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Quantum spin-flip model of vertical-cavity surface-emitting lasers
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We present a theoretical and experimental investigation of quantum fluctuations in vertical-cavity surface-
emitting laser§VCSELS9 having one longitudinal and transverse linearly polarized mode above threshold. We
develop the quantum version of the broadly used four-level spin-flip model to take into account the quantum
statistics of the pumping process of the active atoms. Our theory allows for arbitrary pumping statistics varying
from Poissonian to regular. We compare experimental results obtained with single-mode VCSELs with pre-
dictions of our theory and find very good agreement. We demonstrate that the quantum fluctuations of the
subthreshold field component polarized orthogonally to the lasing mode have to be taken into account for
adequate description of quantum fluctuations in VCSELSs. In particular, we show that when the laser light
passes through a polarizer, the two orthogonal polarization components of the light wave after passing through
the polarizer can be strongly anticorrelated.
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I. INTRODUCTION mode[11-13. This phenomenon is analogous to the multi-
mode effects observed in standard laser digdds-16. For

Ventral-cavity surface-emitting laser/CSELY have these semiconductor lasers, the longitudinal mode above
been studied in detail the latest years because of several ifhreshold has intensity fluctuations strongly anticorrelated
teresting characteristics that make them very attractive fowith intensity fluctuations of the other longitudinal modes
app"cations’ such as in 0ptica| telecommunications. The}beIOW threshold. For VCSELs the antiCOI’relationS betWeen
have a high quantum efficiency, a very low threshold, andransverse modes above threshold have also been studied
can operate with only one longitudinal and transverse mod&17—20.
above threshold. As these features suggest, these lasers arelhe aim of our paper is to investigate in detail theoreti-
very good candidates for squeezed light generation, i.e., déally as well as experimentally the quantum fluctuations of
creasing the intensity noise below the standard quantun{CSELs in the single-mode operation regime. Let us point
||m|t’ by app|y|ng the pump noise Suppression princip|eout that in the case of our VCSELs the fluctuations in a
[1,2]. Presently, squeezing in VCSELs has been demonsubthreshold mode with polarization orthogonal to the lasing
strated experimentally for both single-mode operation and ifnode is very weakcomparable with the electronical dark
a multi-transverse-mode regirﬁg’4]_ For very h|gh rate op- nOISQ. Since quantum effects are C.OI’lce_med., we have devel-
tical telecommunication in the range of several GF&3,  ©oPed a quantum theory of fluctuations in this type of lasers
squeezing is of great importance for improving the bit-errordased on the well-known spin-flip model first proposed by
rate. San Miguel, Feng, and Molond®1], and broadly used for

In general, single-mode operation is more suitable fordescription of polarization dynamics of VCSELs. In Secs.
generating squeezed light. However, as the driving currenil-IV, we describe in detail the full quantum spin-flip model
increases other transverse modes start to OSCH&@ re- Of VCSELs. Our quantum deSCI‘iption takes into account the
sulting in a multi-transverse-mode regime. In addition to thisPump statistics of the active laser medium, which we allow
complication, VCSELSs are known to present an unstable beo vary from Poissonian to completely regular one. In Sec. V
havior, such as polarization switchif§—10] between differ- ~We discuss the theoretical predictions of our model. We dem-
ent polarization modes. In applications, if polarization sensiOnstrate that taking into account the quantum fluctuations of
tive elements are used, this behavior can deteriorate thioth polarization components of the electromagnetic field,
signal-to-noise ratio and lead to an increase of the intensitpne above and another below threshold, is crucial for correct
noise destroying squeezing. Hence, a proper understandir‘iﬁiﬁcription of the quantum fluctuations of light emitted by
of polarization fluctuations in VCSELs is important for fun- these type of lasers. In Sec. VI we present our experimental
damenta' reasons as We” as for app"cations_ results and _Compare them with pl’ediCtionS of our theory. The

In single-mode operation with only one linearly polarized @greement is found to be very good. In Sec. VIl we summa-
mode above threshold it has already been pointed out that tHéze the results of our work.
fluctuations in a subthreshold mode with polarization or-
thogonal to the lasing mode can present a large intensity |, - ANTUM HEISENBERG-LANGEVIN EQUATIONS
noise(one can directly measure it with a simple photodiode
because this noise is far above the electronical dark ndise We shall present here the quantum version of the classical
semiclassical model was developed and showed that the ifieur-level spin-flip model of VCSELs developed by San
tensity fluctuations in the subthreshold mode can be highlyiguel, Feng, and Molone}21]. This model describes very
correlated with the intensity fluctuations of the oscillatingwell the dynamics of these semiconductor lasers and is

1050-2947/2002/65)/05382513)/$20.00 65 053825-1 ©2002 The American Physical Society



HERMIER, KOLOBOV, MAURIN, AND GIACOBINO PHYSICAL REVIEW A65 053825

[23], for stationary in-time average pumping rate, the influ-
ence of the pump statistics can be characterized by a single
parametep,0<p=<1. Forp=1, the pump is perfectly regu-
lar while for p=0 the pump has Poissonian statistics. The
difference of our situation from the model considered in
Refs.[23-2] is that we have two excited levela+) and
|a—), which are pumped together by an electric current with
varying statistic§see Fig. 1 Therefore, we have to take into
la,) /y\t account the statistics of partition between two sublevels

|a.)
|a+) and|a—).
N T,

2R

We assume that thigh carrier described by our four-level
a, a. scheme is created in the laser cavity at tipand from this
moment starts to interact with a single cavity mode. This
b) 16.) interaction is described by the following Heisenberg-
7 \%

Langevin equations:

d. A -
at a.(t)=—ka.(t) —iwpaz(t)
FIG. 1. Four-level scheme of the active medium. t

widely used for understanding of such phenomena, for ex- —ig> 0(t—t]-)a'j+(t)+fi(t), (2.2)
ample, as polarization switching. The spin-flip model takes ] B
into account the spin sublevels of the total angular momen-
tum of the heavy holes in the valence band and of the elec- A o ,
trons in the conduction band. These four sublevels interact &‘Tt(t)_ —v(I+ie)o () +igo(t—t)
with two circularly polarized electromagnetic waves in the N . . N
laser resonator and it is this interaction that is responsible for X[oh () —al.(D]a(t)+f (1), (2.2
the complicated polarization dynamics manifested by these
types of lasers. d ~ ~ ~ ~ ,
The four-level scheme of the semiconductor medium isg;%a= (1) =~ Ya0a: (1) = vel 05 () = oa=(D ] -ig ot —t))
shown in Fig. 1. Two lower levelfb+) correspond to the

unexcited state of the semiconductor medium with zero X[a. (ol —al (ol )]+, (1), (2.3
electron-hole pairs while the upper levés=) to the ex- N - -

cited states with an electron-hole pair credt22]. Two pairs d.. . ) N ~it

of levels|a+),|b+) and|a—),|b—) are coupled via inter- aff{ﬁ(t)= ~ Y0h (D) +igat—tp[aL(t) o (t)
action with the left and right circularly polarized electromag-

netic waves in the laser cavity described by the field opera- —él(t)&L(t)]+f{J+(t), (2.4

torsa,(t) anda_(t). As explained in Ref[21], physically
these two pairs of transitions are associated withtwom-  \yhere 5l . =(la=)Ya=|)! andal.=([b=)b=|)! are the
ponents],= = 1/2 of the total angular momentuds=1/2 of o e

- X . projection operators on the upper and lower levels of our
the electrons in the conduction band and corresponding

componentsl,= = 3/2 for J=3/2 of the heavy holes in the schemeg’. (t) are the spin-flip operators in the frame rotat-
valence bané - ing at frequencyw, which represent the complex polarization

We consider a semiconductor medium that fills a cavity ofof the jth carrier, anca (t) anda_(t) are the photon anni-
lengthL, volumeV with an intensity transmission coefficient hilation operators for the laser mode with right and left cir-
of the coupling mirrorsT. We assume that the finesse of the cular polarization. The operatofs.(t), and f! . (t) with «
cavity is high enough to neglect the spatial variations of the=c¢,a,b are the operator-valued microscopic Langevin
electromagnetic fieldthe mean-field approximatipnWe  forces that guarantee the conservation of the commutation
also consider the two circularly polarized light waves as trav+elations for the corresponding atomic and field operators,
eling plane waves of frequenay resonant with the cavity 6(t) is the step function, and is the cavity damping con-

frequency. stant,
Since in our experiments we use the technique of the
pump-noise suppressidf,2], we have to incorporate in our cT
guantum model the possibility of varying the pump statistics AT 2.9

of the active laser medium. We shall follow the method used

to describe the pump statistics in three-level la$@8-25.  wheren is the refractive index of the semiconductor me-
In this description the random excitation of the atoms isdium. The constanty, and y, are the decay rates of the
mimicked by injection of excited atoms into the laser cavity populations of the upper and lower levelg, is the decay
at random time moments. The pump statistics thus corre- rate of the polarization, ang, is the intraband relaxation
sponds to the statistics of these tintes As shown in Ref. rate. The last parameter was introduced in R21] to de-
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scribe the spin-flip relaxation process. This parameter is reRef. [24] and define the following collective operators that
sponsible for coupling of the two transitions with different incorporate the random arrivals of the carriers into the cavity,
polarizations and, consequently, for nontrivial polarization

dynamics of VCSELs. Nexiy, describes the linear birefrin- N ~|

gence, and the coupling constanis given by Nai(t)zz O(t—t))oa (1), (2.17

1
9=\ S eV (29 R (D=3 6(t-t)arb. (1), (218

i
where u is the magnitude of the dipole moment andhe

frequency associated with the energy gapis the standard for the collective populations, and
linewidth enhancement of the semiconductor-laser theory,

o Po(t)=—i2 6(t—t)o. (), (2.19
o (2.7 j

o=

h in 3 gl fully ch for the collective polarization. The additional factefi in
The Langevin forces .. (1), andf,..(t) are fully character- g, (5 19 is introduced for mathematical convenience. To
ized by their first- and second-order moments. The only Nonz5icjate the correlation functions of these macroscopic op-

zero normally ordered correlation functions of the Langeving,ators we have to perform two averages, the quantum aver-

forcest . (t) are equal to age and the classical average over the arrival titpeJhis
2t oz — last average accounts for the pumping statistics of the active
(FL(OFL(t))=2kn7o(t—t"). (2.8 medium.

- The Heisenberg-Langevin equations for collective opera-
Hereny is the mean number of thermal photons at temperators (2.17—(2.19 are obtained by taking the temporal de-
ture T. For optical frequencies this quantity is negligibly rivative of these operators and using E¢8.1)—(2.4) for
small and in what follows we will neglect it assuming that ;i iqual operators. For example, fdt,. () we have
the reservoir is at zero temperatuiies 0. Since in this case ' Loas
all the normally ordered correlation functions of(t) van- d. . d..
ish, we can pufi(t)=0. &Nai(t)zg 5(t_tj)0'Jat(t)+ e(t_tj)ao'fat(t)

The correlation functions of the Langevin forcés, (t)
can be calculated, for example, using the Einstein relation N R
[25]. For completeness we give here the nonzero correlation IZ S(t—t)) o4 (1) = yaNa+ (1)
functions of these forces: J

(e T () =[7a(0he () + 7e((ahe (D)) — ¥l Nae () =Rz () 1-glal () Po(t)
+(oha (D)]8(t—t"), 2.9 +a.()PL(1)]
(P (t)) ==y (ohe () +(aha () 8t -1"), —l—Ej: 0(t—tj)?£it(t)_ (2.20
(2.10

2 i ~ The first term in the right-hand side of EQ.20 corre-
J ] YN — j Y
{fox (DFh= (1)) = yu(op (1)) St —1"), (2.19 sponds to the random arrivals of the carriers into the cavity.
TS . ~| This is easy to see if we calculate its expectation value,
(o (DT, (t)=[(2yL— va=— vo)(oa=(1))

+y(ohz(D)]a(t—t"), (212 <Z 5(t—tj)&;+(t)>=<2 5(t—t,—)<(}g+(t)>>
J J

FOFL))=(2y, — y){(oh= (1)) 8(t—1"),

S

(2.13 =%<2 5(t—tj)> (2.22)
J

(O (t))=(yat y)(oL(D))8(t—1"), (2.14

S

Here we have taken the double averaging, the first over the

FLOF L)) =—y(ol())st—t"), (219 quantum state of the _carriers_ar_1d the se_cond_, indicated by
index S over the classical statistics of arrival timgs For

HOH ()= wlol))st—t). 21 calculation of the quantum-mechanical mean value we have

(Fr= (U= (1)) =yl 2(1) & ) (2.19 used the fact that when the carriers arrive into the cavity,

To take into account the pumping statistics of the activethey are with equal probability of 1/2 in the stg&+) or
medium of the VCSEL we shall use the same strategy as ifa—) so that(o}.(t;))=1/2. The last expression in Eq.
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(2.2)) indicates the average over the classical arrival statis E o (OE..(t))= R () + R (D)) + (N (t
tics and, for stationary pumping process, yields the mea = (DFa= (1)) =[7a{Na= (0 + 7e((Nax (V) +(Na= (1))
pumping rate, +R(1-p/2)]6(t—t"), (2.30

<Z 5(t—tj)> =2Rf+xdt15(t—tj)=2R. 222 (Far(OFaz(t))=[= 7((Naz (1)) +(Naz(1))) ~ pRI2]
J s —®

X S(t—t"), (2.3D

The mean pumping ratR is related to each upper levi R R R
+) or |a—), so that the total mean pumping rate of both (Fp=(D)Fp=(t"))=yp(Np~(t))8(t—t"), (2.32
levels is R. Equations for the collective populatioﬁgi(t) R R R
can now be written as (FEo(OFp. (1)) =[(27. = ya= 7o) (Nax (1))

d. . . . +ye(Naz (D)) +R]S(t—t"),

—Na+ (1) =R—=¥aNa= (1) = ¥e[ Na= (1) =Nz (1) ] 70( 2 > :

dt (2.33

—gfat ()P (1) +a. ()P (1)]+E . A
AP (D8 (PO Feu (V) (Foo(DFL(1)=(2y. ~ 7o)Rps (D)t 1),
2.23 2.34

with the collective Langevin forceB .. (t) equal to <ﬁP+(t)ﬁa+(t,)>:('ya+ yc)(ls+(t)>5(t—t’),
B B B (2.39
Fae()=2 d(t—tpok.()+ 2 ot—t)fh.()-R.
] J
(2.29

Equations for the other collective operators can be obtained (Fh(OFp(t))=m(PL(t))s(t—t"). (237
in the same way and give the following results:

(Fpo(DF (1)) =—y(PL(D))a(t—-t"), (2.36

As follows from these correlation functions, the parameter

d. . R . p that determines the pumping statistics of the active me-

=V =—ra.(—iwpaz(1)+gP.(t), (229  dium, appears in the first two correlation functions, related to
the populations of the upper levdla+) and|a—). Let us

d. . . . remind thatp=0 corresponds to the completely regular sta-
aPi(t)= =y, (1+ia)P.(t)+9[N,, (t)—Np_ (1)] tistics of the total pumping rateR2 However, since the car-
h h riers arriving regularly with the rateR are randomly distrib-
XA (1) +Fpu (1), (2.26 uted between two levelsa+) and |a—), the random:
statistics is partially recovered because of the partition noise.
d This is the reason why the paramefem the first two cor-
—Np= (1) =— y,Np. () +g[al ()P (t)+a. (1) PL(1)] relation functions appears with the factor 1/2. Therefore, one
dt can never have the completely regular pumping statistics of
+ R (1), 2.27) the individual levelda+) and|a—).
The Langevin forceﬁpi(t) and 'Ebt(t) read I1l. c-NUMBER STOCHASTIC LANGEVIN EQUATIONS

Now we shall derive thee-number Langevin equations
Fpe()=2 s(t—t)ak(t)+ 2 ot—t)i (1), corresponding to the Eqé2.23 and (2.25—(2.27). For this,
i ] we have to choose an order for products of atomic and field
(2.28  operators. Indeedg-number variables commute while the
operators do not. Therefore, we obtain a unique relationship
o _ PR Y between the operators and tv@umber variables only if we
Fbt(t)_; ot tl)abi(tH; Ot=1) T (V). define the correspondence between a product of operators
(2.29 and a product of the correspondingnumber variables. We
choose as in Ref$23-25, the normal order of atomic and
The correlation functions of the collective Langevin field operators:
forcesF,. (t),F,. (t), andFp. (t) can be evaluated in the
same way as in Ref23]. A new element that appears in al PL Na. Np. ,P..a.. (3.1
calculation of these correlation functions is the repartition of
carriers in two sublevel$a+) and|a—) according to the For c-number variables we shall use the same letters as for
Poissonian statistics with an equal probability of 1/2. Weoperators but without hats. Equations for theumbers are
omit here the calculations and give directly the correlationeasily obtained from equations for the operators since the
functions of the collective Langevin forces, latter are already written in the normal ordering:
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a.(t)=—ka.(t) —iwpaz()gP.(1), 3.2

P:(t): =y (1+ia)P.(t)+9g[Na- (1) = Np(t)Ja.(t)

+Fp=(1), 3.3

Naa (1) = R— ¥aNas (1) = Y[ Nau (1) = Naz (1)]
- g[a’;(t)Pi(t) +a.(t) P;(t)] +Fa. (1),
(3.4

Np= (1) == ypNp= (D) +g[a% (1) P.(t) +a. () PE(D)]

PHYSICAL REVIEW A65 053825

adiabatic eliminations leave us with equations for the two
upper populationsN,.(t) and the two field components
a.(t). Following the literature we shall introduce the new
variables of the total carrier populatioB®(t)=[Ng. (t)
+N,_(t)]/2 and the population difference(t) =[N,. (t)
—N,_(t)]/2. The equations for these variables and two field
components are

a.()=—«ka.(t)—iwpaz(t)+c(l-ia)
X[D()=d(t)]as()+F(1),  (3.13

D(t)=R—yD(t)—c(la; (1)|?+]a_(1)[?)D(t)—c(|a.(t)|?

+Fp (). (3.5
Correlation functions of the-number Langevin forces in . 5 5 5
these equations are different from the correlation functions of d(t) = — ¥sd(t) —c(fa. ([ —[a_(1)|*) D(t) — c([a. (V)|
the corresponding operator-valued forces in E@30- 2

(2.37. They are calculated from the requirement that the *la-®F)dt)+Fu(h). 319
c-number equations for the second moments are identical tere we have defined the spin-flip rage as ys= ya+27ye

the corresponding normally ordered operator equations. Aftefng have introduced the following shorthands:
straightforward calculations, we obtain the following non-

—la-(t)[?d(t)+Fp(t), (3.14

zero correlation functions:
<Fai(t)Fai(t’)>: [ 7a<Nai(t)> + 7c(<Nai(t)> +<Nai(t)>)
+R(1-p/2)—g(ak(t)P.(t)

+a. (HPL(t)]a(t—t"), (3.6

<Fai(t)FaI(t,)>:[_ 7c(<Nai(t)>+<Nai(t)>)_ pR/Z]

X o(t—t'), (3.7
<Fai(t)Fbi(t,)>:g<a§(t)Pt(t)+at(t)P§(t)>5(t_t,),
(3.8

(Fp=(1)Fp=(t)) =[7p{Np=(t)) —g(ak(t)P(t)
+a.(t)PL(t))]s(t—t"), (3.9

(Fp+(DFp(t))=[(271 = ¥a= ¥){Na= (1))
+ 7c<Na1(t)>+ R]o(t—t"),
(3.10

<FPt(t)FPr(t,)>:29<at(t)Pt(t)>5(t_t,),
(3.11

(Fpe(t)Fp=(t"))=yp(P.(D))o(t—t").  (3.12

g2
c=——"7, =7y,. 3.1
(1) Y="7a (3.1
The Langevin forces in Eq$3.13—(3.15 are related to the

Langevin forces in Eq9.3.2—(3.5) as follows:

_9(-ie) _9
F.(t)= 7l(1+a2) Fp.(t) ybai(t)Fbt(t) ;
(3.19
1 1
Fo(t)= E[Fa+(t) +Fa(H)]- E[ai(t)FNt)
+a*(t)F_(t)+c.cl], (3.18
1 1
Fa(t)= E[Fa+(t)_ Fa(D)]- E[ai(t)FAt)
—a*(t)F_(t)+c.c]. (3.19

Calculation of the corresponding correlation functions using
these equations is straightforward but tedious and the final
results very cumbersome. Therefore, since we are interested
in investigating the quantum fluctuations around the station-
ary solutions, we shall not give here these general results for
the correlations functions but provide below more simple
expressions valid for the stationary state of the VCSEL.

Up to this moment we have kept the decay constants g ations(3.13-(3.15 possess the solutions that can be

YarYp:Y.L » andk completely arbitrary. As mentioned in the

written in the form

literature(see, for example, Ref26]), for our model to de-
scribe a semiconductor laser we have to assume the decay
rate vy, of the lower level to be very large compared to all the
other decay constants. This assumption allows us to adiabatnd are called stationary solutions because they are charac-
cally eliminate the populationd, . (t). Moreover, the relax- terized by constant values of the field amplitu@eand the
ation ratey, of polarization in VCSELSs is much bigger that atomic population®, andd,. The only time dependence in
the relaxation ratey,. Therefore, the macroscopic polariza- these solutions corresponds to the frequency shiftvith

tions P..(t) can also be adiabatically eliminated. These tworespect to the resonator frequensy These stationary solu-

a.()=Qe™*¥, D(t)=Do, d(t)=dp, (3.20
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tions have been investigated in detail in R€i8,21]. We Ys wp
shall give here the summary of the results that we will need r>ry=1-—+2a—. (3.27)
for investigation of the fluctuation properties of VCSELSs. Y Y

First, let us consider the situation without birefringence

w,=0. In this case the expressions fQtD,, andd, are As pointed out in Refl6], wo curvesr,(w,) andr,(wy)

divide ther-w,, plane into four different stability regions. In
p the first region, bothx- andy-polarized solutions are stable,
Q=\lg(r—1), Do==, d¢=0, (3.2) in the second both are unstable, in the ttfwdrth) only

¢ X(y)-polarized solution is stable. For more details we refer
the reader to Ref6]. For low pumping rate only-polarized
solution is stable. Therefore, in this paper we restrict our-
selves to analyzing the quantum fluctuations around this so-
lution. More general investigation will be published else-
where.

wherer = R/Ry, is the dimensionless pumping raf®, is the
threshold pumping rate, ard is the saturation intensity; the
latter two are given by

YK Y
Rn="o" ls=5¢ (3.22

IV. SPECTRA OF THE QUANTUM FLUCTUATIONS

The frequency detuning in this case isA=— ka, and the

! ) . X ; . To calculate the quantum fluctuations around the station-
phas_a// is arbltr_ary._Thls phase _determlnes the orl_entatlon ofary solution we shall linearize Eq€3.13—(3.15 around the
the linear polarization. We remind here that the linearly po-

. ; steady state given by E@3.20. As mentioned above we
larized field components,(t) anda,(t) are related to the  gnq|| consider here only-polarized stationary solution. Add-
circularly polarized ones as ing small fluctuations to the stationary solutions we can write

the field and atomic variables around the steady state as
a(t)+a_(t) _a(®-a ()

ax(t): Tl ay(t) \/El

These linearly polarized components for the stationary solu- d(t)=5d(t). 4.2
tion (3.2 are given by

(323 a.(t)=[Q+da.(t)]e'’, D(t)=Dy+ D(t),

. In this equation and in what follows we have dropped the
a=+2Qcosy, a,=+2Qsiny. (3249 index x in A, since we shall be concerned only with
x-polarized solution. Substituting these expressions into Egs.

in the phase diffusion of the polarization of the light similar gquations for small fluctuations:

to the usual phase diffusion typical for the lasers.
Whenw,#0, there are in general four types of stationary

solutions; two of them have linear polarization along the a5ai(t)=iwpﬁai(t)—iwpéa;(t)Jrc(l—ia)
andy axes, and two other have elliptical polarization. We
shall consider here only linearly polarized solutions because X Q[8D(t) = 8d(t)]+F.(t)e AL

only this type of behavior was observed in our experiments.

For each of these solutions the phase anisotropy breaks they

rotational invariance with respect to the polarization of the — §D(t)=—(y+2cQ?)6D(t) —cQDy[ da. (t) + da_(t)
field and the phase is no longer arbitrary. The-polarized t

solution corresponds t¢,=0, and they-polarized solution +c.c]+Fp(b),

to ¢, = m/2. For both types of solutions the values@fD,,

andd, are still given by Eq(3.21). However, the frequency

detuningsA in Eq. (3.20 are different for these two solu- —8d(t)=—(ys+2cQ?)5d(t)

tions and equal to dt

—cQDg[ da, (t)—da_(t)+c.c]+Fy4(t).

Ayy=—(ka*wp), (3.2
4.2
where the upper sign corresponds to xheolarized solution
and the lower sign to thg-polarized one. It is convenient to introduce the fluctuations of the linearly
The stability of these solutions has also been studied ipolarized components of the fielda,(t) and da,(t), de-
detail in Ref.[6]. The x-polarized solution is stable for fined according to Eq(3.23, for which the set of coupled
pumping rater, such that equations(4.2) decouples in two sets of independent equa-

tions for sa,(t) and sa,(t) with the Langevin forces,(t)

_ YsWp and F(t) defined by the same Eq3.23. Moreover, we
r<ry=1+ Y(ka—wp)’ (3.26 shall define the fluctuations of the amplitude and the phase
guadrature componentsgX,(t) and &Y,(t), of the
while they-polarized solution is stable when x-polarized field component,
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)R(Q)+2cQFp(Q)},
(4.9

X(t)= %[5ax(t)+ say (1], XD =5

1
SY ()= =& —sak(1)], 4.3
«(1) 2I[ a,(t)—asak(t)] (4.3 5,(0) = 1 ){[ZKW D 1T iQ)R/(Q)

and similarly for they-polarized component. For these fluc- _ _
tuations we obtain the following equations: [Zam/(r D+ 2ap(Ts— 1S,

. + ﬁcQ(zpraQ)Fd(Q)}, (4.10
1 XD =12cQaD (1) + Ry(1), with

D(Q)=—iQT—iQ)+2ky(r—1), (411

Yy(1)=—2acQsD(t) +S,(1),
Dy(Q)=(I's—iQ) (403~ Q) +2ky(r —1)(2aw,~iQ).

(4.12

d
dt 8D(t)=—T 8D ()~ 22kQ5X(1) + Fo(t), (4.4 Using Egs.(3.6)—(3.12 and Eqs(3.17—(3.19 we have cal-
culated the correlation functions of the Langevin forces
and R,(1),S,(t) with a=x,y, andF(t),F4(t) for the stationary
regime of VCSEL taking into account the stationary solu-
tions (3.20. The nonzero correlation functions are given by

(RADRL(1")) =(Ry(DR(1"))
=(S(S(t"))

=(S,(1)S(t"))
= kS(t—t"), (4.13

d

i XD =—20p58Yy(t) — V2acQad(t) +Ry(1),
d
Ji Yy (D) =2w,8X,(1) - V2cQad(t) +Sy(t),

d
gy 8d(t)=—Tad(t)+ 2\2kQ8Y, (1) +F4(t), (4.5

K 1
(FD(t)FD(t')>=E 1-3 )5(t—t) (4.14

where the new Langevin forcd® (t) and S (t) are defined

as
K
) ) FoO)F4(t"))y==Ts(t—t"), (4.15
R(1)= 3[R+ X (De], PRt
) 4.6 (Fo(DR())=(F4(1)S,(t"))=2kQa(t—t"). (4.16
Sx(t)=E[Fx(t)efm_'::(t)eim], Equations(4.9—(4.12) together with correlation functions

(4.13—(4.16 allow us to evaluate an arbitrary correlation
function of the laser light emitted by the VCSEL. It this
paper we shall investigate the intensity fluctuations of differ-
ent polarization components of the laser light emitted by the
I=y+2cQP=yr, T =y.+2cQ%=ye+y(r—1), VCSEL. Experi_mentally, these _fluctuations can be measured
4.7 py photodetecting the light emlttgd by th_e VCSEL after thls

light has passed through a polarizer, which selects a particu-

and used the stationary soluti@n,= «/c. lar polarization component of the electromagnetic wighig.

To solve Egs.(4.4) and (4.5 we take the Fourier trans- The most general unitary polarization vect655p=1,2, se-

and similarly forR,(t) andS(t). In Egs.(4.4) and (4.5 we
have introduced

form of the field and atomic fluctuations, lected by a polarizer, can be written as
oo e,=¢, cosp—e %, sing,
SX(Q)= —— J_ X (t)e'dt, 4.8
e,=e,sing+e %6 cose. (4.17)

and similarly for all other variables that converts these dif-

ferential equations into algebraic ones. After a simple aIgebra_hese unitary polarization vectors satisfy the conditén
we obtain the following expressions for the fluctuations of-e’,= &,4. For simplicity we shall consides=0. Experi-

the amplitude quadrature®X,(2) and 6X,(Q): mentally, this situation can be realized in a setup consisting
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of a N/2 wave plate and a beam splitter, shown in Fig. 11.with (5x§)ﬂ and (5Y§)Q being the spectral densities of the

Variation of the anglep is obtained by turning th&/2 wave  corresponding quadratures, andX56Yp)q their cross-

plate. spectral density. In this paper, we have calculated these spec-
After passing through the polarizer the vecﬁ’(l’[) of the tral densities numerically. The analytical calculations are in

electromagnetic field is projected into the polarization vectorogress and we shall publish them elsewhere.

ép as ap(t)zé(t)~ép. Writing the electromagnetic field The photocurrent fluctuation spectrurﬁiﬁ)g normalized

E(t) in terms of thex- andy-polarized components, to the shot—n0|sellevel given by§(p)9—<|p), is related to
the spectral density of the amplitude quadrature component
= - - as
E()=a(t)egt+ay(t)ey, (4.18
and using Eq(4.17, we obtain the following relations be- (812)0 {ip)=1+8k(6X2)q . (4.23

tween the field amplitudes,(t), a.(t), anda(t): )
To calculate the photocurrent fluctuation spectidn23 we

a;(t)=a(t)cosp—a,(t)sing, have expressed the spectral densitiés(f)oﬂ through the
spectral densities of the andy-polarized amplitude quadra-
a,(t)=a (t)sing+a,(t)cose. (4.19  ture components,dX3)o .(8X7)q . and their cross-spectral

density (0X,0X,)q using Egs(4.19 and(4.21). The results
After selection of a particular polarization component of theare significantly simplified by the fact that, as follows from
electromagnetic wave determined by the amplitagét),  our calculations, the latter cross-spectral density turns out to
the light is photodetected and one observes the photocurrepe zero, §X,8X,)o=0. Thus we obtain the following ex-

fluctuation spectrumdi}) o defined as pressions for the photocurrent fluctuation spectig),, and
B (613)a:
5i2 :f dte Y 8i (0) 8i (1)), 4.2
(Plpa= ] dteTOp(0)2,(1), (420 (81D)a(is)=1+8x[coe(9X5)q +sife(8X3)a],
(4.29
where(di,(0)di(t)) is the correlation function of the pho-
tocurrent fluctuationsi p(t):_lp:(lp), and<_|p> is the_ mean (6i2) o in) = 1+8K[sir12<p(5X)2<)Q+cos°-<p(6X§)Q].
value of the photocurrenti,)= nc{a a,); here 5 is the
-t p pep/s (4.295
qguantum efficiency of photodetector, which we shall con-
sider to be unity, and is the light velocity. We have also calculated the cross-correlation spectrum of the

Following Ref.[24] the photocurrent fluctuation spectrum photocurrent fluctuations for two orthogonal polarization
can pe expressed through the fluctuatu_nn spectrum of th@omponentsél ande, defined as
amplitude quadrature component of the field inside the laser
cavity. We shall define the fluctuations of the amplitude and (81151 ,)
phase quadratures of the field with polarization component Ci(Q)= 17270

T (4.26
ay(t), V(37 a(di%)q

1 This spectrum is normalized 3a€,,(Q)|<1, and C,5(Q)
OXp(2) = 5[ da,(Q)+ sag (—Q)], =—1 corresponds to perfect anticorrelations whilg,((2)
=1 to perfect correlations. Experimentally, this spectrum
1 can be measured as
5Yp(Q)=E[éap(ﬂ)—éa;(—ﬂ)]. (4.21
(81%)0— (31D a— (819

. . Ci(Q)= , 4.2
The spectral correlation functions of these quadraturesare 1) 2\(8i2)0(68i2)q (4.27
correlated:
) where (6i?), is the fluctuation spectrum of the total photo-
(8Xp(2)6Xp(21)) = (6X[)a8(Q+Q"), currenti (t) =i(t) +i,(t).
It can be easily shown that this cross-correlation spectrum
(5Yp(Q)5Yp(Q’)):(5Y§)95(Q+Q’), expressed in terms of the spectral densities of ¥hend
y-polarized amplitude quadrature components,

(8Xp(Q) Y, (Q))=(8X,0Yp)ad(Q+Q"), (422  (8XP)q.(6X))q, reads

B 8 sing cosel (8X7)a—(6X))a]
- V(A +8k[cogp(8X5) o+ SiPe(8X)) 1) (1+8K[SiPe(8XF) o+ CoSp(9X5) 1)

CQ2) (4.28
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FIG. 2. Normalized photocurrent noise spectrai2j,/ FIG. 3. Photocurrent noise spectraif), of the total beam

(i)(dB) of the total beam for different pump parameterand  (curvea) and (5i3), of the ¢=45° polarization componeriturve
regular pumping p=1. The values of other parameters b) for r=6, p=1, without birefringencew,=0. All other param-
are k=100 GHzy=1 GHz,y, =1000 GHzy;=50 GHzw, eters are as in Fig. 2.
=40GHz, anda=3. The standard quantum limit corresponds to
(6i%)o {iYy=0 dB. . .
given by the sum of spectral densities of tke and
Note that measuring experimentally the cross-correlatioy-Polarized amplitude gua_\dratureﬁ?()zf)g and (5X§)Q with
spectrum(4.28 and one of the spectr&.24) for a fixed correspond!ng transmsspn coeff|C|ent§ depending on the
value of the angle different from¢=0,7/2 we can deduce angle ¢ This re_sult is equwal_ent to an mterference experi-
both spectral densitieﬁxi)g,(ﬁxi)g. ment with two independent light waves passing through a
beam splitter with the transmission and reflection coefficients
given by cosp and sing.
In the case of a single-mode laser linearly polarized along
In this section we shall present several curves of the flucthe x axis, the spectral density of thyepolarized component
tuation spectra calculated theoretically from our quanturis equal to zero, §X3)o=0, since it corresponds to the
model. In the following section we shall compare some ofvacuum state of this polarization component. EquattbB4)
these curves with the experimental observations. In Fig. 2 wés applicable to this case as well with the vanishing term
have plotted a set of photocurrent noise spec#id)(, of the  proportional to 6X )o . The difference of VCSELs is that,
total photocurrent for the regular pump=1, at different as demonstrated by our calculations, the contribution from
pump rateg. These spectra can be observed experimentallyhe fluctuations of thg-polarized component is not zero and
by photodetection of the total light beam, i.e., without thehas to be taken into account for correct description of the
polarizer. Theoretically, they are obtained by putting thefluctuation properties of the laser light. In spite of the fact
anglep=0 in Eq. (4.24), that the mean amplitude of tlyepolarized field component is
zero, it gives the contribution to the photocurrent noise spec-
(812 I{iY=(81D)a /(i) y—0=1+8k(8X2)g. (5.1)  trum (if), due to the interference of fluctuations of this
component with the nonzero field amplitude of the
The cavity decay rat& and the population decay rajeare  x-polarized component. The situation is similar to the homo-
calculated from the data given to us by the group of thedyne detection with the-polarized field component playing
University of Ulm that has fabricated and provided us withthe role of the local oscillator.
the samples. The other parameters, namgly,ys,»,, and Let us now consider the effect of the birefringenggon
« are taken from the literature. For example, farwe use  the photocurrent noise spectra. The birefringence has no in-
the values given in Refs[27,28. For these values the fluence on the photocurrent noise of the total laser beam.
x-polarized solution is stable forr<6.5, while the Indeed, as follows from Eq(5.1) the photocurrent noise
y-polarized solution is stable far>131. The spectra plotted Spectrum 6i?), is related to the spectral density of the
in Fig. 2 are analogous to those obtained with the usual twox-polarized amplitude quadraturesXZ), . In turn, we ob-
level systemg24]. They are dominated by a large excessserve from Eqs(4.9),(4.11) and(4.13—(4.16 that this spec-
noise at the relaxation oscillations frequency. For regulatral density is independent af,. On the contrary, the role of
pumping p=1, and high pump rate, the model predicts the birefringence is very important in the photocurrent noise
squeezing at low frequencies. Indeed, the intensity fluctuaspectrum §i i)ﬂ of the light passed through the polarizer.
tions are only coupled to the fluctuation of the total popula-  Puttingw,=0 in Eq.(4.12, we obtaini{) as a factor in
tion, which is regularly pumped. this denominator, which gives a divergence at low frequen-
We turn now to investigation of the photocurrent noisecies in the spectral den3|t)6){( )q of the y-polarized com-
spectrum 6i%),, for the light passed through a rotatable po- ponent. Since this spectral denS|ty appears in the photocur-
larizer oriented at the angle to the polarization of the laser rent noise spectrumé(l)Q the spectrum also diverges at
light. As follows from Eq.(4.24) the spectral densnyé(Xl)Q low frequencies. This is illustrated in Fig. 3, where we have
of the amplitude quadrature component after polarization iplotted the photocurrent noise spectra of the polarization

V. THEORETICAL PREDICTIONS
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FIG. 4. Photocurrent noise spectraif)q of the total beam o _ )
(curvea) and (8i%), of the =45° polarization componercurve FIG. 6. Same curves as in Fig. 5 but for higher pumping rate
b) for r=6, p=1, and birefringence equal @,=40 GHz. All r=6.

other parameters as in Fig. 2.
results of Fig. 5 confirm that the VCSEL beam cannot be

> - d of th b . considered as a laser beam polarized alongxthgis as far
component, for ¢=/4 and of the total beam. We noticé 54 the photocurrent noise is concerned. Owing to the inter-

that the photocurrent noise of the polarization componenfyrance of quantum fluctuations of the subthreshold
tends .to |nf|n|ty as the frequen@ approaches zero. This y-polarized component with thepolarized field amplitude,
result is easily understood if we remember that the phiase he photocurrent fluctuations for intermediate positions of the
|n_the stat|onary_solut|o_n without bwefrmgence is not det_er'polarizer are higher than fluctuations of a corresponding
mined and remains arbitrary. It experiences the phase diffy_5|arized beam. This effect is even more pronounced for
sion as the optical phase in usual single-mode laE#4%  nhigher pumping rates as illustrated in Fig. 6 where we have
with typical diverging behavior at zero frequency. takenr = 6.

If w,#0, the phasej is no longer arbitrary. For the  the increase of the photocurrent noise at intermediate val-

x-polarized solution it isy=0. Respectively, there is N0 65 of¢, can be easily understood with our model. Indeed,
phase diffusion related to the phageand the fluctuations at Eq. (4.24 gives, for example, fop = /4

low frequencies in the photocurrent spectrum remain finite.
In Fig. 4, we have plotted the photocurrent noise spectrum 5i2)e /i =1 A (SX2) e+ ( SX2 5.2
(612, at o= 7/4 for the same parameters as in Fig. 3 except (G0 /i) g=ma «[(3X)at(0Xy)al- (52
the birefringencew,=40 GHz. As expected, the large ex-
cess noise at low frequencies is suppressed.

In Fig. 5 we have given the photocurrent noise spectru

Therefore, for 6X§)Q>(5X§)Q the photocurrent noise after
n#)olarization is higher than the noise of the total beam.
. . . We have already seen that the amplitude correlations be-
2 —
(d11)q at afixed frequencf) =10 MHz as a function of the tween thex-polarized andy-polarized components are equal

polarization anglep for the pumping rate =1.85. In the . >
same figure we have shown the value of the shot noise of th® Z€r0. However, for orthogonally polarized componesits

filtered VCSEL beam and the photocurrent noise of a lasefnde; these correlations can reach very high values. In Fig.

beam polarized along axis and filtered by a polarizer. The 7 We have plotted the cross-correlation funct@p,((2) for
¢=/4 as a function of the frequendy. At low frequencies

; the total intensity noise is 72% below the shot noise due to

Q=10 MHz the regular pumping. The two photocurremntsandi, at ¢
=1/4 are strongly anticorrelated arit}, is close to—1. At
higher frequencies the total intensity noise is very high above

1,

Total intensity noise

{81, (arb. units)

=4
(%]
I

(b)
T T T T

0 10 20 30 40 50 60 70 80 90
Polarizer angle ¢ (deg)

C Q) for @=n/4
=)

o
5]
1

FIG. 5. Photocurrent nois@(f)g at()=10 MHz of the beam
filtered by a polarizer versus the anglga), the shot-noise level of
the filtered beam at the same frequeriby, and the photocurrent Q (GHz)
noise of asingle-polarization-modéiltered beam having the same
intensity noise as the VCSEL beafr). Pump parameter=1.85. FIG. 7. Cross-correlation spectruBy,({}) for ¢ = /4. All pa-
All other parameters are as in Fig. 2. rameters as in Fig. 4.
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FIG. 8. Correlated beams obtained with a beam splitter.

the shot noise, especially near the frequency of the relaxation
oscillations. The two polarization components present very

large classical noise and are strongly correlated \@th h | . v with
close to 1. This situation is similar to the case of two opticalPU"Pose, @ homemade low-noise power supply with an ap-

beams with large excess noise after a 50/50 beam splitt opriateL C filter provides the regular electrical current that
(see Fig. 8 Since for large excess noise we can neglect thglves the VCSELs. The VCSELs are also thermally stabi-

shot noise of the total photocurrent, the photocurrent differ-12€d With an active temperature stabilization. With this sta-
encel ,— 1 », is very small while the sum,+ 1, gives the bilization, we were able to operate at a fixed temperature

intensity noise of the total beam. This means that the beamith 2 drift as small as 0.01°C/h. The emitted beam is col-
Iﬁr]lmated by an antireflection coated microscope objective lo-

A andA’ are strongly correlated. X X
Finally, in Fig. 9 we consider the variation of the cross cat€d at a distance of 2 mm from the laser output. This ob-

correlationsCy, at a fixed frequencf)=10 MHz with the 1€Ctive has a large numerical apertufe 0.6) to avoid
angle ¢. We observe from Fig. 9 that fop= /4 the two optical losses that would deteriorate the squeezing. To mea-
polarizations components are strongly anticorrelated witpure the intensity n0|se.and the corre;p_ondmg shot noise, the
C,,= —68%. At the same time these two polarization Com_standard scheme consists of a polanzmg beam splitter that
ponents have a large excess noise of 738% above the sh eparates the beam emitted by the laser into twq gqual parts
noise level hat are detected by means of high quantum efficiency bal-
In the following section we shall compare our theoreticalanCed photodiodes. The sum of the two photocurrents is pro-

predictions with the experimental results obtained for theoprtlonal to the Intensity noise of the total bgam while the
high-quality VCSELS. difference is proportional to the corresponding shot noise

[29]. However, in our case it is better to use only one pho-
todiode(FND100, bandwidth 1-20 MHz, and quantum effi-
VI. EXPERIMENTAL RESULTS ciency of 90%). Indeed, because of the multimode operation

We use oxide-confined VCSELl@ade at the Department with two orthogonal linear polarizations, the shot noise ob-

of Optoelectronics of the University of Ulnwith different tained with a balanced detection would not be reliable. For
active media diameters, 3—2am. The devices are sche- this reason we preferred to use a separately calibrated shot

matically represented in Fig. 10. They consist of Carbon_noise. The shot-noise reference is obtained by a balanced
doped p-type AlGaAs/AlGaAs and silicon-doped-type detection of a standard, edge-emitting laser diode beam that
AlAs/AlGaAs Bragg reflectors with pairs of quarter wave- has an intensity noise less than 1 dB above the shot-noise
length thick layers. The tofbottom mirror has a reflectivity level in the range of frequencies of 1-20 MHz. We carefull)_/

of 99.8% (99%). They are coated on each side by a claddi:ghecked the linear dependence of the calibrated shot-noise

FIG. 10. Schematic representation of the VCSEL.

layer containing the three active 8 nm-thick GaAs quantu ignal with the optical power incident on the photodiodes.
wells. The emission wavelength is about 840 nm. The oxid he shot noise obtained with this method was in agreement

aperture provides both current and optical confinements. Th\ﬁmhin 0.'1 dﬁ with thedvalue obtainer(]j frohm a dt_hzrmalhligh:]
devices are attached to a copper plate using silver paste. generating the same dc current on the photodiode. The pho-

We take advantage of the principle of pump-noise Supjtodlode is connected via a low-noise homemade amplifier

ression to minimize the noise in the laser output. For this(With a CLCA423 and electronic amplifiefNucIetud_e 4'40'
P P 1A) to a spectrum analyzdiTektronics 2753P With this

Polarizer angle ¢ (deg)

0 -
Microscope Half wave
10 20 30 40 50 60 70 80 /90 N
0,2 objective plate Photodiode
\ /
-0,4 . B
-0,6 VCSEL Beam splitter
-0,8 1 Power supply ‘
Spectrum
-1 analyzer
C,,(0) for Q=10MHz
FIG. 9. Cross-correlation€,, at =10 MHz vs the anglep. FIG. 11. Experimental setup to measure the intensity noise of

All parameters are as in Fig. 4. the polarization components.
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FIG. 13. Cross-correlatiornS,, at (=10 MHz vs the anglep.

FIG. 12. Photocurrent noise spectrurdij)q vs the anglee. Experimental results are shown by black triangles, solid curve cor-
Experimental results are shown by black triangles; cuayeorre-  responds to the theoretical predictions. The values of the parameter
sponds to the theoretical predictions, cutiggives the shot noise are the same as in Fig. 12.
of the filtered beam, and curye) the noise of a single-polarization-
mode filtered beam having the same intensity noise as the VCSEpump rater = 1.85. To compare our experimental results with
beam. The values of the parameters arel00 GHzy=1 GHz,  theoretical predictions, we adjust the shot noiseat0 to
¥, =1000 GHz,ys=50 GHz, w,=40 GHz,«=3,r=1.85, and the calculated shot-noise level. This corresponds to a normal-
(=10 MHz atp=1. ization of all our curves and leaves no adjustable free param-

eters. In Fig. 12 we notice a very good agreement between
setup the electronic noise was more than 6 dB below théhe theoretical predictions and the experimental results.
signal for a typical detected power of 1.5 mW. In our experi- We have also measured the cross-correlatiOps at ()
ment we could also perform a spectral analysis of the lase=10 MHz between orthogonal polarization components as a
beam with a high-resolution monochroma(dr03 nm at 840 function of the anglep of the polarizer(see Fig. 18 Once
nm). At the output of the monochromator, the relative powersmore, the agreement is very good. Moreover, our experimen-
of the individual transverse modes are measured with a phaal results confirm that the- y-polarized components are not
todetector and their polarizations are determined using aorrelated.
Glan polarizer(extinction ratio 104). All these results confirm experimentally that the VCSELs

To measure the intensity noise of the polarization compoeannot be considered as single-polarization-mode lasers. On
nents we use a half-wave plate and a beam splisee Fig. one side, the intensity noise of the total beam is equal to the
11). In the following, the measured intensity noise is cor-noise of thex-polarized component and the quantum fluctua-
rected for optical losses. tions of they-polarized component are not detectable. How-

Our VCSELs have a mean quantum efficiency of 50%ever, for theo= /4 polarized component we obtain both
and a threshold of 1 mA. For all samples the first modetheoretically and experimentally an excess noise greater than
above threshold is the linearly polarized TgJvinode. When the noise of the total beam. This result cannot be explained
the driving current is increased, other transverse modes stantithout taking into account the fluctuations of the subthresh-
to oscillate. At pump rates higher thar=2 the VCSELs old y-polarized component of the laser light.
always operate with several transverse modes above thresh-
old. Since squeezing is predicted theoretically for pump rates
higher thanr =2 we were not able to obtain squeezing in a
single-mode operation. At very high pump rates the laser In conclusion, we have presented a full quantum model
beam is composed of transverse modes having the sanfer VCSELS operating with one linearly polarized transverse
transverse intensity distributions but orthogonal linear polarmode above threshold driven by a sub-shot-noise electrical
ization. In this case we can evaluate the birefringesagdy  current. This model allows us to calculate the photocurrent
measuring the optical frequency shift between the orthogonoise for photodetection of the total laser beam and of the
nally polarized modes. This frequency shift is found to be 80beam passed through a polarizer oriented at some arbitrary
GHz, which givesw,=40 GHz. angle to the polarization of the laser light. We demonstrate

For our most recent samples, in single-mode operatiorthat as far as the photocurrent noise is concerned, VCSELSs
the intensity noise measured in the direction orthogonal t@annot be considered as single-polarization-mode lasers.
the polarization of the lasing mode is very wealose to the Namely, the quantum fluctuations of the nonlasing mode
electronic dark noise Even if our VCSELs do not exhibit with polarization component orthogonal to that of the lasing
squeezing in a single-mode operation, the intensity noise ahode must be taken into account. When the beam is filtered
the lasing mode is very close to the standard quantum limiby a polarizer, the fluctuations of this subthreshold field com-
where quantum effects become important. Therefore, to takponent interfere with the field amplitude of the lasing mode
into account these quantum effects we have developed a fudlind the intensity noise of the filtered beam may become
guantum model. In this case we expect a good agreemehigher than the total intensity noise. We also demonstrate
between the predictions of our model and the experimentahat two orthogonally polarized components of the beam af-
results. In Fig. 12 we have shown the results obtained for &er the polarization can be strongly anticorrelated.

VII. CONCLUSION

053825-12



QUANTUM SPIN-FLIP MODEL OF VERTICAL-CAVITY ... PHYSICAL REVIEW A65 053825

Our experimental results confirm the theoretical predic-are capable of producing squeezif@20] and transverse
tions of our model for VCSELs having an intensity noise of spatial structure§30,31.
the lasing mode very close to the standard quantum limit.
Our model could also be used for VCSELs exhibiting inten- ACKNOWLEDGMENTS
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