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Description and analysis of low-frequency fluctuations in vertical-cavity surface-emitting lasers
with isotropic optical feedback by a distant reflector
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We analyze theoretically and experimentally the polarization dynamics of vertical-cavity surface-emitting
lasers exposed to isotropic optical feedback. The theoretical investigations are based on a model that takes into
account different inversion populations for charge carriers with opposite spin. In the deterministic case, we
observe toruslike synchronized low-frequency fluctuations of one or both polarization modes in the vicinity of
the solitary laser threshold, depending on the parameters and initial conditions. Both in experiment and in
simulations including spontaneous emission noise, asymmetric low-frequency fluctuations are observed above
and below the solitary laser threshold as well as a transition to coherence collapse further above threshold. The
amount of excitation of polarization degrees of freedom and thus the occurrence of simultaneous low-
frequency fluctuations of both polarization modes is shown to depend on the magnitude of the dichroism. Apart
from the correlation properties on the external-cavity time scale, we find a good qualitative agreement between
experiments and simulations.
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[. INTRODUCTION the phase of the reflected light is modulai&¢B|. Theoreti-
cal investigations of this situation explained the observed
Vertical-cavity surface-emitting laser§VCSELg are  phenomen48,9]. Different kinds of complex behavior arise
strong competitors to conventional edge-emitting semiconvia the interplay between the intrinsic and external anisotro-
ductor lasers for optical communication systems and othepies [10]. In particular, low-frequency fluctuation FF)
applications. Due to their unique geometry, they emit in awere demonstrated, which are associated with dropouts in
single longitudinal mode, have low threshold currents, carihe power of the linearly polarized component of the laser
be very tightly focused into optical fibers and mass producedi€!d supported by the polarization-selective feedback and
in two-dimensional arrays. However, the sensitivity of aWith bursts in the power of the orthogonal component. It was
VCSEL to optical feedback, which arises inevitably from anyShown that this phenomenon takes place due to the instability
surface in the path of the emitted optical beam, is compaQf the cha<_)t|c scalar at_tract|_ng set \.N'.th respect to orthogo-
rable to that of edge-emitting lase(see, for example, Refs. nally polarized pertur_batlons in the V|c_|n!ty of some exte_rnal-
[1-3]). Moreover, feedback influences not only the ampli-fr?\”ty rréodes lbe{oggglg fto tgi)s SEL Similar Lfd?(;)pt)outstln i
tude and the phase of the output field but also the polariz € mode selected by feedback accompanied by Intensity

at:')ursts in the “free” longitudinal modgswere observed in
tion state[4—6]. This vulnerability to polarization instabili- 9 9

o L . experimentg 11] and numerical simulationgl2] on edge-
ties is due to the fact that the polarization anisotropy of aempitting Iasse[rs.] K12] g

VCSEL is only weak because of the circular geometry of its |, this paper we consider theoretically and experimentally
active zone. o _ _ _ the influence ofisotropic feedback on the dynamics of
Some previous investigations were aimed at using optical/csELs, j.e., the feedback acts equally upon both orthogo-
feedback to control the polarization dynamics and/or polarna]ly polarized components of the laser field. An important
ization switching. In these investigations, polarization-characteristic of the feedback-induced temporal instabilities
changing or polarization-selective optical elements were inis that they are often accompanied jpylarization instabili-
corporated into the feedback loop. For example, highties i.e., the particularities related to the vector properties of
frequency polarization modulation was observed in aright are important. A proper understanding of the polariza-
extended cavity formed by a VCSEL and a partial reflectortion fluctuations is very important from a practical point of
with a quarter-wave plate inserted between thgsn7].  view to control them or to use them in an advantageous way.
Polarization-selective feedback is obtained by inserting a linDifferences and similarities to the dynamics of multimode
ear polarizer in the feedback loop. In that case, switchingzdge-emitting lasers are discussed.
between orthogonal linearly polarized states is achieved, if Some aspects of the dynamics in a VCSEL with isotropic
optical feedback were studied previously in a limited region
of parameter$4,13,14. In Ref.[4] the existence of LFF and

*FAX: +375-172-840879. their close connection to polarization dynamics were demon-
Email address: nloiko@dragon.bas-net.by strated experimentally below the solitary laser threshold.
TFAX: +49-251-83-33513. One of the two orthogonal field components was dominant
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and dropouts in its power were accompanied by bursts in thpolarization-sensitive rate equations introduced in REd].
power of the depressed polarization mode. This regime iFhey are modified to include effects of external isotropic

similar to the regime described above for VCSELs withfeedback. The axes, y are taken to be parallébrthogonal,
polarization-selective feedback. However, in the theoreticajespectively to the principal axes of the intrinsic amplitude
treatment LFF-like behavior was only found above the soli-and phase anisotropies, which are assumed to coincide with

tary laser threshold. A transition to coherence collapse, if th@ach other. Then the corresponding equations have the fol-
laser is biased above the LFF regime, was predicted theorefiowing form:
cally in Ref.[4], but was not found experimentally. Also the
connection to the predictions of another theoretical work d_
[14]—appearing simultaneously—was not clear. In the latter —E=G-E+F+Fg,
paper, simultaneous dropouts in both components were pre-
dicted to occur. Recently, experiments yielded the possibility
of both scenario$15]. The important parameter discerning Eﬁ: +8. |E|2—E 1)
between the different regimes was the amplitude anisotropy dae. # N
(the dichroism between the two polarization components in
the solitary devices. These observations are in qualitativevhere N.=N=*n, y=y,+iy,. Column vectors are de-
agreement with recent numerical simulati¢h8]. As a third  noted by “n. EE(E+ , EL), |E|2E(|E+|2, [E_|?), N
possibility, LFF behavior was experimentally observed in theE(N n) ;z(,u—l“N — v.n); while matrices are denoted
dominant polarization component, whereas the orthogoneﬂ A EERAS
one stays on the noise levd5]. y-o -

The aim of this paper is a detailed investigation of the .
polarization dynamics of VCSELs with feedback in param- G:(K(l+'a)(N+_l) - 7)
eter regions matching those used in the experimental inves- -y k(1+ia)(N_—1)
tigations. In addition, the investigations cover a wider and/or
complementary region of laser parameters compared to Refsnd
[4,13,14 to elucidate the parameter dependence of the dy-

namics. Changes in the dynamics due to field contributions R N, N_
from multiple round-trips in the external cavity are also dis- S=- N. —N )
cussed. + -

For the theoretical studies, we use a model similar to that .
developed previously for the case of polarization-selectivéE==1/V2(E,+iE,), where E, and E, are X- and
feedback9]. It is based on the so-called spin-flip model for y-polarized components of the slowly varying amplitude of
a solitary VCSEL[16]. It takes into account the dynamics of the electromagnetic fieldy is the total population difference
carrier densities with opposite spin interacting with circularly between the conduction and valence bamiss the differ-
polarized intracavity fields of specific handiness. In order toence of the population differences for the two allowed tran-
describe the effects of feedback, delay terms are added to thitions between magnetic sublevels;is the mean of the
field equations. Either a singl@.e., the first or multiple  decay rates of the two linearly polarized components of the
round-trips in the external cavity are considered. The lattefield; « is the linewidth enhancement factq; is the nor-
might be important in a VCSEL since the external cavity canmalized injection current, which takes the value 1 at the
have a quite high finesgd]. Langevin noise terms are used solitary laser thresholdy, is the decay rate for the difference
to describe spontaneous emission noise. The model equatiofsthe populations of the different magnetic sublevels which
and an explanation of the relevant parameters are given ifesults both from spontaneous emission and spin-flip relax-
Sec. Il. ation processed; is the decay rate of the total carrier popu-

Section Il is devoted to the description of the results|ation. We use a typical value of 1= 7.=1 ns. The ampli-
obtained by numerical integration of these equations. At firsttude and phase anisotropy of the cavity are denoted by the
the deterministic case is considered. The dependence of thatesy, and y,. y, represents the anisotropy in the field

dynamics on the feedback level, the pump current and thgecay rate(positive v, gives they-polarized component a
intrinsic dichroism of VCSEL are elucidated. Different types |, ar thresholgt y, represents the linear birefringence of the

of LFF at different levels of Fhe pump current and Optical_medium(which gives opposite frequency shifts for the dif-
feedback are revealed. The influence of spontaneous em%

i - h h G ied in th Srent linearly polarized fields of the solitary lage®ften,
sion noise on t e LFF c aracterlstlcs is studied |n't e secon . is also referred to adichroism
part of this section. Experimental results and their compari-

son with the numerical results are presented in Sec. IV. Sec- The feeFjbacIF fmm. an external mirror ta?k'”g into ac-
tion V contains the overall conclusions. count multiple round-trips in the external cavity can be writ-

ten as
Il. THEORETICAL MODEL _ 11— r% * _
o o F)=—s—— E (—ror3)"exp—iwn7)E(t—n7),
Our model of the polarization dynamics in a quantum Tin r; n=1
well VCSEL with external isotropic feedback starts from the 2
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wherer, andr 5 are the amplitude reflectivities of the output 1
VCSEL mirror and the external mirrot;, is the round-trip Ns=1+ k
time of the internalVCSEL) cavity; 7 is the external-cavity
round-trip time; w is the solitary laser frequency; is the  the field amplitudes
coupling factor.

If only one term of sum?2) is considered, the widely used 1/ u
Lang-Kobayashi approximation is recoverfdd]. It is valid Q.= E(N__l and ¢=Im/2.
for such low optical feedback that the field amplitudes result- S
ing from multiple round-trips in the external cavity can be The maximum value of the normalized feedback strength
neglected in comparison to the field amplitude of the fifSta'=g(¢e/rm)(1—r§)(r3/r2) is equal to 120. Below we
round-trip. This condition is satisfied if the quantityrs il use the non-normalized value= o'/ 7,.
determining the ratio between the field amplitudes of the (- The threshold value of injection current for each steady
+1)th andjth round-trips of the external cavity is small giste is
enough. Taking into account that the valuergfis close to
unity in a VCSEL, this condition can be easily violatéd. 1 1
also Ref[4]). However, the importance of the contributions — upn=1+ E((_l)l')’a_ rRef(Q)) (or upn=Ns).
of the secondary round-trips might be influenced by effects "

decreasing the effective coupling strength for an increasingis results in the following values for the threshold current

number of round-trips. This might be the limited coherence, - -~ . Lo

. for x (y) -polarized emission:
length of the laser or a decrease in mode overlap due to
imperfect mode-matching optics. Hence, we will investigate

both casegsingle and multiple round-tripsbelow. /thh:l"_%
The Langevin noise sourcebg=(F,.,F_) and Fy
=(Fn,Fn) that arise from spontaneous emission processes The yalues of basic parameters used in numerical simula-
have the following form:F.={BI'N.&.(t) and F(y,  tions are typical VCSEL parameters or—in the case of the
=T'/2k(F1E, =F*E_+c.c.), whereg is the spontaneous phase and amplitude anisotropies—are taken from experi-
emission factor(the fraction of the spontaneously emitted mental measurementsik=300 ns?, r,=0.9975, 7,
photons that go into the lasing modleand ¢.. are two in- =28 fs, a=5, =20 ns*, y,=67ns !, =3 ns,s=1,
dependent complex noise sources with zero mean and corrdt=10 ps. The values of the other parameters are varied and
lation (&£.(t)€5(t"))=248(t—t'). In numerical simulations are given in the text below. The choice @5 is justified in
they are represented ds(t) = x. //At, wherey. are com-  Sec. IV D. The rather low spin-flip rate of;=20 ns * was
plex Gaussian random variablésith zero mean and stan- chosen, since for the devices under study the correlation
dard deviationx;x¥)=2), andAt is the time interval over properties of the two polarization components in the solitary
which the noise is held constant. laser could be modeled best by assuming a spin-flip rate of
Steady-state(monochromatit solutions of systems1) this magnitudg 18]. The LFF dynamics with feedback was
and (2) in the absence of noise are found in the foEm found to remain qualitatively unchanged for different spin-
=Q.e % N=N, andn=ng. We present here only flip rates in the investigated range from 20 up to 100’ns
linearly polarized states which are divided into two classes
polarized along the or along they axis. Their steady-state lll. NUMERICAL RESULTS
frequencies are determined from the following transcendent
equations:

<—1>'ya—}Refm>), =0,

(_1)|7a_

) : 4

1+r,rg

A. Deterministic dynamics

First, we study the deterministic case when no spontane-
| 1 ous emission noise is considered. The threshold reduction
(mayatyp)(=1)+0+ a[a Ref(Q)—Imf(Q)]=0, numerically observed is in accordance with E4).

) :
1. Basic phenomena

wherel =0(1) corresponds ta- (y-)polarized states, For rather small(positive) values of the dichroism, the
. solitary VCSEL is bistable near threshdldoth linearly po-
f's__expio larized components of the laser field are stable with respect
o 1+rorzexpio’ to orthogonally polarized perturbatiofi$8,19). Hence, it is
. ) . not unexpected that the feedback-induced dynamics depends
and 6=—(Q+w)7. Equation(3) can be rewritten in the 455 on initial conditions: Fory,=0.047ns * and biasing
following form: the laser at the solitary laser threshold=£1), the system
i can demonstrate pulsations in &g or in theE, component
o(alrars+cosf]—sing) 0 (correspondingly, the power of tii, or E, component tends
1+r3r2+2r,r;cosé ' to zero value with evolving timeor in both field components
simultaneously in a wide region of values of feedback
The steady inversion strength. An example of the temporal evolution of thg

f(Q)=5(1-r3)

(—ayatyp)(—1)'+Q+
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FIG. 1. Time evolution of the field amplitud&,| on the short

(@) and long(b) time scalesy,=0.04rns !, ¢=20 ns't, u=1, 06 06

B:O £>‘0.4... e E>~0.4 . .. K- ‘
component in the situation whéfy,= 0 is presented in Fig. 1 0.2 0.2

for the case of comparatively weak feedbackr ( o - o AL ‘
=20 ns 1). The system displays fluctuations on two time 70 75 80 0 50 100 150 200
scales. The high-frequency component of these dynamics Time [ns] Time [ns]

consists of sharp narrow pulses separated by [Figs 1(8)]. FIG. 3. Time evolution of the field amplitud¢,| and|E,| on

Every third pulse is slightly higher than the others. A mainy,e short(a) and long(b) time scales at the same parameters as in
feature of the radio-frequencfrf) spectrum is a comb of Fig. 1 and other initial conditions.

equidistant peaks with a frequency separation equal to the

external-cavity round-trip frequency of 1/3 GHEig. 2, in- . )

seb. The most pronounced feature is a peak at 1 G its sudden reduction of the laser intenditiropou} followed by
harmonics, which is presumingly due to a 1:3 synchroniza- & gradual return to full powef20-22. However, the ob-

tion of the feedback frequency and the relaxation oscillatiorj@ined behavior is similar to that observed in R¢#8-23.
frequency. It was interpreted as a locking phenomenon, in which the

Superimposed on this pulse train is a low-frequency en_drc.)pout events are synchronized.an.d hgnce become regular.
velope with an average period of about 28 [Fég. 1(b)]. Th|s.goes along yv|th a regular dl'str|but|on of the sharp in-
This slow modulation has approximately a harmonic shap&®nSity pulses during one LFF period. The appearance of this
and is rather regular. As a consequence, there is a narromiat® in @ VCSEL model indicates that it is a rather robust
well-defined peak in the rf spectrum at 0.036 Gifiig. 2. A and W|despree_1d solution éfleterministi¢ semiconductor Ia_-
detailed analysis shows that the averaged intensity does ndg" Models with delayed feedbatsee also the remarks in
reach the zero level in the minima of the low-frequency en>ec IV D). ) ) . o
velope. In accordance with this, the total population inver- _1he toruslike behavior of thg-polarized field is also ob-
sion tends to 1i.e., the unsaturated value at the solitary lasef@N€d using other initial conditions. However, it is worth
threshold in the minima of the averaged intensity, but doeshoting that the domgl_n of its realization is rather small at
not reach this unit value. This dynamical state could be in\Weak feedback conditions. The system operates more often
terpreted as a quasiperiodic movement on a torus with w8 theEx component though it has a higher threshold in the
strongly pronounced frequencies: the frequency of the sloviiPSence of feedback. Probably, this behavior is connected to
modulation and the feedback frequency synchronized witihe fact that thee, mode is “more stable.” This is in agree-
the relaxation oscillation frequency. These features distinMent with the fact that in the solitary laser tg mode also
guish the observed phenomenon from usual LFF in edgecjomlnates far enough above the threshold, even if the di-

emitting semiconductor lasers, which are characterized by ghroism(slightly) favors the other modg18]. For the soli-
tary laser, it is known that this selection is due to the spin

dynamics[18,19. For strong feedback, emission of the loss-
favoredE, polarized component is obtained as a rule.
Pulsations in both orthogonal components observed at the
same parameters are presented in Fig. 3. Here, the dynamics
of the E, component are similar to that described above. The
only difference is a suppression of every third pulse on the
fast time scal¢Fig. 3@ ]. At these moments, pulses in tBg
component are excited, forming a pulse train with a spacing
corresponding to the external-cavity round-trip time of 3 ns.
These dominating time scales are clearly evident in the au-
: : : : tocorrelation functions of the polarization componefiy.
0 01 0.2 03 04 05 4(a)]. The crpss-correlation function is clqse to zero at zero
Frequency [GHz] and at 3 ns time lag and shows a correlation attime lags of 1
ns and 2 n$Fig. 4b)]. The operating frequencies of the two
FIG. 2. Rf spectrum corresponding to Fig. 1. orthogonal components are approximately separatechyy 2

10°

N

—_
(=)
=)

PSD of |E
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(a) (b) ing again the similarity of the process in both kinds of semi-
; ; conductor lasers. We would like to emphasize the following
difference in the behavior of the two polarization compo-
nents: Whereas the maximal values({#,|) are reached as
rule just before the dropouts, the maxima(¢E,|) can be
situated between two dropout eveffsg. 5(c)], i.e., the am-
plitude of the disfavored polarization component can decay
5 ; 5 5 5 ; . before the power buildup in the dominant polarization
Time [ns] Time [ns] component(and in the total powgris complete(see also
Ref. [4]).

FIG. 4. Autocorrelation functions oE,- (thick line) and E- The average period of this kind of LFF is about three to
(dotted ling field componentsa) and their cross-correlation func-  four times higher than in the case of the toruslike state. For
tion (b); parameters are the same as in Fig. 3. the parameters of Fig. 5, it is about 140 ns. During this

) ) period there are evidently some faster modulatimes Fig.
Their low-frequency envelopes are correlaedy. 3b)]. Be-  5(p)], which can be interpreted as the remnants of the low-
sides this regime, there is a similar one in which E’]ﬁand frequency enve|0pe of the torus presented in F(@):Dn

auto corr.
Cross cotr.

E, components exchange the roles. the fast time scale, the pulsing in the two orthogonally po-
larized components occurs also synchronously. 5a)].
2. Dependence on feedback level However, there is anticorrelation regarding the height of the

We observe a gradual distortion of the torus with increaspulses, i.e., a large-amplitude pulse in g component is
ing feedback level, though the main features are kept up t@ccompanied by a small-amplitude one in Eiecomponent
o=100 ns!. At the same time, the period of the low- and vice versa.
frequency component is increased. The quasiperiodic kind of
behavior in both polarization components is perturbed earlier
than in the case with a single polarization component, if the
feedback strength is increased. It disappears ¢or80 If the laser is biased above the solitary laser threshold at
—90 ns ! In between—at intermediate feedback level—any feedback level, LFF with sharp dropouts such as those
the simulations yield a kind of “intermittent” behavior be- presented in Fig. 5 arise. If the current is increased further,
tween the toruslike regime and a regime that resemblethe laser dynamics is transformed into a fully developed
“conventional” LFF known from edge-emitting lasers coherence-collapse regime, in which the almost-periodic
[21,22. An example is shown in Fig. 5. Both field compo- LFF component cannot be identified anymore. The values of
nents demonstrate sudden dropouts of the average amplitudbe current at which these transformations occur depend on
which are followed by recovery processes taking place orthe feedback level: the stronger the feedback, the higher the
slower time scales. This means that the envelope along organsition current.

LFF event gets an asymmetric shdpég. 5(c)] in contrast to For small negative values of the dichroism, thgfield
the toruslike regime discussed above. Dropout events in theomponent has a lower threshold and is stable with respect to
two components occur synchronously. The intensities in th@rthogonally polarized perturbations in the solitary laser. In
moments of dropouts are very close to a value of zero anthat case, a regime with pulsations in tgcomponent and
the total population inversion reaches approximately theée,=0 was not obtained in the case with feedback. This be-
unity value. It is worth noting that synchronous dropouts ofhavior can be expected. The other features of the dynamics
individual modes are experimentally observed in multi-are similar to those described above. In contrast, for higher
longitudinal-mode edge-emitting las€i®6,27 demonstrat-  positive values ofy, (0.1-0.47ns ') we observe at the
solitary laser threshold perfect selection of g compo-

(@) (b) nent. The system displays a toruslike regime with 1:4 syn-
chronization of the feedback frequency and the relaxation
oscillation frequency.

Both field components are exited only far>1 and the
corresponding regime is similar to the LFF presented in Fig.
5. For y,=0.47ns ! the E, component has slightly lesser
amplitude than th&, componenion averagg

For v, between 0.1 and 0mns ! and moderate feedback
strength, the transition point between torus dynamics and
LFF coincides approximately with the transition from emis-
sion of one polarization mode to emission of both modes.
For high dichroism values, the transition from the torus re-
gime to LFF occurs within the range of single-mode opera-

FIG. 5. Time evolution of the field amplitudé¢g,| and|E,| on  tion.
the short(a) and long(b) time scales and amplitudes averaged over When multiple round-trips in the external cavity are con-
1 ns(c), =50 ns!; other parameters are the same as in Fig. 1. sidered, the threshold reduction becomes smaller, which is in

3. Dependence on current, dichroism, and the influence
of multiple round-trips

0
1370 1375 1380
1.5

—1

Sl

0 o
1370 1375 1380 0 _ 500 1000 O _ 500 1000
Time [ns] Time [ns] Time [ns]

[,
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accordance with Eq4). The laser dynamics is practically

not changed compared to the single-round-trip approxima-
tion for considerably weak feedback. The value ®fat 0.6
which the two approximations give different types of behav- — ‘
ior depends on the other laser parameters. For the paramete %4011 10 T M Tl

0.8

(b)

used here ¢,=0.1rns !, u=1), instead of LFF a linearly ookl A
polarized steady state with,# 0, E,=0 is obtained in the :
interval of o 67 ns '<o<95 nSﬁl, if Is is increased. At 1%70 1375 1380 0 500 1600
higher levels of feedback—up @~102 ns *—we observe
antiphased pulsations in both polarization components with ¢ 1.5 ; 04
weak modulation at the frequency close to that of the torus
regime and to the asymmetric LFF frequency. For even |- A 08
higher feedback levels, the system shows LFF with partially > wo2b Al
\%

antiphased fast dynamics similar to the case described belov o5}

B. Stochastic dynamics %70 1375 1380 % 500 1000
1. Basic phenomena Time [ns] Time [ns]
If spontaneous emission noise is included, the character of FIG. 6. Time evolution of the field amplitud¢g,| and|E,| on
laser dynamics at the solitary laser threshqld<(1) changes the short time scaléa) and amplitudes averaged over 1 (i3, y,
drastically compared to the deterministic case. =01mnst, 0=50ns*, u=1, =10"".
First, noise results in the stimulation of both linearly po-
larized field components independently from dichroism and™ig. 6) These changes in dynamics due to the presence of
initial conditions. Second, an additional frequency compo-noise might be interpreted as being due to the amplification
nent appears at very low frequencies. Its period is larger thafl excitation by the noise of an oscillating component al-
that of the torus by three to four time€This matches the ready inherent to the system. We conjecture that this might
observations for higher feedback rates in the deterministi®€ related to the phenomenon of stochastic resoni2gle
case) For small levels of the noise, this component is only
slightly resolved in the dynamics. The corresponding rf spec- 2. Dependence on current

trum contains a strongly asymmetric component in the low-  ap increase of the injection current leads to an increase of
frequency domain, which is roughly similar to arf-oise e frequency of the LFF. This regularity can be considered
spectrum. Increasing the noise destroys the synchronizatiqg pe a consequence of the increase of the relaxation oscilla-
of the feedback frequency with the relaxation oscillation fre-tjgng frequency and their dampifg9] that determine the
quency on the short time scale. For example, f  time scale of the dynamics.

=0.1wns ' we observe a more complex structure in the f the injection current is decreased below the threshold
time-interval equal to the feedback delaycompared to the yajue of the solitary laser, the LFF frequency decreases as
four narrow equidistant pulses obtained in the deterministiexpected from the above discussion. Below a certain current
case{Fig. 6@]. The pulses become wider and acquire a kindyalue, another regime is observed: oscillation&jnand E,

of internal structure consisting of several closely space@¢omponents at the short time scale become partly antiphased

spikes. The fast oscillations are only approximately repeateq:ig_ 7). After a dropout event, the amplitudes of both polar-
with a time lag ofr. The envelope is transformed into asym-

metric LFF with sudden dropouts and a rather slow recovery
of the laser intensity with an average period of about 117 ns o2
[Fig. 6(b)]. The frequency component corresponding to the
movement on the torus on intermediate time scales is almos—o.1},
unresolvable for this level of noise. The spectrum in the low-
frequency domain has a rather complex structure with sev- 0

() (©

715 720 360 365 370

eral peaks. 0.04 01
These noise-induced LFF bear many similarities to deter- 5 | 5
ministic LFF obtained for higher feedback levels and/or =g, ' sl S oosl | 1 ﬂ
above the solitary laser threshold described above. The ave!
age period of these noise-induced LFF depends only slightly FLE TN

0 - o]

on the level of noise. Their period and the amplitude of os- o _ 500 1000 710 _ 715 720 360 _ 365 370

S . o . . Time [ns] Time [ns] Time [ns]
cillations in both polarization components increase for higher
values of the _feedback strength. The level of noise at which  FiG. 7. Intensitied ,=|E,|2 and I,=|E,|? averaged over 1 ns
the torus regime is transformed into asymmetric LFF de<a) and on the short time scale),(c). Parts(b) and (c) display a
pends on the level of the feedbadiEor example, for a short time interval after and before the first dropout eventain
weaker feedback rate=20 ns !, the system shows a torus- respectively,.=0.93, ¢=50 ns !; other parameters are the same
like behavior at the same noise level for the parameters dds in Fig. 6.

033805-6



DESCRIPTION AND ANALYSIS OF LOW-FREQUENCY ... PHYSICAL REVIEW &8, 033805 (2003

ization components oscillate in the same way as for larger
values of current, i.e., they show synchronized pulses with_ o}
strongly alternating amplitudel$=ig. 7(b)]. However, after -
the recovery process, i.e., before the next dropout event, th—. 0-4
character of the oscillations is changed. The dominant com—"
ponent(hereE,) shows fluctuations around a nonzero mean
together with some more pronounced sharp fifg. 7(c)].

The weaker polarization componghereE,) shows a rather
regular train of large-amplitude pulses, which are separateu

by the cavity round-trip time, and some fluctuations of low  FiG. 8. Polarization resolvegolid line,|E,| mode; dotted line,
amplitude[not visible in Fig. 7c)]. Both originate from zero  |g, | mode and total intensitydashed lingin dependence of the
intensity level. The high-amplitude pulses in the weak com-pjection current. Parameters arg,=0.04rns !, =60 ns ¢,
ponent are accompanied by dips in the strong one. Henc@ther parameters are the same as in Fig. 6. The time-averaged LI
t.he. total population inversion oscillates within rather smallgypves were calculated by changing the injection curgestep by
limits. ) ) . step and waiting some time until the transients died out. The differ-
The evolution of the time-averaged amplitude of theent dynamical regimes at increasing current are the stable emission
weaker polarization componenhﬂyl) displays a more pro- steady stat€SS), low frequency fluctuationFF), and coherence
nounced torus component between the dropout eVéigs collapse(CO).
7(a), central evertor shows some decrease already before

the dropout Fig. 7(a), left and right event For lower cur- S
rent thep Iagergberga)vior becomegs morer?‘requent ie., a :shareXpeCted to depend on the feedback level and the injection
' o urrent. These dependencies are illustrated in Fig. 9. Figure

growth of |[E,| occurs just after dropouts and then a slow ;
decrease of the amplitude takes place. This resembles tr?éa) presents the optical spectrum for very weak feedback

behavior obtained in Ref4] below the solitary laser thresh- ractically for the solitary laserThe optical spectrum for a

: . toruslike regime at-=20 ns ! is shown in Fig. %), and for
fri?egﬂgl Jrere recently in Ref13] above the solitary laser | 't~ 100 ns't in Fig. 90). It is evident that the line-

If the current is decreased further, only the fast antiphase&“Idth Is approximately propoonnaI to thg value of The .
dynamics ofE, and E, components is observed, without a amount of the external modes involved into the dynamics

: . .— and hence the linewidth increases also with increasing pump
strong slow modulation. The strength of the anticorrelation : .
) : S -_current. At the same time, the separation between the fre-
increases and the amplitude of the oscillation in the carrier

density decreases for decreasing current values. Near the ralencies of the centers of mass of the spectra of the orthogo-

duced threshold of the laser with feedback, alternation ber-lal field components becomes smaller in tendency. At that,

tween almost stablg, emission and antiphased oscillations an additional maximum near the zero frequetbe solitary

in both polarization components is found on very long timeIaser frequencyappears in the spectra of th component.

scales(with a period of about 14:s). At this stage, we W|th further increasing of the pump current th‘|‘s maximum )

. S disappears again. Finally, the spectra become “bell shaped.

cannot exclude that this behavior is only a very long tran- . i

; . I As an example, a fairly broad spectrum of nearly Gaussian

sient to periodic oscillations or to the steady state. The tran; : ; . .

o : 0 . fqrm obtained in the regime with fully developed coherence
sitions between the regimes of stable emission or antiphase Lllapse is shown in Fig. (6)
oscillations below the solitary laser threshold and the LFF-0"ap 9-(.

regime around this threshold create kinks in the time-

0.2

averaged light-current characteristi¢ght intnsity (LI) 02y 4
curved characteristicgsee also the discussion in Sec. IVB =g ... ] .. %2
and Fig. 8. An overview of the dynamical regimes observed g j : : @
in the simulations for different injection currents is presented 49 : : ?
in Fig. 8. ‘
cD>‘02 .................... F cD>‘05
3. Spectral properties : J

The operating frequencies of the two polarization compo- 108 -10 0 10 102
nents (measured in angular frequendgiesre separated by 5 (c) : : 8
~ 2y, in the solitary lasef19]. In tendency, this holds also @ 50 : ' : 1 @50
for the laser with feedback in the stochastic as well as in the
deterministic case, since the corrections due to optical feed 28 108
back are similar for both polarization components. The T b . PN S
steady-state operating frequencies of the external-cavity» ‘
modes are determined by E@). They depend on the feed- 85 _1(')0 4 rrOS _160 0 0
back levelo via f(€). In a dynamical operating condition Frequency [GHz] Frequency [GHz]

with multiple external-cavity modes excited, the frequency

of the time-averaged line center depends on the mode order FIG. 9. Optical spectrum of thE, mode §,) andE, mode §,)
of the most excited external-cavity mode and the linewidthat y,=0.047ns %, =107 (a), 20 ns* (b), 100 ns* (c),(d), u
or span depends on the number of excited modes. Both arel (8)—(c), 4d), B=10"°.
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4. Influence of external-cavity multiple round-trips Polarization resolved time series are obtained by means of

As in the deterministic case, contributions of multiple @valanche photodiode®\PD, 1.8 GHz analog bandwidth
round-trips in the external cavity introduce qualitative @nd @ digital oscilloscop€l.1 GHz analog bandwidth, sam-
changes in the dynamics at high feedback levels. At the soliPling interval 125 ps For spectral measurements, in some
tary laser threshold, instead of LFF dynamics with dropout$ases pin photodiodes in conjunction with an amplifier were
of the intensity in both polarization components the follow- used with a bandwidth of about 10 GHz.
ing sequence of dynamical behaviors is obtained, if the feed- For a very limited set of experiments, a digitizing oscil-
back strength is increased: stable emission inBpeompo-  loscope with a bandwidth of 6 GHzampling interval 50 ps
nent, strongly antiphased almost-periodic pulsations in bothvas available. If the pin photodiodes are to be used for mea-
components with a period of 3 ns and with weak slow envesurements with the oscilloscope, they need to be amplified. A
lope, and partially antiphased LFF are obtaineg, (20 db amplification was achieved by a microwave amplifier
=0.17ns ). The total intensity and the total population with a bandwidth of about 20 GHz. However, these amplifi-
inversion are almost constant when antiphased pulsations ogrs do not transmit low frequencies so that the dc informa-
cur. Hence, this regime is similar to the behavior observedion is lost. Hence, these data were mainly used for deter-
below the solitary laser threshold without taking into accountmining the correlation properties between the polarization
multiple round-tripgsimilar to that presented in Fig(@]. It~ components. Also the signal height was only sufficient for
may be explained by the fact that the threshold reduction igg|iaple information in the coherence collapse regime, if the
weaker for the multiple round-trips case by a factor 1/(1output of the laser had a sufficiently high amplitude.

*12r'3) (see also the discussion of Fig.)1Taking into ac- The optical spectrum is measured with a scanning Fabry-

count mult|ple'round-tr|ps changes also .the threShOId.Cu”e%erot interferometer with a finesse of 200 and a free spectral
of transformation of steady states to antiphase pulsations ar}gn ge of 46 GHz

to LFF. Moreover, the described example shows that this can
change the stability of orthogonally polarized modes giving
preference to theE, component. It is worth noting that
changes in behavior under multiple round-trip conditions in
comparison with the single round-trip approximation in the
stochastic case take placeat55 ns L.

The effective dichroism and birefringence parameters are
extracted from optical or rf spectra of the free-running de-
vices in the manner described in R€f30,31]. The reported
results stem from two devices, which show a rather high
(device 1, y,~—mX(4,...A4) nst, y~wXx1dns?)
and a rather low dichroism (device 2, y,~w
X(0.1,...0.4) ns?t, y,~7x6 ns?), respectively. The
IV. EXPERIMENTAL RESULTS AND COMPARISON dichroism values can be tuned to some amount by varying
TO THEORY the substrate temperatuithe birefringence changes only by
A. Experimental setup about 1 GHz for a temperature change of 50 K
The experimental setup is described in R&b]. For con- B. LI curves
venience we repeat here the most important points and hint _ o
to differences and improvements in comparison to the earlier Figure 10 shows the polarization resolv@iiand the total
work. The VCSELs investigated are gain-guided deviced-! curve (b) of device 2 at a feedback level of about
W|th an aperture diameter of ﬁm from EMCORE Corp_ —-10 db The diChrOism Of the deVice iS tuned in SUCh a Wa.y
(emission wavelength in the 850 nm regiofihe emission is that the two polarization components are nearly on an equal
in the fundamental transverse mode up to more than twéooting at threshold in the free-running laser. Both modes are
times the threshold current. The light is collected by an asexcited on averagl8]. The width of the peaks in the optical
pheric, antireflection coated lens. A nonpolarizing beamspectrum indicates that there is still a slight preference for
splitter directs a fractiori66%) of the output power onto a the high-frequency mode. However, the difference in width
highly reflective mirror that forms the external cavity. From is at the limits of the experimental resolutiony <
the mirror distance, the external-cavity round-trip time is cal-x 0.1 ns'%).
culated to be 3.25 ngaking into account the enhancementin  From the curves of the total power, the threshold reduc-
optical path length due to the collimator and the beam splittion is apparent. At the solitary laser thresholt,d,
ter cube. =2.98 mA) there is indication for a kink, i.e., the slope of
The ratio of the light reflected back into the VCSEL is the LI curve changes. At higher currents the LI curve of the
controlled by means of neutral density filters. The externalaser with feedback tends to the one of the solitary laser.
mirror and the position of the collimation lens are adjusted to The polarization resolved LI curves demonstrate that for
minimize the threshold of the compound system. In the ablow currents(up to about 3.15 mAthe high-frequency mode
sence of another criterion this is regarded as the condition aé slightly dominating, whereas the low-frequency one takes
best mode-matching achievable in the experiment. It is conever afterwards. This matches roughly the behavior encoun-
sistent with the observation made by inspection with the eye¢ered in the solitary laser. Both modes are excited about
that there is a focus of the output beam in the plane of thequally (on averagg at threshold, but above threshold the
feedback mirror. high-frequency mode is continuously depleted to zero
Low-bandwidth detectors are used to monitor the time{within a current interval of about 0.25 mAand the low-
averaged, polarization resolved light-current characteristicfrequency mode is strongly dominatif8].
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FIG. 11. Threshold reduction normalized to the threshold cur-
rent in dependence on tHamplitude reflectivity of the external
0.8 " " reflector. Parameters: deviceTlz=20 °C, threshold current of soli-

current (mA)

) tary laserly=4.85 mA, y,=mX4 ns’l, Y= mX14 ns’. The
s 0.6r lines denote the prediction of E¢4) in the single round-trip ap-
8 proximation (dashed ling and taking all round-trips into account
3 0.4r (solid line). The value ofr, is the same as that taken in Sec. Il. The
o triangles denote experimental m easurements using3dor nor-
§_ 0.2r malization, the squares using E@) (see text for further explana-
. tion).
0.0 : .
25 3.0 3.5 4.0 . . 2
current (mA) achievable in our setupr{=0.67R;=r5=0.45). The

_ o _ ~ threshold reduction depends weakly on the device tempera-
FIG. 10. Light-current characteristic for VCSEL with low di- tyre (span of only 0.5% in the temperature interval between
chroism in the presence of feedbacla) polarization-resolved 20°C and 60 °C) and reaches a maximum of 13(586 the
(dashed line, high-frequency mode correspondinBtosolid line,  strongest feedbagkat a temperature of 43°C. This point
low-frequency mode corresponding E); (b) total power(solid  ¢nincides with the minimum threshold condition, i.e., at this
line, with feedback; dashed line, solitary laser for compajisBa- point the gain spectrum and the cavity resonance are opti-
rameters: device ZI=63°C, y,<7x0.1 ns!, y,~7x6 ns %, mally aligned
threshold current of solitary laséf,=2.98 mA, r;=0.33, thresh- The lines depicted in Fig. 11 denote the prediction of Eq
. 0 . .
old reduction 6.4%. (4) in the single round-trip approximatiofashed ling and

A somehow similar behavior was obtained in the Simula_takmg all round-trips into accourtsolid line). It is apparent

tions (see Fig. 8 In the LFF regime both modes are excited that the feedback reduction obtained in the experiment is

on average ith sppromately equal poir A ncreasn 052 lower e heoeta precton ore o
current, also a slight kink is observed in the total output P 9, 9

power before the system transits into the coherence collap om imperfect optics or a suboptimal beam quality of the

- S ‘L CSEL. The latter might be due to the fact that in the
regime. This kink is located at u=1.1. However, this kink : S !
is not so pronounced as that observed at the solitary las YCSELs under study proton implantation is used to define

threshold in the experiments and it appears at slightly highebue”(i?:]'\gre] daez(e-ah:deiﬁ th?gv?égsngrgt'?;:ly %Eggegg(')?ﬁi?]:rggnqo
injection current. At increasing current, tkg mode(i.e., the 9 9p 9 ‘

: : . S However, it has to be kept in mind that the threshold
mode with lower optical frequengyis strongly dominatin ) = ; ;
in the simulations. 'IPhis is iniccoirtél‘ance Wigtlk?/the experin%len-rmljctIon defined experimentalfzq. (5).] and the_ theoretical
tal results. The kink observed in the simulated LI curve at thevalue[Eq. (4)] cannot be compared directly, sinte 0 de-

transition from stable emission to LKBee Fig. 8u.~0.9) is hotes zero current, whereps=0 denotes transparengg.qg.,

. . L Ref. [19]). Comparing the normalized equations given here
not observed in the experiments. This is due to the fact thatnd the original equation@.g., in Ref[32]), the following

in the experiments the dynamical regime of stable emiSSiorelat'onsh' betweehand u is obtained:
at the reduced threshold does not appear. : Ip betw m ined:

C. Threshold reduction n~

1
q—l - 7_—Ntr . (6)

e

The threshold reduction in dependence on feedback level

and substrate temperature was studied in detail in device Here, N,, denotes the transparency carrier dengitys the
Figure_z 11 shows the observed threshold reduction versus thﬁementary chargey; is the internal quantum efficiency, and
(amplitude reflectivity of the external reflector. The normal- v s the mode volume. Hence, the threshold reduction in the
ized threshold reduction “theoretical” scaling expressed by the experimentally mea-
sured current values is given by

Al
Aprexpt:= T )
th K™ Bt _ =1l @
increases monotonically with increasing feedback strength i | — ﬂNtr
and reaches nearly 13% for the maximum value of feedback NiTe
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FIG. 13. Polarization resolved rf spectra in logarithmic scale

time (ns) (dashed lineE, ; solid line, E,). Parameters as in Fig. .

(b)

dichroism (device 2 are displayed. As discussed in Sect.
IV B in conjunction with the LI curves, both polarization
components are excited on average. However, they show dy-
namics on two different time scales. The output consists of
pulses whose amplitude is modulated by a low-frequency
envelope. As it is evident from the figure, the low-frequency
envelope consists of power drops followed by a slow recov-
0 . . \ . ery. The characteristic features of this time trace resemble the
350 380 410 440 470 500 shape of typical LFF occurring in edge-emitting semiconduc-
time (ns) tor lasers(e.g., Refs.[33], and references therginThe
power builds up on a time scale of some tens of nanoseconds
FIG. 12. Time series of the polarization resolved poteashed 51 then drops suddenly. The underlying structure of this

line, high-frequency mode corresponding & solid line, low-  gjo\ dynamics consists of peaks of increasing height which
frequency mode corresponding ). ParametersT=63°C, rs 516 geparated by the external-cavity round-trip time
=0.33, threshold current of solitary laskf=2.98 mA, threshold (~3.3 ns)

. _1 _1
reduction 6.4%, y,=mXx0.1ns, y,~wXxX6ns and (a | The rf spectrum shows peaks at multiples of the external-

=2.89 MA (1exp=0.97), (D) 1=2.98 MA (ie=1). The time o5ty frequency and a strong peak around 30 MHz corre-
trace of the mode with the higher frequency is shifted by threesponx(/jingq[o thg LFRFig. 13 QV\F/)hich is an indication for
vertical units(a) and seven vertical unitb). ' .

rather periodic dynamics on the slow timescale. The rf spec-
tra are virtually identical for the two components except for
Obviously, the correction is negligible if the transparencythe fact that theE, component has a slightly higher ampli-
currentqV/( i 7e) Ny is much smaller than the threshold cur- tyde.
rent. This is the case in lasers with a low finesse cavity which |n between the large-amplitude pulses separated by the
often holds for edge-emitting lasers. However, in a VCSELexternal-cavity round-trip time, peaks of lower amplitude ex-
the correction might be substantial due to the high-qualityist. The separation of the latter ones is less than 1 ns. The
factor of the cavity. Taking the valug,=1 ns assumed be- corresponding frequency is at the limit of the bandwidth of
fore in the simulations, and literature values from R82]  our experimental setup, thus we cannot give definite infor-
(7=0.8, N,y=1.8x 10" cm™ 2 for GaAs/Al ,Gay gASs quan-  mation on their exact temporal development. The rf spectra
tum wells of 8 nm widthV=1.056<10"*? cn?® for a laser  (Fig. 13 clearly demonstrate that there is dynamics on time
with an effective cavity length of 1.14m, radius of 4um, scales below 1 ns.
and a longitudinal confinement factor of 0.02fhe experi- A detailed experimental investigation of the frequency
mentally measured values can be rescaled. The resulting dagad strength of the LFF in dependence on the injection cur-
points are depicted as squares in Fig. 11. It is apparent thagnt is shown in Fig. 14. The frequency of the LFF increases
the agreement between experiment and theory can be inapproximately linearly in their existence regifrom 8 to 50
proved by taking into account a finite value of the transparMHz, see Fig. 14a)]. As depicted in Fig. 1), the ampli-
ency current. However, quantitative considerations remainude of the LFF peaks reaches a maximum around the thresh-
difficult, since many of the parameters used above mighbld of the solitary laser. Afterwards it decreases again. At the
differ in our device and a direct measurement is not possiblgame time dropouts become more frequent until single
with the methods at our hand. Hence, we will use Fig. 1levents cannot be distinguished anymore. Here, the laser
only as a rough guideline for identifying the feedback levelreaches the regime of coherence collapse. This regime is
appropriate for comparing experimental and simulated time&liscussed further in Sec. IV E.
series. The observed behavior in the LFF regime close to the
solitary laser threshold disagrees strongly with the predic-
tions of a quasiperiodic locked state for a deterministic sys-
tem (Figs. 1 and 2 but matches well the prediction of the

In Fig. 12, typical polarization resolved time series of thenumerical simulations including noise in many respects. The
dynamics obtained in the LFF regime for a laser with a lowresults presented in Fig. (&% need to be compared with the

power (arb. units)

D. Low dichroism case: Dynamics
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numerically obtained ones presented in Fig. 6, which are

obtal'ned for comparable parametésse Sec. I\(C for ad|§— frequency mode: solid line, low-frequency modand (b) cross-
cussion of _the feedback S'Fren_gthn the experiment a“d N correlation function of the two polarization components. The corre-
the simulations, both polarization components are excited Ofyion functions are calculated for a 50s-long time series via the
average. The one favored by the dichroism of the solitaryyjiener-khintchin theorem. The times series was divided in 50 seg-

laser has a slightly higher amplitudeelow and around the ments and the resulting correlation functions were averdgsH
solitary laser threshojd Both polarization modes undergo parameters are as in Fig. (b2

LFF with an asymmetric shape, i.e., a sudden power drop is

followed by a slow recovery. The dropout events occur si- Only, if the linewidth enhancement factor was increased
multaneously in both components. The frequency of the LFRo about 5, this became a robust feature of the dynamics.
increases in both cases with current until single events canFhis numerical observation motivated the choicexsf5 in

not be distinguished anymore and the regime of coherencilne simulations presented above, although this value is often
collapse is reached. However, in tendency the frequency igegarded to be quite high for a quantum well device. Many
lower in simulations than in the experiment. authors obtain values af=2.5, ... ,3(e.g., Refs[30,34),

The tendency of an increase of the frequency of the LFFhowever also values of 5 were measufgf]. Hence, we do
cycles with increasing current is also found in the simula-not consider the value used as being unreasonable as long as
tions. Depending on the parameters, this frequency is on awe do not have an independent measure. We remark that also
erage about a factor 3—4 smaller in the simulations. Also, théhe quasiperiodic locked state occurs only tex5. This
frequency of the cycles is of less regularity than in the ex-matches the reports of Ref23,25 on edge-emitting lasers,
periment. We should note, however, that the frequency of théin which a value ofx =6 is used. It is tempting to conjecture
LFF cycles in the experiment is close to the slow frequencythat the occurrence of noise-induced LFF below the solitary
of the torus observed in the simulations. The question of théaser threshold is somehow linked to the existence of the
relationship between the period of the LFF cycles in thelocked state, but we cannot say anything definite at the
experiments and in the simulations requires further investipresent stage of the investigations.
gations. On the fast time scales, the dynamics is characterized by

LFF characterized by the simultaneous dropout of bothpulsing on the external-cavity round-trip scale-3.3 ns)
polarization components were first predicted in R&4] for  and a nanosecond and subnanosecond <sake Fig. 12
a VCSEL with isotropic feedback and a small dichroién This is true both in the experiment and in the simulations. It
vestigated value ofy,=0.1x10° s1). They were also is also well known for edge-emitting lasd0,22,25,2%and
found in Ref.[13] and termed “type-l LFF.” Both papers was predicted before for VCSELs with isotropic feedback
report the occurrence of this kind of LFF only for injection [4,13,14. The previous experimental investigations in Ref.
currents above and at the threshold of the solitary lasef4] gave only indirect evidence in the spectral domain.
whereas we observed them in the experiment also below the For a more detailed analysis, Fig.(&bdisplays the auto-
solitary laser threshold. With a value of the linewidth en-correlation function of the time series of the two polariza-
hancement factor ot =3 (as used in Ref§13,14]) we were tions. It is apparent that the external-cavity round-trip time is
not able to obtain LFF below the solitary laser threshold inthe most prominent feature. The slower modulation corre-
numerical simulations even if noise was included. Also thesponds to the LFF cycle. It is apparent that some correlation
dropouts in the LFF above threshold were not very pro-on the round-trip time scale survives for more than one LFF
nounced for this choice ot. cycle. In an autocorrelation function calculated over a large

FIG. 15. (a) Autocorrelation functions(dashed line, high-
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time serieqthus averaging over many LFF eventhere are

no pronounced features on a nanosecond or subnanosecond &

time scale indicating that the pulsing on the very fast scales S

is quite irregular and different from LFF event to LFF event £

(some oscillations survive if the autocorrelation function is 5

calculated over only one or a few LFF cycleShis meets ci> A A

observations in edge-emitting las¢g2]. ool T . v :
The correlation properties between the two polarization 0 10 20 30 40

components are also of obvious interest. The cross- time (ns)

correlation function[Fig. 15b)] is also dominated by the
external cavity and the LFF time scale. The fact that the 15 b
overall correlation is positive around time lag zero reflects ( )
the fact that the average evolves rather synchronously in both
polarization components during a LFF event. The recurrence
of the correlation at a time lag of 32 ns reflects that the
average behavior in subsequent LFF is similar. Superim-
posed on this slowly varying envelope are negative spikes
indicating anticorrelation. Anticorrelation is in accordance
with the impression got by visual inspection of the time se-
ries. A closer inspection shows that the negative spikes
around time lag zero have a substructure indicating a more
complicated behavior. Indeed, looking through the time se-
ries, one can find examples of other correlation behaviors.
Examples are shown in Fig. 16.

To start with, Fig. 16a) shows the enlargement of a part
of Fig. 12b). In the time window between 8 and 20 ns both ,
polarization components are characterized by a sequence of 0.00 . . .
pulses separated by, which are interleaved. In addition, 0 10 ﬂmf}‘ins) 80 40
low-amplitude pulses exist and occur partly at the same time
as a large-amplitude pulse in the other polarization compo-
nent, but can be also displaced. Between 20 and 30 ns two
pulses of the high-frequency mode occur within a 3.3 ns
interval between two pulses of the low-frequency mode.

In Fig. 16b) more or less every pulse in one mode is
accompanied by a pulse in the other mode, but the heights
show a strong anticorrelation. A coincidence between most
pulses in the two polarization components is also apparent in o 1T - B PR S P =
Fig. 16c). Now the pulses are even of nearly the same height 0 10 zoﬂme (ns)so 40 50
so that one should speak of a rather synchronized behavior. FIG. 16. Examples of single LFF events out of a time series of

Finally, in Fig. 16d) the behavior changes over the dura-5q ;5 (dashed line, high-frequency mode; solid line, low-frequency

tion of the LFF cycle. While the pulses are correlated at thgnoqg. parameters are as in Fig.(b2 (b) and(c) show LFF events
beginning (0—15 ng, they are anticorrelated at later times fo|jowing each other.

(15-43 ng. The two last pulsesA5—-48 n$ are again corre-

power (arb. units)

20
time (ns)

power (arb. units)

power (arb. units)

Iated._ ) . resents the LFF dynamics. The cross-power spectrum has a
Evidence for anticorrelated as well as correlated behaviopsitive value at this frequency, indicating correlatiabout
can be obtained also from the cross-power spectrum, 0.8 in normalized units This reflects the synchronous LFF
C(f)=~lx(f)T;‘(f), (8) dynamics in both polarizations. For even lower frequencies,

there is a low-frequency shoulder which might be also partly

) ) ) due to technical noise. This is anticorrelated in the polariza-
where the tilde denotes the Fourier transform. In this unnorgjgn components. Anticorrelation at low frequencies is a

malized form, a positive value denotes correlation, a negagery well-known feature in free-running VCSELE.g.,

tive one denotes anticorrelation. After a normalization byrefs [18,37—-39).

VITu(H)]?[T,(f)|? one obtains directly a correlation factor be-  The power spectrum in the vicinity of the external-cavity

tween—1 and 1 in dependence of frequency. In Fig. 17, theround-trip time displays actually a two-peaked strucfisee

unnormalized cross-power spectrum is shown since we warthe central structure in Fig. 18 and the enlargement in Fig.

to compare it with the power spectra of the individual polar-17(b)]. This is also present in Fig. 13 but is not so obvious

ization components. because of the logarithmic scale used there. The broader, left
One prominent feature in Fig. & is the peak around 30 peak is centered around 0.305 GHz, which is the inverse of

MHz. It is present in both polarization components and repthe external-cavity round-trip time of 3.25 ns. The sharper
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0.0010}

L shows correlated dynamics at the external-cavity round-trip
0.0000 7"

time and a strong correlatio@bout 0.5 in normalized val-

spectral power (arb. units)

-0.0010 ues at zero time lag.
~0.0020] , , , The correlation behavior between different longitudinal
0.26 0.28 0.31 0.34 0.36 modes was heavily debated in edge-emitting semiconductor

frequency (GHz) lasers with feedback26,42—44 and has possible implica-
FIG. 17. Power spectrum of polarization compone(#ort-  tions for the role of multimode emission in creating a LFF
dashed line, high-frequency mode; solid line, low-frequency modeevent[26]. The possibility of in-phase and out-of-phase dy-
and cross-power spectrufdashed ling (b) is an expansion of)  namics within a single LFF period was obtained before in
around the external-cavity round-trip frequency. The power specnumerical simulations of a multimode extension of the Lang-
trum is calculated from a 5@:s-long time series. The times series Kobayashi equations for external-cavity edge-emitting laser
was divided in 50 segments and the resulting power spectra wertgiodes[44], and, very recently, for the polarization modes in
averaged36]. Parameters are as in Fig. (b2 a VCSEL with feedbacK13]. Experimentally, a change of
the correlation behavior was indeed observed in multimode
other peak is centered around 0.327 G(itz position de- edge-emitting laser26]; however, the synchronized regime
pends slightly on the current leyelAt the frequency of the was found in a small time slot just before a LFF event.
external-cavity round-trip, the dynamics is anticorrelated Our numerical results agree quite well with the results of
(correlation factor about-0.8), whereas it is correlated at Ref.[44] for edge-emitting lasers and R¢1.3] for VCSELSs.
the other peaKcorrelation factor about 0)7At the present Due to the variety of behaviors observed in the experiment, it
stage of the investigations, we cannot give a further interpreis not straightforward to compare the experimentally ob-
tation of this behavior. We remark that a splitting of the served correlation properties with the results of the numerical
peaks at the external-cavity round-trip time was observedimulations. The behavior found in Fig. 0 (synchronous
also in Ref[4] and was conjectured to result from a mixing pulses with an antiphase behavior in their heighgrees
of the external-cavity round-trip frequency with a low- most closely to the typical behavior found in the simulations.
frequency oscillation. In our case, the splitting has a similaHowever, antiphase behavior on the time scale of the exter-
order of magnitude as the frequency of the LFF p&ddout  nal cavity appears to play a somehow more pronounced role
5-10 MHz smaller and the same current dependence. Thign the experiment than in the simulations. We conclude that
gives some support to the idea that the double structure rérom an experimental point of view we cannot give a definite
sults from a nonlinear mixing process of the external roundanswer on the correlation properties within a single LFF
trip frequency and the LFF frequency. A splitting of the cycle but have to restrict to the features apparent in the long
peaks at the external-cavity round-trip frequency is alsdime average discussed above. From a statistical point of
known from edge-emitting lasers with feedbd®0,41. In  view, the long time average indicates a preference for anti-
Ref. [40] it was explained as being due to correlations be-correlated dynamics at the external-cavity round trip fre-
tween different external-cavity modes with slightly different quency[see Figs. 1) and 17b)]. This is in contrast to the
losses. The relationship between the two proposed explanaerrelation properties of the dynamics in the simulations,
tions remains open at the moment. where on the long time average strong correlation is ob-
A double-peak-like structure at the external-cavity fre-tained. Probably, stochastic effects are very important in the
qguency is also observed in the cross-spectral densities of trexperiment.
simulated time trace&ig. 18. The visibility of the double Also the question, whether very close to threshold purely
peak in the power spectra of the polarization modes dependmtiphase oscillations at the external-cavity round-trip time
on the feedback strength Also in the simulations, the peak (without low-frequency componentexist, remains open
at the external-cavity resonance shows anticorrelation anftom the experimental point of view. Directly at the reduced
the shifted peak correlation, respectively. However, thdasing threshold the laser output power is already fluctuating,
cross-correlation function of the modes in the time domainbut it is difficult to recognize a characteristic structure. The
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FIG. 19. Autocorrelation(short-dashed line, high-frequency ~F!G. 20. Time series of the polarization resolved power for a
mode; solid line, low-frequency mogland cross correlatiofshort- ~ VCSEL with a Iargg d!chr0|sm(deV|ce 1; dashed line, high-
dashed ling of the time series of polarization components. The frequency mode; solid line, low-frequency mod®arametersT
correlation function is calculated from a 50s (bandwidth 6 GHy ~ —20°C, rs=0.33, threshold current of solltar)i laser,
long time series divided into 50 segments. Parameters are compa-4-8° mlA, threshold reduction 8%y,=—mX4 ns =, y,~m
rable to those in Fig. 12, but=0.67, threshold current of solitary <14 NS~ andl=4.59 MA (ue,p=0.95).

laserl=2.99 mA, threshold reduction 10.6%= 3.4 MA (texpt. ] ] ] ]
=1.14). erties between experiments and simulations.

We remark that coherence collapse in VCSELSs with feed-

amplitude of the fluctuations grows continuously, if the cur- blef,__ﬂwt?jt ?r:)esseervv?/grlt()g ciljigrﬁl())/t i%igﬁ:ﬂrm(e;;‘c’rlijzrztrigenmsmbeefgre
rent is increased. At about 2% above threshold, the LFFE. T P prop

structure becomes discernible. Antiphase oscillations belovv?ast.egr]u;hr?oogg)ire?:nncdé ?olllz\;%fglgstrgggg'rsz;c}naesxtagf_
the solitary laser threshold were also obtained in a different per

VCSEL model[4]. Also in that case, no clear experimental vn\;ﬁgrt_:ég tthhetﬁurrrer:it V\Il"’:s lnﬁrearsed n&;bg‘ﬁ ﬂ;? Ir_FdIT tredglme,
proof could be given. e theoretical results presente predicte

indeed the transition to a coherence collapse regime. Hence,
we consider our measurements presented in Ré&f and

E. Transition to coherence collapse here in connection with the theoretical treatment as helping
to clarify the situation. Indeed, coherence collapse appears to

In the_ cohere_nce collapse regimg, the experimentally 0bge 5 ot feature of the dynamics of VCSELs with feed-
served time series appears to be quite irregular and oscillat%sack

about a nonzero medgee Fig. 5 of Refl15]). However, one
needs to be aware of the fact that most of the dynamics left
the bandwidth of the APDs. Measurements of the rf spectrum
with the pin photodiodes show a broad spectrum with super- In Fig. 20, a time series obtained with a VCSEL with a
imposed peaks at multiples of the external-cavity round-tridarge dichroism is shown. The dominant polarization mode
frequency. Far enough beyond threshold, the spectrum exlisplays LFF behavior, whereas the power in the polarization
tends to 10 GHZand possibly aboye The autocorrelation corresponding to the mode with higher optical frequency re-
and cross-correlation functions of the two polarization com-mains on the spontaneous emission level. The time-averaged
ponents measured with a bandwidth of 6 GHz are shown iptical spectrum shows one lasing mode and filtered sponta-
Fig. 19. Clearly, the external-cavity round-trip time of aboutneous emission around the frequency of the nonlasing mode.
3.3 ns is still a dominant feature of the dynamics. In the timeThe nonlasing peak is not amplified with respect to the case
series, irregular oscillations on the sub-nanosecond scale andgthout feedback.
present which, however, do not appear in autocorrelation The LFF exist in a current range from slightly above the
functions calculated over large time intervals. This indicateseduced threshold of the compound system to about 0.1 mA
that the dynamics on the faster time scales are highly irreguseyond the threshold of the solitary laser. Above that value,
lar. This meets observations in edge-emitting laser obtainedoherence collapse is encountered. The properties of the LFF
by streak-camera measureme[f,26. The prevalence of do not seem to deviate from those in the low dichroism case.
the external-cavity round-trip time even in the coherence- In the simulations an increase of the dichroism between
collapse regime was also noted in edge-emitting lasEts  the two polarization components increases the difference be-
The dynamics of the two polarization components are nowween the average amplitudes of the polarization compo-
anticorrelated at the external-cavity round-trip frequencynents. Thus, for the case of a very strong dichroism
(Fig. 19. The strength of the anticorrelation increases for(|y,|=4mns 1), the intensity of theE, component, which
increasing current and reaches values less thar® in fully  is favored by dichroism, is more thanx8l0* times larger
developed coherence collapse. than the intensity of th&, component even if spontaneous

In the simulations, the dynamics are correlated at themission noise is included. In the experiment, it cannot be
external-cavity round-trip frequency in the regime of coher-clearly said whether the weak mode exhibits fluctuations on
ence collapse. Since in the experiments the dynamics amn intensity level that is several orders of magnitude smaller
clearly anticorrelated also in this dynamical regime, one caithan the intensity of the dominating mode, since this span is
speak of a clear discrepancy regarding the correlation progeyond the dynamic range of the measurement system.

correlation
power (arb. units)

F. Influence of dichroism
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weaker mode that matches the experimental dynamics dis-
played in Fig. 21. For further increasing dichroism, the dy-
namics tend to a behavior that is dominated by simultaneous
increases of the mode after a dropout and a depletion of the
E, mode before the end of the LFF cycle. The larger the
dichroism, the closer the point of depletion of tBg mode
moves to the beginning of a LFF cycle, until the situation
time (ns) reported above foly,=4mns ! is encountered. Obviously,

FIG. 21. Time series of the polarization resolved power for athis type of behavior is common for semiconductor lasers
VCSEL with an intermediate dichroisrtdevice 2; dashed line, Wwith gain anisotropies of the modes participating in the dy-
high-frequency mode; solid line, low-frequency madearameters, namics, e.g., also VCSELs with polarized feedbpb® and
T=19°C, r3=0.33, threshold current of solitary lasel, edge-emitting lasers with frequency-selective feedback
=3.6 mA, threshold reduction 8%jy,=7X0.4ns*, y,~m  [11,12,46.

X6 ns'!, andl=3.64 MA (ueyp=1.01). The appearance of a burst in the normally suppressed po-

With noise, the system is in a state of stable emission OFrization component at a LFF event in the dominant one
’ hly match he experimental and numerical observa-
the E, mode at the reduced threshold, whereasEQh&om- oughly matches the experimental and numerical o

. ; . . t[ions in Ref.[4]. LFF of this kind were also obtained numeri-
ponent remains on the noise level. At increasing current, bu

still below the solitary laser threshold, the dynamics chang&@ly In Ref- [13] and termed “type-Il LFF.” In the latter
to LFF as in the case of small dichroism. After an dropoutP@Per. it is also reported that one can move between type-|

event, also thé&, mode is excited and its intensity increases-FF (Synchronous dropoutsand type-Il LFF(dropouts and
and reaches a maximum when the recovery process of tHRrsts by changing the anlsotroplgs of the free-runnm_g laser.
dominatingE, mode is finished. After that, thE, mode is However, the type-I LFF reported in R¢f.3] were obtained
depleted and remains off until the next dropout event. In thdor the case of elliptical polarization, i.e., the polarization
deterministic case, the dominating mode exhibits toruslikenodes were locked to a single frequency. This is not the case
dynamics and the weak mode remains off all the tiimeen N our experiments and simulations showing type-I LFF. This
in the low-power periods of the dominating modBepend-  difference may be due to the fact that the choice of param-
ing on the magnitude of and u the torus is disturbed with ~eters leading to type-l LFF in Ref13] is likely to favor

a tendency to an asymmetric— LFF-like—shape. These nuelliptically polarized states also in the solitary laser.

merical observations indicate that neither the toruslike nor

power (arb. units)

the LFF-like dynamics depend on the excitation of a second V. CONCLUSION
mode.
For an intermediate value of the dichroismy,E In this work, low-frequency fluctuations and polarization

X 0.4 ns'1), the experimental scenario is as follousee dynamics in VCSELs with external isotropic feedback were
Fig. 21): We observe LFF for the dominating mode, which is investigated numerically. The analysis was done in the
in this case the one with higher optical frequenchhis is ~ framework of the spin-flip model modified by delayed feed-
also the lasing mode of the solitary lagéthe dynamics of back terms. The dynamics is characterized by short pulses
the mode that is disfavored by the dichroism are different foremitted at the external-cavity round-trip frequency and mul-
different LFF cycles of the dominating mode. In many cyclestiples of it and a low-frequency envelope. On the long time
the power of the weaker mode remains(onvery close tp  scales, spontaneous emission noise proved to be crucial in
the spontaneous emission level. In some cycles also thexciting a train of sudden, asymmetric power drops in the
weaker mode shows LFF, but with a smaller amplitude tharvicinity of the solitary laser threshold. The shape of this
in the dominating mode. In these cases dropouts are synchrdropouts matches the shape known from the low-frequency
nous in the two polarization components. In the rest of théluctuations (LFF) in edge-emitting semiconductor lasers.
cycles the weak mode also starts with pulsations, but thes€he polarization dynamics can exhibit simultaneous LFF,
pulsations die out before the LFF cycle of the dominantLFF of one mode with short excitation of the other mode
mode is completed, i.e., the slow dynamics become anafter a dropout of the dominant mode, and intermediate sce-
tiphased towards the end of the LFF cycle. The part of thenarios. The average intensity ratio between the two polariza-
time series displayed in Fig. 21 has been selected to demotion components and the occurrence of the above-mentioned
strate all of the three behaviors described above. scenarios was shown to depend on the dichroism of the de-
For y,=0.4mns !, which matches the value of the ex- vice.
perimental dichroism in Fig. 21, we observe in simulations The theoretical results have been shown to match qualita-
with noise a behavior of LFF in both components with com-tively well the experimental observations for different values
parable amplitude of the pulsations similar to the results obef the dichroism. This suggests that a VCSEL with feedback
tained in Fig. 6. is a suitable system to study and compare the properties of
For the case of,= 7 ns 1, the relative ratio between the LFF in a two-mode and in a single-mode situation. Further-
two polarization components is in between the values foundnore, both in experiments and simulations a transition from
for the limiting cases discussed above. In the stochastic caseFF to coherence collapse was observed for increasing in-
we observe LFF of the dominant mode and a behavior of th@ection current. However, the clarification of the discrepancy
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of the correlation properties of the polarization component®of feedback was in the regime of the single round-trip ap-
is an important subject for future studies. proximation.

The agreement found between experiment and theory for
the single-round-trip case and for multiple round-trips in the ACKNOWLEDGMENTS
external cavity with feedback strengths less than This work was supported by the Deutsche Forschungsge-
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