about 20% of that of the nonlasing peak. For this
other VCSELsy, ranged between-3 and + 15 GHz (with extreme situation the nonlinear and linear anisotropies are
two exceptions at+25 and +40 GH2; the dichroism comparable in strength and the nonlinear effect can no longer
vo!/(27) was always below 1 GHz. In Fig. 3 the measuredbe treated as a weak perturbation. However, even for this
spectral width of the lasing mode is instrument limited toextreme situation, the linearized theory developed in Sec. IlI
0.06 GHz (HWHM) by the resolution of the Fabry-R# remains valid; the relative strength of the nonlasing and
interferometer. FWM peak, as compared to the lasing peak, is still only

Equation(8) shows how the relative strength of the four- ~1%, so thatg, y<1. This is demonstrated by the dashed-
wave-mixing (FWM) peak, as compared to the nonlasing dotted curve in Fig. 4, which is a fit of E¢7) to the optical
peak, can be used to quantify the nonlinear anisotropies ispectrum, where the fitted width includes the finite width of
the laser. From Fig. (®) we find this relative strength to be the lasing peak. The dotted curve shows the Lorentzian fit to
2.52)%. With vy=—1.82(2) GHz this gives a combined the nonlasing peak only.
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FIG. 5. Projected intensity noise of VCSEL 2 bt9.0 mA.
From top to bottom the curves show noise spectra for projection
onto they direction, onto thep direction, onto the lasing polariza-
tion (label P), onto the nonlasing polarization, and the noise in the
absence of lightsystem limi}.

Projected noise [arb. units]

VIIl. POLARIZATION-RESOLVED Frequency [GHz]

INTENSITY NOISE SPECTRA _ _ _ _
FIG. 6. Projected intensity noise for VCSEL 1 before and after

In this section we will describe measurements of thea polarization switch, ata) | =8.5 mA, and(b) I =9.0 mA.
polarization-resolved intensity noise, for which the principle
was already discussed in Sec. (see Fig. 1 The practical direction is much bigger than that in thg direction C,
implementation is based on a spectral analysis of the inter>>C,), or, in other words, that the polarization fluctuations
sity noise of laser light that has passed through a rotatablare highly nonuniform and that the noise cloud on the Poin-
\/4 plate and a combination of a rotatablé2 and isolator, caresphere is elliptical instead of circular. This difference is
which together act as a rotatable polarizeee Fig. 2  intimately related to the presence of the FWM peak in the
Figure 5 shows spectra of the projected intensity noiseptical spectrum, and can likewise be used to estimate the
(|Iprojec(w)|2>l’2 for VCSEL 2 operating at=9.0 mA, with  strength of the nonlinear anisotropies. To do so we determine
a relatively small birefringence ofy=—0.85 GHz. From the ratio(]¢(w)|?Y%(|x(w)|?*? and compare the result
top to bottom, the curves in Fig. 5 show noise spectra fowith Egs.(11), (12), and(13). At the resonance frequency of
projection onto they direction, onto thep direction, onto the  0.85 GHz we find(| ¢(w)|?)*'%/(| x(w)|?)*'?=0.59. Substi-
lasing polarizatior{label P), onto the nonlasing polarization, tution of this ratio in Eq(12) yields ay,,~2.2 ns . As the
and the noise in the absence of ligeystem limi}. As the  very small birefringence makes the use of this approximate
noise in the first two projections is much larger than that forexpression disputable, it is better to substitute the fiGgd
projection onto the lasing polarization, our first conclusion isandC  in Eq. (13), using the procedure discussed in Sec. IV.
that polarization noise dominates over pure intensity noiseThis yields estimates af y,,+~2.0 ns ! on the first try and
Our analysis will concentrate on the noise spectra observedy,,~2.5 ns ! upon iteration.
for the y and ¢ projections. The noise spectra observed for the projections onto the

The dashed curves in Fig. 5 are fits of £9).to the upper lasing and nonlasing polarization contain information on the
two experimental curves over the range 0.3-2.5 GHz. Théntensity and polarization partition noise. A detailed analysis
fitting range has been limited to avoid both the low- of these spectra will be published elsewhEg26]. The rela-
frequency noise tail, as well as the high-frequency noiseive strength of the various noise spectra shows howythe
floor. The high quality of the fits allows us to extract the and ¢ projection are first order in the polarization fluctua-
effective birefringencew,, the effective dichroismy,, a  tions and how the projections onto the lasing and nonlasing
constantC [used to simplify the numerator of Eq9) to  polarization are only second order.
w?+C, see also the discussion just above Ep)], and a Figure 6 shows spectra of the projected intensity noise of
proportionality constant, which contains the detected intenVCSEL 1. This VCSEL exhibits a polarization switch; it
sity |, the diffusion rateD, and the system response. Our operates on the high-frequengertically polarizedl mode at

fitting results are |vo|=|wy/(27)|=0.85(2) GHz, 1=8.5mA [Fig. 6a)] and on the low-frequencyhorizon-
¥o/(2m)=0.38(2) GHz, C,/(4m?)=0.49 GHZ, and tally polarized mode atl=9.0 mA[Fig. 6b)]. In both fig-
CX/(4772)=3.6 GHZ. The first two parameters,, andy,, ures the solid and dashed curves denote the intensity noise

can also be obtained from optical spectra. A big advantage dbr projection onto they and ¢-direction, respectively,

the present measurement is its extreme resolution: a spectisthereas the dash-dotted curve shows the system noise floor.

analysis of intensity noise is only limited by the resolution of The fits to these noise specfi@ot shown were again excel-

the RF analyzer, which can easily be below 1 kHz, whereatent and gave |vg|=2.96(2) GHz, y,/(27)=0.23(2)

optical measurements are limited by the FabryePessolu- GHz, and ay,,;=2.8(3) ns! at 1=8.5mA, and |v|

tion of typically 10-100 MHz. =1.75(2) GHz, y,/(2m)=0.23(2) GHz, and aynon
Figure 5 shows that the projected intensity noise inthe =3.2(3) ns! at 1=9.0 mA. In Fig. 6 the differences be-
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FIG. 7. Projected intensity noise for VCSEL 2 lat 7.0 mA. FIG. 8. Measurement of the projected intensity noise for VC-

Note the presence of the relaxation oscillations around 6 GHz in th§EL 2 atl=9.0 mA as a function of the orientation angle of the
projection onto the lasing polarizatigtabel P) and the correspond- projecting polarization. The angles 0° and 45° correspond to pro-
ing structure in the polarization-resolved intensity ndigeandy).  jection onto they and ¢ direction, respectively. Note the angular
The dashed curve is a fit based on EL). shift of about—9°.

tween¢ and x noise are less prominent than in Fig. 5 as asystem. This agrees very roughly with the rotation angle as
result of the larger birefringence. The main message of thigxpected from Eq(14b), which is about 9° for the case of
figure is that the nonuniformity of the polarization fluctua- dominant birefringenced=3), but as much as 36° for the
tion is as expected fox>1; when the high-frequency mode case at hand wy,/(27)=—0.85 GHz, y,0~1.0 NS, «
lases we find ¢(w)|>|x(w)| [Fig. 6@]; when the low- <3 y ~1.4 ns?] where the latter estimate is clearly hin-

ggg]uency mode lases we fing(w)|<|x(w)| [Figs. 5 and  dered by the uncertainties in the various parameters.

Figure 7 shows again the projected intensity noise of IX. POLARIZATION SWITCHES
VCSEL 2 (as in Fig. 3, but now at an operating current of '
I=7.0 mA, i.e., closer to threshold{=5.0 mA), and for a For some VCSELSs the polarization direction changes sud-

wider frequency range. The spectrum for projection onto thalenly by about 90° when the laser current is varied. A study
lasing polarization(solid curve, labelP) is dominated by of the laser dynamics around such a polarization switch is
pure intensity noise; the broad structure around 6 GHz reideally suited to determine the various laser parameters. This
sults from intensity fluctuations associated with the relaxds demonstrated in Figs.(® and 9b), which show the ef-
ation oscillations. The dashed-dotted line shows a fit of Eqfective birefringence|vy| and dichroism |y,|/(27) of
(10) to this noise spectrum, yielding a relaxation oscillation VCSEL 1, as obtained from the polarization-resolved inten-
frequency of 5.8 GHz and a dampifigWHM) of 1.1 GHz.  sity noise spectra, as a function of current. This VCSEL ex-
The ¢ and y curves show the noise spectra for projectionhibits a polarization switch between 8.9 and 9.1 mA. To be
onto the corresponding polarization states. From fits in thenore specific: at low current thigertically polarizedl high-
range 0.4-2.8 GHz we findvo|=1.39 GHz, y,/(2w) frequency mode lases, at high current therizontally po-
=0.55 GHz, andry,,,=2.2 ns L. This figure clearly shows larized low-frequency mode lases, whereas either situation
how intensity noise and polarization noise simply add up incan occur within the switching region, depending on history
the projection spectrum; the relaxation oscillation is of(hysteresis Figure 9a) shows how the frequency splitting
course less prominent in thé and y curves because the between the lasing and nonlasing mode changes frgyn
average intensity for polarization projection is about half the=3.16 GHz to 1.93 GHz, when the VCSEL switches polar-
intensity for projection onto the lasing polarization. ization. This change is a result of nonlinear birefringence and
Next we have measured the correlation between the posan be used as a measure thef@df By expanding Eq(3a)
larization noise ing and y, which, according to Sec. IV and into a linearized expression for the “spectral redshift of the
[11], should be noticeable as a rotation of the elliptical noisenonlasing mode” we deduce from the switch that
cloud on the Poincaresphere. For best results we took ay,~m(3.16-1.93 ns '=3.9 ns’. Using the full Eq.(3a)
VCSEL 2, with its relatively small birefringence and large we get a somewhat better estimate,,~3.7 ns . We note
nonuniformity, and operated it at 9.0 mA. Figure 8 shows athat VCSEL 1 was also used to obtain the optical spectrum
measurement series of the projected intensity noise as a funof Fig. 3(atl =9.0 mA andry<0, i.e., after the switch and
tion of the angle of the projecting polarizer, where 0° andthe polarization-resolved intensity noise of Figb&fore and
45° correspond to projection onto the and ¢ direction,  after the switch
respectively(see dashed vertical linesThe solid curve is a Figure 9b) shows how the effective dichroism changes
fit, using the square root of E¢L49. Figure 8 shows that the with current and how the vertically polarized mode becomes
cases of maximum and minimum projection noise do nofess and less dominant. This is a general trend in all our
correspond to purg and ¢ projection, but occur at a slightly VCSELs: before the switch the dominant polarization is al-
smaller angle. Specifically, the noise ellipse is rotated oveways close to vertical, i.e., perpendicular to the array axis;
an angle of¥,,,=18(6)° with respect to they,¢ coordinate  after the switch the dominant polarization becomes horizon-
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35 combined nonlinear birefringence and dichroism. A disad-
vantage, however, of the present technique is that the VC-
SEL should actually switch polarization and that one can
determine the nonlinearities for only one specific current,
being the switching current.
In practice, the VCSELSs that switch their polarization can
have both positive and negative effective birefringemge
In both cases, the observed changes/gnwere consistent
with the expected nonlinear redsHifiee Eq(3b)]: when the
high-frequency mode dominatesy(>0) at low current, as is
generally the case in our VCSELS;| increased gradually
with current and jumped to a smaller value upon a polariza-
0.4 ] tion switch; when the low-frequency mode is dominang (
<0), |vo| decreased with current, to jump to larger values
/ upon a switch. Furthermore, switches have been observed in
o2l ] VCSELs with both small and large,. These observations
show that the nonlinear anisotropies by themselves are not
0.21 GHz . L -
the prime reason for the occurrence of polarization switches,
as the “nonlinear” explanation predicts only switches from
7 8 9 10 low to higher frequency operation, and only at relatively
small (negative v, [4,8].
Current [mA] The physical mechanism behind the polarization switches,
i.e., the mechanism responsible for the experimentally ob-
served current dependence gf(1), is not yet known. It is
FIG. 9. The effective birefringencly| and dichroism| y,| of tempting to attribute this dependence to(temperature-
VCSEL 1 as a function of current. Note the observed hysteresis anghduced shift in frequency detuning between the polarized
the jump in|v,| that occurs upon a polarization swit¢around| cavity modes and the gain spectryifi. However, this ex-
=9.0 mA) From (b) we conclude that the polarization switch re- p|anati0n seems to be ruled out by our experiments_ Apart
sults from a current dependence dichroisyp(!). from subtleties in the scalar or tensor naturesqf, this
explanation predicts that the mode closest to gain center
tal. Furthermore, VCSELSs that have a small dichroism at lowlases and that the current dependencegaf proportional to
current exhibit a polarization switch at increasing currentthe effective birefringencery. In practice, we find both
whereas those with larger dichroism do not switch within theswitches from low-to-high and high-to-low frequencies, and
realm of fundamental mode operation. We therefore attributeve find hardly any correlation between the slapg, /dl [in
the occurrence of these switches to a current dependence fidures like Fig. 8b)] andv,. An alternative explanation has
the measured effective dichroisyy(l), and more specifi- not yet been found. The observation that the dominant polar-
cally to the linear part thereof, i.ey(l), as the nonlinear ization is always vertical before and horizontal after the
part y,or>0 will always favor the lasing polarization over switch indicates that the physical mechanism behind the po-
the nonlasing one and increase monotonically with currentlarization switch is linked to either the design layout of the
A measurement ofy(l) in fact allows us to predict whether array or to the orientation of the crystalline wafer.
or not a polarization switch is going to occur at a certain The diffusion coefficientD can be estimated from the
current. In the switching region the two polarizations will real-time switching dynamics, which was found to depend
have almost equal lossy(~0) so that we conclude for the critically on switching current. VCSELSs that switch their po-
nonlinear dichroismy,,~v~2mx0.21 ns'=1.3ns! [see larization above 8—9 mA exhibit the hysteresis shown in Fig.
Fig. Ab)]. Division of the nonlinear birefringencen Fig.  9; for switching at lower current, however, the dominant
9(a)] by the nonlinear dichroisniin Fig. 9b)] vyields « polarization was not stable all the time, but hopped between
~2.9, in agreement with literature values. Similar valuestwo quasistationary polarization states. The time it takes the
were found for other VCSELs. As an example, one of thes@/CSEL to actually switch was found to be very small and
other VCSELSs switched its polarization arouhe 8.5 mA,  could hardly be resolved with our photodiode and oscillo-
had a frequency splitting of 11.52 GHz and 10.50 GHz be-sscope; we estimate it to be just below 2 ns. On the other
fore and after the switch and an effective dichroism ofhand, the average dwell time in the two quasistationary states
vo!/(27)=0.22 GHz within the switching region, so that  was very much larger. This average dwell time was found to
~3.1. depend strongly on switching current; in VCSELs that
We have thus demonstrated how a comparison of spectigwitch just below 8.5 mA it was about 1 s, for switching
before and after a polarization switch allows one to sepaaround 7 mA it had dropped t@ubmicrosecond. The rea-
rately determine the nonlinear birefringence and nonlineason for this rapid change is of course the exponential depen-
dichroism, irrespective of the VCSEL'’s absolute birefrin- dence of{T) on y,,,/D in Eq. (20). As the observed hop-
gence. In this respect the analysis presented here is mopeng is driven by polarization noise, it can be used to get an
powerful then that in Secs. VIl and VIlI, addressing optical estimate theredisee Eq(20) for the case of dominant linear
spectra and projected intensity noise; the latter approachirefringencé. At 1~8.5 mA an average dwell time of about
worked only for smallv, and gave only a value for the 1 s combines with a nonlinear dichroisgpo,~1.1 ns* to

3.0

25l 1.23 GHz

Iv,| [GHZ]

2.0¢

Iy,l/2n [GHZ]
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give a diffusion coefficient oD~12 us 1. 52

Alternatively, the diffusion coefficierD can be estimated
from the absolute strength of the polarization fluctuations, as 5.0
given by the ratio of power in the dominant polarization and
the orthogonal polarization, in combination with the effec-
tive dichroismy, [see Eq.(19) for case of dominant linear
birefringencé. This power ratio can be obtained most reli- 4.6 M
ably from optical spectra like Fig. 3, by integration over the
lasing and nonlasing peak, but one can also use the 0.4
frequency-integrated projection noise, as e.g. in Fig. 6, or b)
even the polarization-resolved light-current characteristic of 03
the laser(as long as the higher-order modes remain weak
We found these estimates to be mutually consistent within a
factor 1.5; at a typical current of 8.5 mA they all yielded
Pronlasing Plasing~0.7—1.0%. Combined withy,~1.1 ns'*
this then corresponds @~8—11 us ! being in reasonable
agreement with the earlier estimate.

As a final step we deduce the cavity loss rat&om the oy 50 55 6.0 6.5
value ofD, using Eq.(5b). We therefore express the intrac-
avity photon numbes in terms of the VCSEL output power
as P,,=2hvn«S, where » is the outcoupling efficiency
through the top mirror. AtlI=85mA we hadD=8
—11 us™* at an output power of 1.8 mW. For an ideal four-  FiG. 10. The effective birefringende| and dichroism y,| of
level laser, wher@g,= 7= 1, this would make the estimated the etched-post VCSEL as a function of current. Note the observed
cavity loss ratex~200 ns'. A more realistic estimate, hysteresis and the jump ifvo| that occurs upon a polarization
based omg,=1.5 and»=0.3, givesk~300 ns ™. switch (aroundl =5.5 mA). From (b) we conclude that the polar-

ization switch results from a current dependence dichroiggtl,).

0.45 GHz
4.8

Iv,| [GHZ]

0.2

0.1

/2% [GHZ]

0.13 GHz

Current [mA]

X. RESULTS FOR OTHER VCSELS

asymmetric, yo being larger after the polarization switch
ﬁl&';m before. The reason for this asymmetry is not yet known.
As a next step we tried to observe the effect of the non-

In order to study the generic validity of our results we
have repeated the experiments discussed above on anot
set of VCSELs, grown at the “Centre Suisse Electronique. ; N o .
and Microtechnique(former Paul Scherrer Institutén Zi- !mear _amso_trop|es in the polarlzatlon—resolved optical and
rich, Switzerland. These were etched-post devices with JMe€nsity noise spectra. To increase our changes of success,
post diameter of 17um (i.e., no proton implantationthat and to facilitate the comparlsonlwnh.ea-rller results, we .set
comprise three 8-nm-thick GaAs quantum wells in a 1- the laser current at=5.55 mA, i.e., inside the hysteresis
cavity. The lower and upper Bragg mirror contain 20 andloop, after the polarization switch. At this point, bath and
40.5 pairs of graded AlAs-AlGagAs layers, respectively. Yo are relatively small, so that both the magnitude of the
The device that was singled out for further study had ahonlinear effects and the polarization fluctuations are opti-
threshold current of,=4.1 mA, operated in the fundamen- mized. In this situation the optical spectra showed the inte-
tal transverse mode up td 2, and exhibited a polarization grated power in the nonlasing peak to be 2.6% of that of the
switch around 5.5 mA, at an output power of 0.30 mW. lasing peak. What is more important, these spectra also

Figure 10 shows the effective birefringenpg| and di- showed the presence of a four-wave-mixing peak at an in-
chroism| yo|/(27) measured as a function of laser current.tensity of 8.0(6)< 10~ * of that of the nonlasing peak. When
The behavior of this etched-post VCSEL is quite similar towe combine this ratio witvo|=4.68 GHz in Eq.(8) we
that of the proton-implanted VCSEL in Fig. 9. Once more,find \a?+ 1y,,=1.7(1) ns?, in good agreement with the
we observed hysteresis; when the current is increased thearlier estimate based on the observed nonlinear redshift.
VCSEL polarization switches frorny to x at | =5.65 mA; We also measured the polarization-resolved intensity
when the current is decreased the VCSEL polarization linnoise. The fits to these spectra were quite good, although
gers on inx and switches back dt=5.46 mA. Again, the they were somewhat hindered by the presence of a low-
effective birefringence exhibits a jump due to the nonlinearfrequency relaxation-oscillation peak around 2.3 GHz. After
birefringence[Fig. 10@] and again the switch coincides the polarization switch the fluctuations in the polarization
with a minimum in the measured dichroism as a function ofangle ¢ were measured to be smaller than in the ellipticity
currentyo(l) [see Fig. 1()]. By relating the jump in Fig. angle x, as expected for a VCSEL in which the low-
10(@ to the nonlinear redshift we find ay,,, frequency mode dominates{=—4.68 GHz). At the reso-
~m(5.13-4.68 ns '=1.4(1) ns . By relating the effective nance frequency we measurg®(w)|?)Y%(|x(w)|?)?
dichroism inside the hysteresis loop to nonlinear effects we=0.922). Substitution of this ratio in Eq.(12) yields
find Ynor=2mx0.132 n§1=0.836) ns *. Combining these ay,,+~2.46) ns 1. This estimate is somewhat larger than
two results yieldsy=1.7(2),which is relatively low, but not the previous ones, but still falls within the error bars, which
unrealistic for thin quantum well25]. As a detail, we note are relatively large due to the presence of relaxation oscilla-
that the effective dichroism inside the hysteresis loop igions.
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Finally we estimate the magnitude of the polarizationlasing peak as compared to the lasing peak. Experimentally,
noise from the observed power rati®,onasind Plasing these measurements are ideal to separately determine the
=2.6%. Substitution of this ratio, and the fitted value of nonlinear birefringence and the nonlinear dichroism, but they
Y0=0.83 nsl, into Eq. (19 yields a diffusion coefficient only work for VCSELs that exhibit a polarization switch.
D=22(3) us L. Just as before, we now insddt, together Specifically, we have shown how in extreme cases, where
with the output power of 0.3 mW, into E¢5b), to obtain an  the linear and nonlinear anisotropies are comparable, the
estimated cavity loss rate~120 ns? for the ideal four- concept of two polarization modes loses its meaning.
level laser andk~220 ns? for the caseng;=1.5 and For a batch of proton-implanted VCSEL we have applied
=0.2. the three techniques mentioned above to obtain results that

Comparing the etched-post VCSELs with the proton-agreed within about 20%. We have determined the nonlinear
implanted VCSELs we note that for both types of devicesbirefringence to beay,,~3—4ns* aroundl =9 mA and
nonlinear effects were observable in three different ways, aB,—=1.9 mW and to be~2.5 ns?! around =7 mA and
(i) a nonlinear redshift and extra dichrois(ii) a FWM peak P, =1.3 mW. The nonlinear dichroism was found to be a
in the optical spectrum, an(i) a different magnitude of the factor a~3 lower. We have also demonstrated to what ex-
projected polarization noise. Although the etched-post devicéent the fluctuations in polarization directighand ellipticity
switched at an output power that was only about 20% of thay are correlated. In general, we have shown how polarization
the proton-implanted devices, the observed nonlineafluctuations result from a balance between diffusion, due to
anisotropies were  still  sizeable[ ayor~1.52) ns?, polarization noise, and a restoring drift, due to dichroism.
Yror=0.8 NS 1] at about 50% of the values of the latter de- The diffusion coefficienD, and the related cavity loss rate
vices. The reason for this is that the cavity loss ratf our  could thus be estimated from the relatively power in the
etched-post device is relatively loiBragg mirrors with  nonlasing polarization and from the average hopping time in
more periodsso that a given output power corresponds to acase of polarization switching. Repeating the measurements
relatively high internal field. Experimentally, this was also on a batch of etched-post VCSELs from a different supplier
noticeable in the diffusion coefficienD, which at D gave similar results. At lower currenit€ 5.5 mA) and lower
~22(3)us ! for the etched-post device is only a factor of output power P=0.3 mW) we now foundry,~1.5 ns?,

2-3 larger than that of the proton-implanted device, despite;o~0.8 ns?, and a~1.7. Once more the three different
the factor of 5 lower output power. To account for the dif- measurements were in reasonable agreement. This shows
ference ink it might be better to relate the degree of satura-that both the phenomena and the quoted numbers are rather
tion to the quantity [/1,) — 1, which, around the polarization general and not limited to a special type of VCSEL.

switch, was ~0.35 for our etched-post devicel In conclusion, this work presents an experimental confir-
=555 mA; I,=4.1 mA) and 0.4-0.8 for our proton- mation of the validity of the spin-eliminated model for the
implanted devicegl =7—9 mA; 14,=5.0 mA). polarization behavior of a VCSEL. We have stressed that

almost any practical VCSEL satisfies the condition for spin
elimination. Also, most practical VCSELs satisfy addition-
Xl. SUMMARY AND CONCLUSIONS ally the condition of relatively strong linear birefringence

We have presented a general description of polarizatiohich, in turn, greatly simplifies the analytic description.
fluctuations in VCSELS, allowing direct comparison with ex- This being said, it remains very interesting, from a theoreti-
periment. An overview of the model parameters is given incal point of view, to study VCSELs which duot satisfy the
Table 1. In total the model involves four anisotropies. Thecondition for spin elimination. In particular, one would like
physical mechanism behind these anisotropies is not yet fulljo have a VCSEL with very large birefringencewf
understood; we know how the linear birefringence arises™ ¥s/@) which exhibits a polarization switch; the switching
from mechanical straif27] and internal electrical fields behavior of this VCSEL should violate the framework ex-
[28], and how the nonlinear anisotropies result from theP0Sed in the present paper. So far, we have not been able to
ticular the experimental observation of a current dependence,
of the linear dichroismyi,(1) is still somewhat of a mystery. ACKNOWLEDGMENTS
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anisotropies, but both are inversely proportional (the
square ofthe linear birefringence so that the effects are mea- APPENDIX
surable only for small to moderate birefringence. As a third
demonstration of nonlinear effects we have shown how they In this appendix we will derive the steady-state polariza-
give rise to a spectral redshift and excess width of the nontion and linearized polarization rate equations for a laser
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where the linear birefringence and linear dichroism make arfEquation(A2a) is an extension to the nonlinear regime, of
arbitrary angleg. For this case, the full rate equations, asEq. (18) in [9] that was derived from a linear coupled-mode

found in[6,13,14, are theory. Note that this equation is asymmetrictime sign of
do wyin s large ellipticity are most likely for negativey, , i.e.,
2 cos &E = — w};pSin 2y €0S 2p— y;irSin A p— B) for the case where the low-frequency mode lases. For the
case of dominant linear birefringence > ¥in s Ynon We
—2aYnorSin 2y €os %, (Ala) also find < xss[S€E Eq(A2D)].
q For xss, #s<<1 the linearized polarization rate equations,
Zd_)t( = wji,SiN 20— y;ipSin 2y cos 2¢— B) including noise, are
—2%norSiN 2y €OS . (Alb)
d

These equations are exact in the adiabatic limit; i.e., no as— | _
sumptions have been made apart from the adiabatic elimina- ELX™ Xss
tion of the difference inversion. To remove the various sine
and cosine functions we expand to first orderdgny<<1,
assuming the intensitly; which codetermines, o= x!/T’, to _
be more or less constafitalid for operation reasonably far WNere,=vincos 28, and where we have added the Lange-

above threshold The steady-state angles thus found are vin noise source$,, andf, . We want to stress that, as these
equations result from a linearization in the adiabatic approxi-

¢_¢33):(_7II _wlin_zaynon)<¢—¢ss)+(f¢)
Wiin ~ Y1~ 2¥non X~ Xss fX ’
(A3)

__ YinSIn28 <1 (A2a) mation, they apply to all cases whefey, xs<<1, including
Xss 2(0in 2y the very interesting cases where linear and nonlinear
anisotropies are comparable in strength. Note that(&8)
YiinC0S B+ 2¥non becomes identical to E@6) in [11] and Eq.(1) in [2] for the
s$~ o Xss<1. (A2b) case of aligned linear birefringence and dichroism.
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