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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 lasers~VCSELs! 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 VCSELs. 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

Ventral-cavity surface-emitting lasers~VCSELs! have
been studied in detail the latest years because of severa
teresting characteristics that make them very attractive
applications, such as in optical telecommunications. T
have a high quantum efficiency, a very low threshold, a
can operate with only one longitudinal and transverse m
above threshold. As these features suggest, these lase
very good candidates for squeezed light generation, i.e.,
creasing the intensity noise below the standard quan
limit, by applying the pump noise suppression princip
@1,2#. Presently, squeezing in VCSELs has been dem
strated experimentally for both single-mode operation an
a multi-transverse-mode regime@3,4#. For very high rate op-
tical telecommunication in the range of several GHz@5#,
squeezing is of great importance for improving the bit-er
rate.

In general, single-mode operation is more suitable
generating squeezed light. However, as the driving cur
increases other transverse modes start to oscillate@6,7# re-
sulting in a multi-transverse-mode regime. In addition to t
complication, VCSELs are known to present an unstable
havior, such as polarization switching@8–10# between differ-
ent polarization modes. In applications, if polarization sen
tive elements are used, this behavior can deteriorate
signal-to-noise ratio and lead to an increase of the inten
noise destroying squeezing. Hence, a proper understan
of polarization fluctuations in VCSELs is important for fun
damental reasons as well as for applications.

In single-mode operation with only one linearly polariz
mode above threshold it has already been pointed out tha
fluctuations in a subthreshold mode with polarization
thogonal to the lasing mode can present a large inten
noise~one can directly measure it with a simple photodio
because this noise is far above the electronical dark noise!. A
semiclassical model was developed and showed that th
tensity fluctuations in the subthreshold mode can be hig
correlated with the intensity fluctuations of the oscillati
1050-2947/2002/65~5!/053825~13!/$20.00 65 0538
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mode@11–13#. This phenomenon is analogous to the mu
mode effects observed in standard laser diodes@14–16#. For
these semiconductor lasers, the longitudinal mode ab
threshold has intensity fluctuations strongly anticorrela
with intensity fluctuations of the other longitudinal mod
below threshold. For VCSELs the anticorrelations betwe
transverse modes above threshold have also been stu
@4,17–20#.

The aim of our paper is to investigate in detail theore
cally as well as experimentally the quantum fluctuations
VCSELs in the single-mode operation regime. Let us po
out that in the case of our VCSELs the fluctuations in
subthreshold mode with polarization orthogonal to the las
mode is very weak~comparable with the electronical dar
noise!. Since quantum effects are concerned, we have de
oped a quantum theory of fluctuations in this type of las
based on the well-known spin-flip model first proposed
San Miguel, Feng, and Moloney@21#, and broadly used for
description of polarization dynamics of VCSELs. In Sec
II-IV, we describe in detail the full quantum spin-flip mode
of VCSELs. Our quantum description takes into account
pump statistics of the active laser medium, which we all
to vary from Poissonian to completely regular one. In Sec
we discuss the theoretical predictions of our model. We de
onstrate that taking into account the quantum fluctuations
both polarization components of the electromagnetic fie
one above and another below threshold, is crucial for cor
description of the quantum fluctuations of light emitted
these type of lasers. In Sec. VI we present our experime
results and compare them with predictions of our theory. T
agreement is found to be very good. In Sec. VII we summ
rize the results of our work.

II. QUANTUM HEISENBERG-LANGEVIN EQUATIONS

We shall present here the quantum version of the class
four-level spin-flip model of VCSELs developed by Sa
Miguel, Feng, and Moloney@21#. This model describes very
well the dynamics of these semiconductor lasers and
©2002 The American Physical Society25-1
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widely used for understanding of such phenomena, for
ample, as polarization switching. The spin-flip model tak
into account the spin sublevels of the total angular mom
tum of the heavy holes in the valence band and of the e
trons in the conduction band. These four sublevels inte
with two circularly polarized electromagnetic waves in t
laser resonator and it is this interaction that is responsible
the complicated polarization dynamics manifested by th
types of lasers.

The four-level scheme of the semiconductor medium
shown in Fig. 1. Two lower levelsub6& correspond to the
unexcited state of the semiconductor medium with z
electron-hole pairs while the upper levelsua6& to the ex-
cited states with an electron-hole pair created@22#. Two pairs
of levels ua1&,ub1& and ua2&,ub2& are coupled via inter-
action with the left and right circularly polarized electroma
netic waves in the laser cavity described by the field ope
tors a1(t) anda2(t). As explained in Ref.@21#, physically
these two pairs of transitions are associated with twoz com-
ponentsJz561/2 of the total angular momentumJ51/2 of
the electrons in the conduction band and correspondinz
componentsJz563/2 for J53/2 of the heavy holes in the
valence band.

We consider a semiconductor medium that fills a cavity
lengthL, volumeV with an intensity transmission coefficien
of the coupling mirrorsT. We assume that the finesse of t
cavity is high enough to neglect the spatial variations of
electromagnetic field~the mean-field approximation!. We
also consider the two circularly polarized light waves as tr
eling plane waves of frequencyv resonant with the cavity
frequency.

Since in our experiments we use the technique of
pump-noise suppression@1,2#, we have to incorporate in ou
quantum model the possibility of varying the pump statist
of the active laser medium. We shall follow the method us
to describe the pump statistics in three-level lasers@23–25#.
In this description the random excitation of the atoms
mimicked by injection of excited atoms into the laser cav
at random time momentst j . The pump statistics thus corre
sponds to the statistics of these timest j . As shown in Ref.

FIG. 1. Four-level scheme of the active medium.
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@23#, for stationary in-time average pumping rate, the infl
ence of the pump statistics can be characterized by a si
parameterp,0<p<1. Forp51, the pump is perfectly regu
lar while for p50 the pump has Poissonian statistics. T
difference of our situation from the model considered
Refs. @23–25# is that we have two excited levelsua1& and
ua2&, which are pumped together by an electric current w
varying statistics~see Fig. 1!. Therefore, we have to take int
account the statistics of partition between two sublev
ua1& and ua2&.

We assume that thej th carrier described by our four-leve
scheme is created in the laser cavity at timet j and from this
moment starts to interact with a single cavity mode. T
interaction is described by the following Heisenber
Langevin equations:

d

dt
â6~ t !52kâ6~ t !2 ivpâ7~ t !

2 ig(
j

u~ t2t j !ŝ6
j ~ t !1 f̂ 6~ t !, ~2.1!

d

dt
ŝ6

j ~ t !52g'~11 ia!ŝ6
j ~ t !1 igu~ t2t j !

3@ŝa6
j ~ t !2ŝb6

j ~ t !#â6~ t !1 f̂ s6
j ~ t !, ~2.2!

d

dt
ŝa6

j ~ t !52gaŝa6
j ~ t !2gc@ŝa6

j ~ t !2ŝa7
j ~ t !#2 igu~ t2t j !

3@ â6~ t !ŝ6
j †~ t !2â6

† ~ t !ŝ6
j ~ t !#1 f̂ a6

j ~ t !, ~2.3!

d

dt
ŝb6

j ~ t !52gbŝb6
j ~ t !1 igu~ t2t j !@ â6~ t !ŝ6

j †~ t !

2â6
† ~ t !ŝ6

j ~ t !#1 f̂ b6
j ~ t !, ~2.4!

where ŝa6
j 5(ua6&^a6u) j and ŝb6

j 5(ub6&^b6u) j are the
projection operators on the upper and lower levels of
scheme,ŝ6

j (t) are the spin-flip operators in the frame rota
ing at frequencyv, which represent the complex polarizatio
of the j th carrier, andâ1(t) and â2(t) are the photon anni-
hilation operators for the laser mode with right and left c
cular polarization. The operatorsf̂ 6(t), and f̂ a6

j (t) with a
5s,a,b are the operator-valued microscopic Langev
forces that guarantee the conservation of the commuta
relations for the corresponding atomic and field operato
u(t) is the step function, andk is the cavity damping con-
stant,

k5
cT

2nL
, ~2.5!

where n is the refractive index of the semiconductor m
dium. The constantsga and gb are the decay rates of th
populations of the upper and lower levels,g' is the decay
rate of the polarization, andgc is the intraband relaxation
rate. The last parameter was introduced in Ref.@21# to de-
5-2
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scribe the spin-flip relaxation process. This parameter is
sponsible for coupling of the two transitions with differe
polarizations and, consequently, for nontrivial polarizati
dynamics of VCSELs. Next,vp describes the linear birefrin
gence, and the coupling constantg is given by

g5nmA 1

2\e0vV
, ~2.6!

wherem is the magnitude of the dipole moment andn the
frequency associated with the energy gap;a is the standard
linewidth enhancement of the semiconductor-laser theor

a5
n2v

g'

. ~2.7!

The Langevin forcesf̂ 6(t), and f̂ a6
j (t) are fully character-

ized by their first- and second-order moments. The only n
zero normally ordered correlation functions of the Lange
forces f̂ 6(t) are equal to

^ f̂ 6
† ~ t ! f̂ 6~ t8!&52kn̄Td~ t2t8!. ~2.8!

Here n̄T is the mean number of thermal photons at tempe
ture T. For optical frequencies this quantity is negligib
small and in what follows we will neglect it assuming th
the reservoir is at zero temperature,T50. Since in this case
all the normally ordered correlation functions off̂ 6(t) van-
ish, we can putf̂ 6(t)50.

The correlation functions of the Langevin forcesf̂ a6
j (t)

can be calculated, for example, using the Einstein rela
@25#. For completeness we give here the nonzero correla
functions of these forces:

^ f̂ a6
j ~ t ! f̂ a6

j ~ t8!&5@ga^ŝa6
j ~ t !&1gc~^ŝa6

j ~ t !&

1^ŝa7
j ~ t !&!#d~ t2t8!, ~2.9!

^ f̂ a6
j ~ t ! f̂ a7

j ~ t8!&52gc~^ŝa6
j ~ t !&1^ŝa7

j ~ t !&!d~ t2t8!,
~2.10!

^ f̂ b6
j ~ t ! f̂ b6

j ~ t8!&5gb^ŝb6
j ~ t !&d~ t2t8!, ~2.11!

^ f̂ s6
† j ~ t ! f̂ s6

j ~ t8!&5@~2g'2ga2gc!^ŝa6
j ~ t !&

1gc^ŝa7
j ~ t !&#d~ t2t8!, ~2.12!

^ f̂ s6
j ~ t ! f̂ s6

† j ~ t8!&5~2g'2gb!^ŝb6
j ~ t !&d~ t2t8!,

~2.13!

^ f̂ s6
j ~ t ! f̂ a6

j ~ t8!&5~ga1gc!^ŝ6
j ~ t !&d~ t2t8!, ~2.14!

^ f̂ s6
j ~ t ! f̂ a7

j ~ t8!&52gc^ŝ6
j ~ t !&d~ t2t8!, ~2.15!

^ f̂ s6
† j ~ t ! f̂ b6

j ~ t8!&5gb^ŝ6
† j~ t !&d~ t2t8!. ~2.16!

To take into account the pumping statistics of the act
medium of the VCSEL we shall use the same strategy a
05382
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Ref. @24# and define the following collective operators th
incorporate the random arrivals of the carriers into the cav

N̂a6~ t !5(
j

u~ t2t j !ŝa6
j ~ t !, ~2.17!

N̂b6~ t !5(
j

u~ t2t j !ŝb6
j ~ t !, ~2.18!

for the collective populations, and

P̂6~ t !52 i(
j

u~ t2t j !ŝ6
j ~ t !, ~2.19!

for the collective polarization. The additional factor2 i in
Eq. ~2.19! is introduced for mathematical convenience.
calculate the correlation functions of these macroscopic
erators we have to perform two averages, the quantum a
age and the classical average over the arrival timest j . This
last average accounts for the pumping statistics of the ac
medium.

The Heisenberg-Langevin equations for collective ope
tors ~2.17!–~2.19! are obtained by taking the temporal d
rivative of these operators and using Eqs.~2.1!–~2.4! for
individual operators. For example, forN̂a6(t) we have

d

dt
N̂a6~ t !5(

j
Fd~ t2t j !ŝa6

j ~ t !1u~ t2t j !
d

dt
ŝa6

j ~ t !G
5(

j
d~ t2t j !ŝa6

j ~ t !2gaN̂a6~ t !

2gc@N̂a6~ t !2N̂a7~ t !#2g@ â6
† ~ t !P̂6~ t !

1â6~ t !P̂6
† ~ t !#

1(
j

u~ t2t j ! f̂ a6
j ~ t !. ~2.20!

The first term in the right-hand side of Eq.~2.20! corre-
sponds to the random arrivals of the carriers into the cav
This is easy to see if we calculate its expectation value,

K (
j

d~ t2t j !ŝa6
j ~ t !L 5K (

j
d~ t2t j !^ŝa6

j ~ t !&L
S

5
1

2 K (
j

d~ t2t j !L
S

. ~2.21!

Here we have taken the double averaging, the first over
quantum state of the carriers and the second, indicated
index S over the classical statistics of arrival timest j . For
calculation of the quantum-mechanical mean value we h
used the fact that when the carriers arrive into the cav
they are with equal probability of 1/2 in the stateua1& or
ua2& so that ^ŝa6

j (t j )&51/2. The last expression in Eq
5-3
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~2.21! indicates the average over the classical arrival sta
tics and, for stationary pumping process, yields the m
pumping rate,

K (
j

d~ t2t j !L
S

52RE
2`

1`

dtjd~ t2t j !52R. ~2.22!

The mean pumping rateR is related to each upper levelua
1& or ua2&, so that the total mean pumping rate of bo
levels is 2R. Equations for the collective populationsN̂a6(t)
can now be written as

d

dt
N̂a6~ t !5R2gaN̂a6~ t !2gc@N̂a6~ t !2N̂a7~ t !#

2g@ â6
† ~ t !P̂6~ t !1â6~ t !P̂6

† ~ t !#1F̂a6~ t !,

~2.23!

with the collective Langevin forcesF̂a6(t) equal to

F̂a6~ t !5(
j

d~ t2t j !ŝa6
j ~ t !1(

j
u~ t2t j ! f̂ a6

j ~ t !2R.

~2.24!

Equations for the other collective operators can be obtai
in the same way and give the following results:

d

dt
â6~ t !52kâ6~ t !2 ivpâ7~ t !1gP̂6~ t !, ~2.25!

d

dt
P̂6~ t !52g'~11 ia!P̂6~ t !1g@N̂a6

~ t !2N̂b6
~ t !#

3â6~ t !1 f̂ P6~ t !, ~2.26!

d

dt
N̂b6~ t !52gbN̂b6~ t !1g@ â6

† ~ t !P̂6~ t !1â6~ t !P̂6
† ~ t !#

1 f̂ b6~ t !. ~2.27!

The Langevin forcesF̂P6(t) and F̂b6(t) read

F̂P6~ t !5(
j

d~ t2t j !ŝ6
j ~ t !1(

j
u~ t2t j ! f̂ s6

j ~ t !,

~2.28!

F̂b6~ t !5(
j

d~ t2t j !ŝb6~ t !1(
j

u~ t2t j ! f̂ b6
j ~ t !.

~2.29!

The correlation functions of the collective Langev
forces F̂a6(t),F̂b6(t), and F̂P6(t) can be evaluated in th
same way as in Ref.@23#. A new element that appears i
calculation of these correlation functions is the repartition
carriers in two sublevelsua1& and ua2& according to the
Poissonian statistics with an equal probability of 1/2. W
omit here the calculations and give directly the correlat
functions of the collective Langevin forces,
05382
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^F̂a6~ t !F̂a6~ t8!&5@ga^N̂a6~ t !&1gc~^N̂a6~ t !&1^N̂a7~ t !&!

1R~12p/2!#d~ t2t8!, ~2.30!

^F̂a6~ t !F̂a7~ t8!&5@2gc~^N̂a6~ t !&1^N̂a7~ t !&!2pR/2#

3d~ t2t8!, ~2.31!

^F̂b6~ t !F̂b6~ t8!&5gb^N̂b6~ t !&d~ t2t8!, ~2.32!

^F̂P6
† ~ t !F̂P6~ t8!&5@~2g'2ga2gc!^N̂a6~ t !&

1gc^N̂a7~ t !&1R#d~ t2t8!,

~2.33!

^F̂P6~ t !F̂P6
† ~ t8!&5~2g'2gb!^N̂b6~ t !&d~ t2t8!,

~2.34!

^F̂P6~ t !F̂a6~ t8!&5~ga1gc!^P̂6~ t !&d~ t2t8!,
~2.35!

^F̂P6~ t !F̂a7~ t8!&52gc^P̂6~ t !&d~ t2t8!, ~2.36!

^F̂P6
† ~ t !F̂b6~ t8!&5gb^P̂6

† ~ t !&d~ t2t8!. ~2.37!

As follows from these correlation functions, the parame
p that determines the pumping statistics of the active m
dium, appears in the first two correlation functions, related
the populations of the upper levelsua1& and ua2&. Let us
remind thatp50 corresponds to the completely regular s
tistics of the total pumping rate 2R. However, since the car
riers arriving regularly with the rate 2R are randomly distrib-
uted between two levelsua1& and ua2&, the random
statistics is partially recovered because of the partition no
This is the reason why the parameterp in the first two cor-
relation functions appears with the factor 1/2. Therefore, o
can never have the completely regular pumping statistic
the individual levelsua1& and ua2&.

III. c-NUMBER STOCHASTIC LANGEVIN EQUATIONS

Now we shall derive thec-number Langevin equation
corresponding to the Eqs.~2.23! and~2.25!–~2.27!. For this,
we have to choose an order for products of atomic and fi
operators. Indeed,c-number variables commute while th
operators do not. Therefore, we obtain a unique relations
between the operators and thec-number variables only if we
define the correspondence between a product of opera
and a product of the correspondingc-number variables. We
choose as in Refs.@23–25#, the normal order of atomic and
field operators:

â6
† ,P̂6

† ,N̂a6 ,N̂b6 ,P̂6 ,â6 . ~3.1!

For c-number variables we shall use the same letters as
operators but without hats. Equations for thec numbers are
easily obtained from equations for the operators since
latter are already written in the normal ordering:
5-4
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ȧ6~ t !52ka6~ t !2 ivpa7~ t !gP6~ t !, ~3.2!

Ṗ6~ t !52g'~11 ia!P6~ t !1g@Na6~ t !2Nb6~ t !#a6~ t !

1FP6~ t !, ~3.3!

Ṅa6~ t !5R2gaNa6~ t !2gc@Na6~ t !2Na7~ t !#

2g@a6* ~ t !P6~ t !1a6~ t !P6* ~ t !#1Fa6~ t !,

~3.4!

Ṅb6~ t !52gbNb6~ t !1g@a6* ~ t !P6~ t !1a6~ t !P6* ~ t !#

1Fb6~ t !. ~3.5!

Correlation functions of thec-number Langevin forces in
these equations are different from the correlation function
the corresponding operator-valued forces in Eqs.~2.30!–
~2.37!. They are calculated from the requirement that
c-number equations for the second moments are identica
the corresponding normally ordered operator equations. A
straightforward calculations, we obtain the following no
zero correlation functions:

^Fa6~ t !Fa6~ t8!&5@ga^Na6~ t !&1gc~^Na6~ t !&1^Na7~ t !&!

1R~12p/2!2g^a6* ~ t !P6~ t !

1a6~ t !P6* ~ t !&#d~ t2t8!, ~3.6!

^Fa6~ t !Fa7~ t8!&5@2gc~^Na6~ t !&1^Na7~ t !&!2pR/2#

3d~ t2t8!, ~3.7!

^Fa6~ t !Fb6~ t8!&5g^a6* ~ t !P6~ t !1a6~ t !P6* ~ t !&d~ t2t8!,
~3.8!

^Fb6~ t !Fb6~ t8!&5@gb^Nb6~ t !&2g^a6* ~ t !P6~ t !

1a6~ t !P6* ~ t !&#d~ t2t8!, ~3.9!

^FP6* ~ t !FP6~ t8!&5@~2g'2ga2gc!^Na6~ t !&

1gc^Na7~ t !&1R#d~ t2t8!,

~3.10!

^FP6~ t !FP6~ t8!&52g^a6~ t !P6~ t !&d~ t2t8!,
~3.11!

^FP6~ t !Fb6~ t8!&5gb^P6~ t !&d~ t2t8!. ~3.12!

Up to this moment we have kept the decay consta
ga ,gb ,g' , andk completely arbitrary. As mentioned in th
literature~see, for example, Ref.@26#!, for our model to de-
scribe a semiconductor laser we have to assume the d
rategb of the lower level to be very large compared to all t
other decay constants. This assumption allows us to adia
cally eliminate the populationsNb6(t). Moreover, the relax-
ation rateg' of polarization in VCSELs is much bigger tha
the relaxation ratega . Therefore, the macroscopic polariz
tions P6(t) can also be adiabatically eliminated. These t
05382
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adiabatic eliminations leave us with equations for the t
upper populationsNa6(t) and the two field component
a6(t). Following the literature we shall introduce the ne
variables of the total carrier populationD(t)5@Na1(t)
1Na2(t)#/2 and the population differenced(t)5@Na1(t)
2Na2(t)#/2. The equations for these variables and two fie
components are

ȧ6~ t !52ka6~ t !2 ivpa7~ t !1c~12 ia!

3@D~ t !6d~ t !#a6~ t !1F6~ t !, ~3.13!

Ḋ~ t !5R2gD~ t !2c~ ua1~ t !u21ua2~ t !u2!D~ t !2c~ ua1~ t !u2

2ua2~ t !u2!d~ t !1FD~ t !, ~3.14!

ḋ~ t !52gsd~ t !2c~ ua1~ t !u22ua2~ t !u2!D~ t !2c~ ua1~ t !u2

1ua2~ t !u2!d~ t !1Fd~ t !. ~3.15!

Here we have defined the spin-flip rategs as gs5ga12gc
and have introduced the following shorthands:

c5
g2

g'~11a2!
, g5ga . ~3.16!

The Langevin forces in Eqs.~3.13!–~3.15! are related to the
Langevin forces in Eqs.~3.2!–~3.5! as follows:

F6~ t !5
g~12 ia!

g'~11a2!
FFP6~ t !2

g

gb
a6~ t !Fb6~ t !G ,

~3.17!

FD~ t !5
1

2
@Fa1~ t !1Fa2~ t !#2

1

2
@a1* ~ t !F1~ t !

1a2* ~ t !F2~ t !1c.c.#, ~3.18!

Fd~ t !5
1

2
@Fa1~ t !2Fa2~ t !#2

1

2
@a1* ~ t !F1~ t !

2a2* ~ t !F2~ t !1c.c.#. ~3.19!

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

Equations~3.13!-~3.15! possess the solutions that can
written in the form

a6~ t !5Qei (Dt6c), D~ t !5D0 , d~ t !5d0 , ~3.20!

and are called stationary solutions because they are cha
terized by constant values of the field amplitudeQ and the
atomic populationsD0 andd0. The only time dependence i
these solutions corresponds to the frequency shiftD with
respect to the resonator frequencyv. These stationary solu
5-5
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tions have been investigated in detail in Refs.@6,21#. We
shall give here the summary of the results that we will ne
for investigation of the fluctuation properties of VCSELs.

First, let us consider the situation without birefringenc
vp50. In this case the expressions forQ,D0, andd0 are

Q5AI s~r 21!, D05
k

c
, d050, ~3.21!

wherer 5R/Rth is the dimensionless pumping rate,Rth is the
threshold pumping rate, andI s is the saturation intensity; th
latter two are given by

Rth5
gk

c
, I s5

g

2c
. ~3.22!

The frequency detuningD in this case isD52ka, and the
phasec is arbitrary. This phase determines the orientation
the linear polarization. We remind here that the linearly p
larized field componentsax(t) and ay(t) are related to the
circularly polarized ones as

ax~ t !5
a1~ t !1a2~ t !

A2
, ay~ t !5

a1~ t !2a2~ t !

A2i
. ~3.23!

These linearly polarized components for the stationary s
tion ~3.21! are given by

ax5A2Qcosc, ay5A2Qsinc. ~3.24!

It should be noted that the arbitrariness of the phasec results
in the phase diffusion of the polarization of the light simil
to the usual phase diffusion typical for the lasers.

WhenvpÞ0, there are in general four types of stationa
solutions; two of them have linear polarization along thex
and y axes, and two other have elliptical polarization. W
shall consider here only linearly polarized solutions beca
only this type of behavior was observed in our experimen
For each of these solutions the phase anisotropy breaks
rotational invariance with respect to the polarization of t
field and the phasec is no longer arbitrary. Thex-polarized
solution corresponds tocx50, and they-polarized solution
to cy5p/2. For both types of solutions the values ofQ,D0,
andd0 are still given by Eq.~3.21!. However, the frequency
detuningsD in Eq. ~3.20! are different for these two solu
tions and equal to

Dx,y52~ka6vp!, ~3.25!

where the upper sign corresponds to thex-polarized solution
and the lower sign to they-polarized one.

The stability of these solutions has also been studied
detail in Ref. @6#. The x-polarized solution is stable fo
pumping rater, such that

r ,r x511
gsvp

g~ka2vp!
, ~3.26!

while they-polarized solution is stable when
05382
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r .r y512
gs

g
12a

vp

g
. ~3.27!

As pointed out in Ref.@6#, two curvesr x(vp) and r y(vp)
divide ther -vp plane into four different stability regions. In
the first region, bothx- andy-polarized solutions are stable
in the second both are unstable, in the third~fourth! only
x(y)-polarized solution is stable. For more details we re
the reader to Ref.@6#. For low pumping rate onlyx-polarized
solution is stable. Therefore, in this paper we restrict o
selves to analyzing the quantum fluctuations around this
lution. More general investigation will be published els
where.

IV. SPECTRA OF THE QUANTUM FLUCTUATIONS

To calculate the quantum fluctuations around the stati
ary solution we shall linearize Eqs.~3.13!–~3.15! around the
steady state given by Eq.~3.20!. As mentioned above we
shall consider here onlyx-polarized stationary solution. Add
ing small fluctuations to the stationary solutions we can w
the field and atomic variables around the steady state as

a6~ t !5@Q1da6~ t !#eiDt, D~ t !5D01dD~ t !,

d~ t !5dd~ t !. ~4.1!

In this equation and in what follows we have dropped t
index x in Dx since we shall be concerned only wit
x-polarized solution. Substituting these expressions into E
~3.13!–~3.15! and linearizing, we arrive at the following
equations for small fluctuations:

d

dt
da6~ t !5 ivpda6~ t !2 ivpda7~ t !1c~12 ia!

3Q@dD~ t !6dd~ t !#1F6~ t !e2 iDt,

d

dt
dD~ t !52~g12cQ2!dD~ t !2cQD0@da1~ t !1da2~ t !

1c.c.#1FD~ t !,

d

dt
dd~ t !52~gs12cQ2!dd~ t !

2cQD0@da1~ t !2da2~ t !1c.c.#1Fd~ t !.

~4.2!

It is convenient to introduce the fluctuations of the linea
polarized components of the field,dax(t) and day(t), de-
fined according to Eq.~3.23!, for which the set of coupled
equations~4.2! decouples in two sets of independent equ
tions for dax(t) andday(t) with the Langevin forcesFx(t)
and Fy(t) defined by the same Eq.~3.23!. Moreover, we
shall define the fluctuations of the amplitude and the ph
quadrature components,dXx(t) and dYx(t), of the
x-polarized field component,
5-6
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dXx~ t !5
1

2
@dax~ t !1dax* ~ t !#,

dYx~ t !5
1

2i
@dax~ t !2dax* ~ t !#, ~4.3!

and similarly for they-polarized component. For these flu
tuations we obtain the following equations:

d

dt
dXx~ t !5A2cQdD~ t !1Rx~ t !,

d

dt
dYx~ t !52A2acQdD~ t !1Sx~ t !,

d

dt
dD~ t !52GdD~ t !22A2kQdXx~ t !1FD~ t !, ~4.4!

and

d

dt
dXy~ t !522vpdYy~ t !2A2acQdd~ t !1Ry~ t !,

d

dt
dYy~ t !52vpdXy~ t !2A2cQdd~ t !1Sy~ t !,

d

dt
dd~ t !52Gsdd~ t !12A2kQdYy~ t !1Fd~ t !, ~4.5!

where the new Langevin forcesRx(t) andSx(t) are defined
as

Rx~ t !5
1

2
@Fx~ t !e2 iDt1Fx* ~ t !eiDt#,

~4.6!

Sx~ t !5
1

2i
@Fx~ t !e2 iDt2Fx* ~ t !eiDt#,

and similarly forRy(t) andSy(t). In Eqs.~4.4! and~4.5! we
have introduced

G[g12cQ25gr , Gs[gs12cQ25gs1g~r 21!,
~4.7!

and used the stationary solutionD05k/c.
To solve Eqs.~4.4! and ~4.5! we take the Fourier trans

form of the field and atomic fluctuations,

dXx~V!5
1

A2p
E

2`

1`

dXx~ t !eiVtdt, ~4.8!

and similarly for all other variables that converts these d
ferential equations into algebraic ones. After a simple alge
we obtain the following expressions for the fluctuations
the amplitude quadraturesdXx(V) anddXy(V):
05382
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dXx~V!5
1

Dx~V!
$~G2 iV!Rx~V!1A2cQFD~V!%,

~4.9!

dXy~V!5
1

Dy~V!
$@2kg~r 21!2 iV~Gs2 iV!#Ry~V!

2@2akg~r 21!12vp~Gs2 iV!#Sy~V!

1A2cQ~2vp1 iaV!Fd~V!%, ~4.10!

with

Dx~V!52 iV~G2 iV!12kg~r 21!, ~4.11!

Dy~V!5~Gs2 iV!~4vp
22V2!12kg~r 21!~2avp2 iV!.

~4.12!

Using Eqs.~3.6!–~3.12! and Eqs.~3.17!–~3.19! we have cal-
culated the correlation functions of the Langevin forc
Ra(t),Sa(t) with a5x,y, andFD(t),Fd(t) for the stationary
regime of VCSEL taking into account the stationary so
tions ~3.20!. The nonzero correlation functions are given b

^Rx~ t !Rx~ t8!&5^Ry~ t !Ry~ t8!&

5^Sx~ t !Sx~ t8!&

5^Sy~ t !Sy~ t8!&

5kd~ t2t8!, ~4.13!

^FD~ t !FD~ t8!&5
k

c
GS 12

1

2
pD d~ t2t8!, ~4.14!

^Fd~ t !Fd~ t8!&5
k

c
Gsd~ t2t8!, ~4.15!

^FD~ t !Rx~ t8!&5^Fd~ t !Sy~ t8!&52kQd~ t2t8!. ~4.16!

Equations~4.9!–~4.12! together with correlation functions
~4.13!–~4.16! allow us to evaluate an arbitrary correlatio
function of the laser light emitted by the VCSEL. It th
paper we shall investigate the intensity fluctuations of diff
ent polarization components of the laser light emitted by
VCSEL. Experimentally, these fluctuations can be measu
by photodetecting the light emitted by the VCSEL after th
light has passed through a polarizer, which selects a part
lar polarization component of the electromagnetic wave@11#.
The most general unitary polarization vectorseW p ,p51,2, se-
lected by a polarizer, can be written as

eW15eW x cosw2e2 ideW y sinw,

eW25eW xsinw1e2 ideW ycosw. ~4.17!

These unitary polarization vectors satisfy the conditioneW p

•eW q* 5dpq . For simplicity we shall considerd50. Experi-
mentally, this situation can be realized in a setup consis
5-7
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HERMIER, KOLOBOV, MAURIN, AND GIACOBINO PHYSICAL REVIEW A65 053825
of a l/2 wave plate and a beam splitter, shown in Fig.
Variation of the anglew is obtained by turning thel/2 wave
plate.

After passing through the polarizer the vectorEW (t) of the
electromagnetic field is projected into the polarization vec
eW p as ap(t)5EW (t)•eW p . Writing the electromagnetic field
EW (t) in terms of thex- andy-polarized components,

EW ~ t !5ax~ t !eW x1ay~ t !eW y , ~4.18!

and using Eq.~4.17!, we obtain the following relations be
tween the field amplitudesap(t), ax(t), anday(t):

a1~ t !5ax~ t !cosw2ay~ t !sinw,

a2~ t !5ax~ t !sinw1ay~ t !cosw. ~4.19!

After selection of a particular polarization component of t
electromagnetic wave determined by the amplitudeap(t),
the light is photodetected and one observes the photocu
fluctuation spectrum (d i p

2)V defined as

~d i p
2!V5E

2`

1`

dteiVt^d i p~0!d i p~ t !&, ~4.20!

where^d i p(0)d i p(t)& is the correlation function of the pho
tocurrent fluctuationsd i p(t)5 i p2^ i p&, and^ i p& is the mean
value of the photocurrent,̂i p&5hc^ap

†ap&; here h is the
quantum efficiency of photodetector, which we shall co
sider to be unity, andc is the light velocity.

Following Ref.@24# the photocurrent fluctuation spectru
can be expressed through the fluctuation spectrum of
amplitude quadrature component of the field inside the la
cavity. We shall define the fluctuations of the amplitude a
phase quadratures of the field with polarization compon
ap(t),

dXp~V!5
1

2
@dap~V!1dap* ~2V!#,

dYp~V!5
1

2i
@dap~V!2dap* ~2V!#. ~4.21!

The spectral correlation functions of these quadratures ad
correlated:

^dXp~V!dXp~V8!&5~dXp
2!Vd~V1V8!,

^dYp~V!dYp~V8!&5~dYp
2!Vd~V1V8!,

^dXp~V!dYp~V8!&5~dXpdYp!Vd~V1V8!, ~4.22!
05382
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with (dXp
2)V and (dYp

2)V being the spectral densities of th
corresponding quadratures, and (dXpdYp)V their cross-
spectral density. In this paper, we have calculated these s
tral densities numerically. The analytical calculations are
progress and we shall publish them elsewhere.

The photocurrent fluctuation spectrum (d i p
2)V normalized

to the shot-noise level given by (d i p
2)V5^ i p&, is related to

the spectral density of the amplitude quadrature compon
as

~d i p
2!V /^ i p&5118k~dXp

2!V . ~4.23!

To calculate the photocurrent fluctuation spectrum~4.23! we
have expressed the spectral densities (dXp

2)V through the
spectral densities of thex- andy-polarized amplitude quadra
ture components, (dXx

2)V ,(dXy
2)V , and their cross-spectra

density (dXxdXy)V using Eqs.~4.19! and~4.21!. The results
are significantly simplified by the fact that, as follows fro
our calculations, the latter cross-spectral density turns ou
be zero, (dXxdXy)V50. Thus we obtain the following ex
pressions for the photocurrent fluctuation spectra (d i 1

2)V and
(d i 2

2)V :

~d i 1
2!V^ i 1&5118k@cos2w~dXx

2!V1sin2w~dXy
2!V#,

~4.24!

~d i 2
2!V^ i 2&5118k@sin2w~dXx

2!V1cos2w~dXy
2!V#.

~4.25!

We have also calculated the cross-correlation spectrum o
photocurrent fluctuations for two orthogonal polarizati
componentseW1 andeW2 defined as

C12~V!5
~d i 1d i 2!V

A~d i 1
2!V~d i 2

2!V

. ~4.26!

This spectrum is normalized asuC12(V)u<1, andC12(V)
521 corresponds to perfect anticorrelations whileC12(V)
51 to perfect correlations. Experimentally, this spectru
can be measured as

C12~V!5
~d i 2!V2~d i 1

2!V2~d i 2
2!V

2A~d i 1
2!V~d i 2

2!V

, ~4.27!

where (d i 2)V is the fluctuation spectrum of the total phot
currenti (t)5 i 1(t)1 i 2(t).

It can be easily shown that this cross-correlation spectr
expressed in terms of the spectral densities of thex- and
y-polarized amplitude quadrature componen
(dXx

2)V ,(dXy
2)V , reads
C12~V!5
8k sinw cosw@~dXx

2!V2~dXy
2!V#

A„118k@cos2w~dXx
2!V1sin2w~dXy

2!V#…„118k@sin2w~dXx
2!V1cos2w~dXy

2!V#…
. ~4.28!
5-8
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QUANTUM SPIN-FLIP MODEL OF VERTICAL-CAVITY . . . PHYSICAL REVIEW A65 053825
Note that measuring experimentally the cross-correla
spectrum~4.28! and one of the spectra~4.24! for a fixed
value of the anglew different fromw50,p/2 we can deduce
both spectral densities (dXx

2)V ,(dXy
2)V .

V. THEORETICAL PREDICTIONS

In this section we shall present several curves of the fl
tuation spectra calculated theoretically from our quant
model. In the following section we shall compare some
these curves with the experimental observations. In Fig. 2
have plotted a set of photocurrent noise spectra (d i 2)V of the
total photocurrent for the regular pumpp51, at different
pump ratesr. These spectra can be observed experiment
by photodetection of the total light beam, i.e., without t
polarizer. Theoretically, they are obtained by putting t
anglew50 in Eq. ~4.24!,

~d i 2!V /^ i &5~d i 1
2!V /^ i 1&w505118k~dXx

2!V . ~5.1!

The cavity decay ratek and the population decay rateg are
calculated from the data given to us by the group of
University of Ulm that has fabricated and provided us w
the samples. The other parameters, namely,g' ,gs ,vp , and
a are taken from the literature. For example, forgs we use
the values given in Refs.@27,28#. For these values the
x-polarized solution is stable forr ,6.5, while the
y-polarized solution is stable forr .131. The spectra plotted
in Fig. 2 are analogous to those obtained with the usual t
level systems@24#. They are dominated by a large exce
noise at the relaxation oscillations frequency. For regu
pumping p51, and high pump rater, the model predicts
squeezing at low frequencies. Indeed, the intensity fluc
tions are only coupled to the fluctuation of the total popu
tion, which is regularly pumped.

We turn now to investigation of the photocurrent noi
spectrum (d i 1

2)V for the light passed through a rotatable p
larizer oriented at the anglew to the polarization of the lase
light. As follows from Eq.~4.24! the spectral density (dX1

2)V

of the amplitude quadrature component after polarization

FIG. 2. Normalized photocurrent noise spectra (d i 2)V /
^ i &(dB) of the total beam for different pump parametersr and
regular pumping p51. The values of other paramete
are k5100 GHz,g51 GHz,g'51000 GHz,gs550 GHz,vp

540GHz, anda53. The standard quantum limit corresponds
(d i 2)V /^ i &50 dB.
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given by the sum of spectral densities of thex- and
y-polarized amplitude quadratures (dXx

2)V and (dXy
2)V with

corresponding transmission coefficients depending on
anglew. This result is equivalent to an interference expe
ment with two independent light waves passing through
beam splitter with the transmission and reflection coefficie
given by cosw and sinw.

In the case of a single-mode laser linearly polarized alo
the x axis, the spectral density of they-polarized componen
is equal to zero, (dXy

2)V50, since it corresponds to th
vacuum state of this polarization component. Equation~4.24!
is applicable to this case as well with the vanishing te
proportional to (dXy

2)V . The difference of VCSELs is that
as demonstrated by our calculations, the contribution fr
the fluctuations of they-polarized component is not zero an
has to be taken into account for correct description of
fluctuation properties of the laser light. In spite of the fa
that the mean amplitude of they-polarized field component is
zero, it gives the contribution to the photocurrent noise sp
trum (d i 1

2)V due to the interference of fluctuations of th
component with the nonzero field amplitude of th
x-polarized component. The situation is similar to the hom
dyne detection with thex-polarized field component playing
the role of the local oscillator.

Let us now consider the effect of the birefringencevp on
the photocurrent noise spectra. The birefringence has no
fluence on the photocurrent noise of the total laser be
Indeed, as follows from Eq.~5.1! the photocurrent noise
spectrum (d i 2)V is related to the spectral density of th
x-polarized amplitude quadrature (dXx

2)V . In turn, we ob-
serve from Eqs.~4.9!,~4.11! and~4.13!–~4.16! that this spec-
tral density is independent ofvp . On the contrary, the role o
the birefringence is very important in the photocurrent no
spectrum (d i 1

2)V of the light passed through the polarizer.
Puttingvp50 in Eq. ~4.12!, we obtainiV as a factor in

this denominator, which gives a divergence at low frequ
cies in the spectral density (dXy

2)V of the y-polarized com-
ponent. Since this spectral density appears in the photo
rent noise spectrum (d i 1

2)V , the spectrum also diverges a
low frequencies. This is illustrated in Fig. 3, where we ha
plotted the photocurrent noise spectra of the polarizat

FIG. 3. Photocurrent noise spectra (d i 2)V of the total beam
~curvea) and (d i 1

2)V of thew545° polarization component~curve
b) for r 56, p51, without birefringence,vp50. All other param-
eters are as in Fig. 2.
5-9
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componenteW1 for w5p/4 and of the total beam. We notic
that the photocurrent noise of the polarization compon
tends to infinity as the frequencyV approaches zero. Thi
result is easily understood if we remember that the phasc
in the stationary solution without birefringence is not det
mined and remains arbitrary. It experiences the phase d
sion as the optical phase in usual single-mode lasers@24#
with typical diverging behavior at zero frequency.

If vpÞ0, the phasec is no longer arbitrary. For the
x-polarized solution it isc50. Respectively, there is n
phase diffusion related to the phasec, and the fluctuations a
low frequencies in the photocurrent spectrum remain fin
In Fig. 4, we have plotted the photocurrent noise spectr
(d i 1

2)V at w5p/4 for the same parameters as in Fig. 3 exc
the birefringencevp540 GHz. As expected, the large e
cess noise at low frequencies is suppressed.

In Fig. 5 we have given the photocurrent noise spectr
(d i 1

2)V at a fixed frequencyV510 MHz as a function of the
polarization anglew for the pumping rater 51.85. In the
same figure we have shown the value of the shot noise o
filtered VCSEL beam and the photocurrent noise of a la
beam polarized alongx axis and filtered by a polarizer. Th

FIG. 4. Photocurrent noise spectra (d i 2)V of the total beam
~curvea) and (d i 1

2)V of thew545° polarization component~curve
b) for r 56, p51, and birefringence equal tovp540 GHz. All
other parameters as in Fig. 2.

FIG. 5. Photocurrent noise (d i 1
2)V at V510 MHz of the beam

filtered by a polarizer versus the anglew ~a!, the shot-noise level of
the filtered beam at the same frequency~b!, and the photocurren
noise of asingle-polarization-modefiltered beam having the sam
intensity noise as the VCSEL beam~c!. Pump parameterr 51.85.
All other parameters are as in Fig. 2.
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results of Fig. 5 confirm that the VCSEL beam cannot
considered as a laser beam polarized along thex axis as far
as the photocurrent noise is concerned. Owing to the in
ference of quantum fluctuations of the subthresh
y-polarized component with thex-polarized field amplitude,
the photocurrent fluctuations for intermediate positions of
polarizer are higher than fluctuations of a correspond
x-polarized beam. This effect is even more pronounced
higher pumping rates as illustrated in Fig. 6 where we ha
takenr 56.

The increase of the photocurrent noise at intermediate
ues ofw can be easily understood with our model. Indee
Eq. ~4.24! gives, for example, forw5p/4,

~d i 1
2!V /^ i 1&w5p/45114k@~dXx

2!V1~dXy
2!V#. ~5.2!

Therefore, for (dXy
2)V.(dXx

2)V the photocurrent noise afte
polarization is higher than the noise of the total beam.

We have already seen that the amplitude correlations
tween thex-polarized andy-polarized components are equ
to zero. However, for orthogonally polarized componentseW1

andeW2 these correlations can reach very high values. In F
7 we have plotted the cross-correlation functionC12(V) for
w5p/4 as a function of the frequencyV. At low frequencies
the total intensity noise is 72% below the shot noise due
the regular pumping. The two photocurrentsi 1 and i 2 at w
5p/4 are strongly anticorrelated andC12 is close to21. At
higher frequencies the total intensity noise is very high ab

FIG. 6. Same curves as in Fig. 5 but for higher pumping r
r 56.

FIG. 7. Cross-correlation spectrumC12(V) for w5p/4. All pa-
rameters as in Fig. 4.
5-10
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QUANTUM SPIN-FLIP MODEL OF VERTICAL-CAVITY . . . PHYSICAL REVIEW A65 053825
the shot noise, especially near the frequency of the relaxa
oscillations. The two polarization components present v
large classical noise and are strongly correlated withC12
close to 1. This situation is similar to the case of two opti
beams with large excess noise after a 50/50 beam sp
~see Fig. 8!. Since for large excess noise we can neglect
shot noise of the total photocurrent, the photocurrent dif
enceI A2I A8 is very small while the sumI A1I A8 gives the
intensity noise of the total beam. This means that the be
A andA8 are strongly correlated.

Finally, in Fig. 9 we consider the variation of the cro
correlationsC12 at a fixed frequencyV510 MHz with the
anglew. We observe from Fig. 9 that forw5p/4 the two
polarizations components are strongly anticorrelated w
C125268%. At the same time these two polarization co
ponents have a large excess noise of 738% above the
noise level.

In the following section we shall compare our theoretic
predictions with the experimental results obtained for
high-quality VCSELs.

VI. EXPERIMENTAL RESULTS

We use oxide-confined VCSELs~made at the Departmen
of Optoelectronics of the University of Ulm! with different
active media diameters, 3 –20mm. The devices are sche
matically represented in Fig. 10. They consist of carb
doped p-type AlGaAs/AlGaAs and silicon-dopedn-type
AlAs/AlGaAs Bragg reflectors with pairs of quarter wav
length thick layers. The top~bottom! mirror has a reflectivity
of 99.8% (99%). They are coated on each side by a cladd
layer containing the three active 8 nm-thick GaAs quant
wells. The emission wavelength is about 840 nm. The ox
aperture provides both current and optical confinements.
devices are attached to a copper plate using silver paste

We take advantage of the principle of pump-noise s
pression to minimize the noise in the laser output. For t

FIG. 8. Correlated beams obtained with a beam splitter.

FIG. 9. Cross-correlationsC12 at V510 MHz vs the anglew.
All parameters are as in Fig. 4.
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purpose, a homemade low-noise power supply with an
propriateLC filter provides the regular electrical current th
drives the VCSELs. The VCSELs are also thermally sta
lized with an active temperature stabilization. With this s
bilization, we were able to operate at a fixed temperat
with a drift as small as 0.01 °C/h. The emitted beam is c
limated by an antireflection coated microscope objective
cated at a distance of 2 mm from the laser output. This
jective has a large numerical aperture~5 0.6! to avoid
optical losses that would deteriorate the squeezing. To m
sure the intensity noise and the corresponding shot noise
standard scheme consists of a polarizing beam splitter
separates the beam emitted by the laser into two equal p
that are detected by means of high quantum efficiency
anced photodiodes. The sum of the two photocurrents is
portional to the intensity noise of the total beam while t
difference is proportional to the corresponding shot no
@29#. However, in our case it is better to use only one ph
todiode~FND100, bandwidth 1–20 MHz, and quantum ef
ciency of 90%). Indeed, because of the multimode opera
with two orthogonal linear polarizations, the shot noise o
tained with a balanced detection would not be reliable. F
this reason we preferred to use a separately calibrated
noise. The shot-noise reference is obtained by a balan
detection of a standard, edge-emitting laser diode beam
has an intensity noise less than 1 dB above the shot-n
level in the range of frequencies of 1–20 MHz. We carefu
checked the linear dependence of the calibrated shot-n
signal with the optical power incident on the photodiode
The shot noise obtained with this method was in agreem
within 0.1 dB with the value obtained from a thermal lig
generating the same dc current on the photodiode. The p
todiode is connected via a low-noise homemade ampli
~with a CLC425! and electronic amplifier~Nucletude 4-40-
1A! to a spectrum analyzer~Tektronics 2753P!. With this

FIG. 10. Schematic representation of the VCSEL.

FIG. 11. Experimental setup to measure the intensity noise
the polarization components.
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setup the electronic noise was more than 6 dB below
signal for a typical detected power of 1.5 mW. In our expe
ment we could also perform a spectral analysis of the la
beam with a high-resolution monochromator~0.03 nm at 840
nm!. At the output of the monochromator, the relative pow
of the individual transverse modes are measured with a p
todetector and their polarizations are determined usin
Glan polarizer~extinction ratio 1024).

To measure the intensity noise of the polarization com
nents we use a half-wave plate and a beam splitter~see Fig.
11!. In the following, the measured intensity noise is co
rected for optical losses.

Our VCSELs have a mean quantum efficiency of 50
and a threshold of 1 mA. For all samples the first mo
above threshold is the linearly polarized TEM00 mode. When
the driving current is increased, other transverse modes
to oscillate. At pump rates higher thanr 52 the VCSELs
always operate with several transverse modes above th
old. Since squeezing is predicted theoretically for pump ra
higher thanr 52 we were not able to obtain squeezing in
single-mode operation. At very high pump rates the la
beam is composed of transverse modes having the s
transverse intensity distributions but orthogonal linear po
ization. In this case we can evaluate the birefringencevp by
measuring the optical frequency shift between the ortho
nally polarized modes. This frequency shift is found to be
GHz, which givesvp540 GHz.

For our most recent samples, in single-mode operat
the intensity noise measured in the direction orthogona
the polarization of the lasing mode is very weak~close to the
electronic dark noise!. Even if our VCSELs do not exhibi
squeezing in a single-mode operation, the intensity nois
the lasing mode is very close to the standard quantum l
where quantum effects become important. Therefore, to
into account these quantum effects we have developed a
quantum model. In this case we expect a good agreem
between the predictions of our model and the experime
results. In Fig. 12 we have shown the results obtained fo

FIG. 12. Photocurrent noise spectrum (d i 1
2)V vs the anglew.

Experimental results are shown by black triangles; curve~a! corre-
sponds to the theoretical predictions, curve~b! gives the shot noise
of the filtered beam, and curve~c! the noise of a single-polarization
mode filtered beam having the same intensity noise as the VC
beam. The values of the parameters arek5100 GHz,g51 GHz,
g'51000 GHz,gs550 GHz, vp540 GHz, a53, r 51.85, and
V510 MHz atp51.
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pump rater 51.85. To compare our experimental results w
theoretical predictions, we adjust the shot noise atw50 to
the calculated shot-noise level. This corresponds to a norm
ization of all our curves and leaves no adjustable free par
eters. In Fig. 12 we notice a very good agreement betw
the theoretical predictions and the experimental results.

We have also measured the cross-correlationsC12 at V
510 MHz between orthogonal polarization components a
function of the anglew of the polarizer~see Fig. 13!. Once
more, the agreement is very good. Moreover, our experim
tal results confirm that thex- y-polarized components are no
correlated.

All these results confirm experimentally that the VCSE
cannot be considered as single-polarization-mode lasers
one side, the intensity noise of the total beam is equal to
noise of thex-polarized component and the quantum fluctu
tions of they-polarized component are not detectable. Ho
ever, for thew5p/4 polarized component we obtain bo
theoretically and experimentally an excess noise greater
the noise of the total beam. This result cannot be explai
without taking into account the fluctuations of the subthre
old y-polarized component of the laser light.

VII. CONCLUSION

In conclusion, we have presented a full quantum mo
for VCSELs operating with one linearly polarized transver
mode above threshold driven by a sub-shot-noise electr
current. This model allows us to calculate the photocurr
noise for photodetection of the total laser beam and of
beam passed through a polarizer oriented at some arbi
angle to the polarization of the laser light. We demonstr
that as far as the photocurrent noise is concerned, VCS
cannot be considered as single-polarization-mode las
Namely, the quantum fluctuations of the nonlasing mo
with polarization component orthogonal to that of the lasi
mode must be taken into account. When the beam is filte
by a polarizer, the fluctuations of this subthreshold field co
ponent interfere with the field amplitude of the lasing mo
and the intensity noise of the filtered beam may beco
higher than the total intensity noise. We also demonstr
that two orthogonally polarized components of the beam
ter the polarization can be strongly anticorrelated.

L

FIG. 13. Cross-correlationsC12 at V510 MHz vs the anglew.
Experimental results are shown by black triangles, solid curve
responds to the theoretical predictions. The values of the param
are the same as in Fig. 12.
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Our experimental results confirm the theoretical pred
tions of our model for VCSELs having an intensity noise
the lasing mode very close to the standard quantum lim
Our model could also be used for VCSELs exhibiting inte
sity noise squeezing in a single-mode operation. We h
observed the increase of the intensity noise in the beam
the polarization over the intensity noise of the total beam.
have also confirmed experimentally the predictions conce
ing the anticorrelations between the two orthogonal polar
tion components. These characteristics are analogous to
anticorrelations observed in the multimode operation, wh
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are capable of producing squeezing@4,20# and transverse
spatial structures@30,31#.
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