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We present a detailed theoretical study of a method for slowing light based on the oscillations of Zeeman
coherences in a double two-level system [Hashmi, F.A.; Bouchene, M.A. Phys. Rev. A 2008, 77, 051803(R)].
This method does not require the presence of any trapping state. We focus on the properties and the limitations
of such a method and compare it to previous ones. We also investigate the possibility of obtaining fast light and
to store the light with such a method.
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1. Introduction

The interest in light propagation in resonant atomic
media has been renewed these last years with the
realization of spectacular experiments where slow and
fast light can be produced [1]. These studies have
opened up a new domain with an enormous potential
for applications in optics. The key idea to slow light
is to create a narrow transparency window in the
absorption spectrum of a pulse as it propagates in a
medium. Because of the Kramers–Krönig relations,
an abrupt variation of the refraction index is in line
with this transparency window leading to a strong
reduction of the group velocity for a light pulse that
propagates through the medium. The early demonstra-
tions of slow light propagation [2,3] were achieved
via electromagnetically induced transparency (EIT) [4].
The standard scheme for this effect is a three-level �
system excited by a sequence of two fields – a weak
probe and a much stronger control – each driving a
separate transition of the system. When the two-
photon resonance condition is realized, all the atoms
can be coherently trapped in the dark state rendering
the system transparent to both fields. This is coherent
population trapping (CPT) that plays an important
role in many phenomena in optics [5]. Slow light
has been also investigated in double � systems that
were intensively studied in the past in the context
of resonant nonlinear optical phenomena [6]. These
systems can exhibit EIT phenomena for equal strength
pulses having special phase relation between them [7].
For these matching conditions, a dark state arises

in the system, leading to CPT and hence to slow [8] and
stored light [9,10]. Another method to slow light makes
use of coherent population oscillations (CPO) and can
be implemented in a two-level system [11]. A pair of
fields with different frequencies (pump and probe,
respectively) induces a temporal grating in the popu-
lation of the excited states. The self-diffraction of
the pump beam by the grating reinforces the radiation
at the probe frequency thus compensating for some
absorption of the probe by the atomic medium.
A spectral hole with a width fixed by the population
relaxation rate is created inside the probe spectral
absorption profile making slow light possible. A recent
important development of slow light studies is the
possibility to make optical quantum memories by
stopping light [12]. Many alternative techniques have
also been proposed to obtain optically controllable
delays for telecommunication purposes [13] but light
velocities achieved here are far from those obtained
with EIT.

In a previous paper [14], we have presented the
principle of an alternative method that can lead to very
small group velocity based on Zeeman coherence
oscillations (ZCO). It can be used for a linearly
polarized probe pulse as it propagates through a
double two-level system driven by an orthogonally
polarized control field. The space/time modulation
of the total polarization induces a grating in the
Zeeman coherences which diffracts the control field
into the probe field compensating for the absorption
of the latter. In our situation, the control field is much
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stronger than the probe and an angle is introduced
between the beams. The matching conditions are not
satisfied and thus no dark state exists in the system,
ruling out the possibility of transparency or slow light
through CPT as was the case in previous studies in
a four-level system [8–10]. Our method is in strong
analogy with CPO in a non-collinear geometry [15] but
in our case, it is the coherence that is oscillating
and not the population. However, the transparency
window exhibits characteristics similar to EIT method.
This may suggest that EIT and CPO that are consid-
ered as fundamentally different methods are closer
than expected. Indeed, all these methods (EIT, CPO
and ZCO) can be described as different manifestations
of the wave mixing induced by the two exciting fields.
The transparency results from a balance between the
absorption of the probe and diffraction of the control
field off some grating. Indeed, the EIT method can also
be described in this way for a degenerate � system and
results from a scattering process in which the control
beam is diffracted by the ground level Zeeman
coherences [7,10]. This feature is generally overlooked
in the literature because of the more powerful descrip-
tion based on the dark state, but it can be the key idea
for implementation of slow light in more complex
systems where no dark state exists.

In the present paper, we present a complete study
of this phenomenon (ZCO) emphasizing the role of

limiting effects, and we also demonstrate the possibility
to store light. This paper is organized as follows.
In Section 2, we present the theoretical model giving
the equations of evolution of the atomic quantities
and the equation of propagation for the probe field.
In Section 3, we determine the optical susceptibility
for the probe emphasizing the ‘Zeeman coherence
oscillation’ phenomenon. In Section 4, we discuss the
process of slow and fast light using this effect and in
Section 5 we discuss the limitation of this method
emphasizing the role of the Doppler effect, the ground
Zeeman coherence relaxations and non-linear effects.
In Section 6, we demonstrate the propagation of a
polariton and we show the possibility to store light.
Finally, in Section 7, we conclude by summarizing the
properties of this method and comparing it with other
methods.

2. Theoretical model, equations of evolution

Consider on a single atom the F¼ 1/2!F¼ 1/2 tran-
sition with energy �h!0 excited by two orthogonally
polarized fields that propagate in different directions
(Figure 1). The electric fields are E�(r, t)¼ e�"�(r)�
exp[�i(!�t� k�r)]þ c.c. and E�(r, t)¼ e�"�(r) exp[�i�
(!�t�k�r)]þ c.c. We choose the axis of quantification
such that E� (the control field) and E� (the probe)
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Figure 1. (a) The double two-level system and (b) the field configurations. See text for definition of parameters.
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have, respectively, � and � polarizations. The system is
equivalent to a double two-level system in which the �
polarized field excites the states with identical
mF and the � polarized field couples cross-transitions.
Throughout the paper, the control beam is considered
to be much stronger than the probe.

The evolution of the density matrix � in the
interaction picture (phase oscillation between ground
and excited states in exp(�i!�t)) is given by:

i�h@t� ¼ H, �½ � þ �G�: ð1Þ

With the Hamiltonian H given within the rotating
wave approximation in the basis set {jai, jbi, jci,
jd i} by:

H¼��h

0 0 O�p O�s expðiFÞ

0 0 O�� expðiFÞ �O�p

Op Os expð�iFÞ �Dp 0

Os expð�iFÞ �Op 0 �Dp

0
BBBBB@

1
CCCCCA
ð2Þ

and the relaxation matrix �G� given by

�G� ¼

Gp�cc þGs�dd �Gzg�ab �Gd�ac �Gd�ad

�Gzg�ba Gp�dd þGs�cc �Gd�bc �Gd�bd

�Gd�ca �Gd�cb �G�cc �Gze�cd

�Gd�da �Gd�db �Gze�dc �G�dd

0
BBBBB@

1
CCCCCA

;

ð3Þ

here O�¼d"�/�h and O�¼d"�/�h are the Rabi frequency
associated with the � and � polarized fields respec-
tively, D�¼!0�!� is the detuning of the control field
and F¼Dt� �kr is the dephasing between the two
pulses (D¼!��!� and �k¼ k�� k�). The excited state
populations �cc and �dd relax with the rate �¼G/3 into
the ground state with identical mF and G�¼ 2G/3 into
the ground state with different mF. The coherences �ac,
�ad, �bc and �bd relax with the rate Gd, the ground and
excited Zeeman coherences relax with the rate Gze

and Gzg, respectively. In the absence of non-radiative
homogeneous dephasing processes, (Gzg,Gze,Gd)
reduces to (0,G,G/2).

The modification of the probe field is determined by
the behavior of the coherence ��¼ �cbþ �da that
radiates the � polarized light. The evolution of �
leads to the following equations where we have
defined the ground and excited states populations
ng¼ �aaþ �bb and ne¼ �ccþ �dd¼ 1� ng, the coherence
��¼ �ca� �db responsible for the � polarized radiated
field, and the imaginary parts of the ground and excited
Zeeman coherences as �zg¼ 2iIm(�ab), �ze¼ 2iIm(�cd):

i@t�s ¼ �Op �zg þ �ze
� �

þ Os expð�iFÞ r, tð Þðne � ngÞ

þ �D
�

p�s , ð4Þ

i@t�p ¼ Op ne � ng
� �

þ Os exp½�iFðr, tÞ� �zg þ �ze
� �

þ �D
�

p �p , ð5Þ

i@tng ¼ 2i Im Op�
�
p þ Os exp½�iFðr, tÞ���s

� �
þ ineG , ð6Þ

i@t�zg ¼ 2Re Os exp½�iFðr, tÞ���p � Op�
�
s

� �
� iGzg�zg,

ð7Þ

i@t�ze ¼ i@t�zg � i Gze�ze � Gzg�zg
� �

, ð8Þ

with �Dp ¼ Dp þ iGd. The relaxation rate for ground

Zeeman coherence Gzg will be considered zero through-

out this paper except in Section 5.2 when discussing

the limitation of our method. In relations (4), only the

imaginary parts of the Zeeman coherences �zg and �ze
contribute to ��. This is a consequence of the symmetry

of our system and can be understood in the following

manner. The diffraction of the control field O� from

�ab creates the coherence �cb and (because of the

opposite sign of dipole moment on jbi$ jd i transi-

tion) the diffraction of �O� from (�ab)
* is involved in

creation of �da. This makes the contribution of the real

part of �ab to the total coherence ��¼ �cbþ �da go

to zero. The same argument holds for the contribution

of Re(�cd) to �� and for the contribution of these

Zeeman coherences to ��. The probe field is modified

during propagation according to the following equa-

tion with y¼ k�r/kk�k:

@Os

@y
þ
1

c

@Os

@t
¼ i�0Gd ~�s ð9Þ

with �0¼Nd2!0/2c�h"0Gd the field absorption coeffi-

cient at the line-center, N is the atomic density and ~�s
is the part of the coherence �� that radiates in the

direction of the � field. The expression for ~�s will be

detailed below. We assume throughout the paper that

the control field is such jO�j� jO�j and is not modified

by the sigma pulse. During propagation, the control

field experiences absorption and dispersion that are

also assumed to be negligible. This imposes, however,

a maximum propagation length. Next we determine

the spectral response of the system with respect to the �
field. The spectral response of the

system is characterized by the effective suscepti-

bility � ¼ ½ð2�0=kÞGd � ~�s=Os with k¼!0/c and

depends on the spatial configuration of the fields.

When no control field is present, the resolution

of (4) in the stationary regime, for a weak intensity

of the probe (jO�j� (GGd)
1/2) gives �¼�lin with

�lin¼ (2�0Gd/k)/(�iGdþD�) the linear susceptibility

(D�¼!0�!�).
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3. Coherent Zeeman oscillations

When the beams propagate in different directions, the
Hamiltonian and the polarization of the total field are
modulated in space and time allowing the Floquet
expansion of the density matrix as � ¼

Pn¼þ1
n¼�1 �

�ðnÞ expð�inFÞ. The part of the coherence that radiates
in the direction of the � probe field is thus ~�s ¼ �

ð1Þ
s .

An important remark has to be pointed out at this
level. The part �ð�1Þs of the coherence radiates a field
in the 2k�� k� direction if phase matching is satisfied.
Because the medium is optically thick, this radiation
may modify substantially the behavior of �ð1Þs . This
requires that an angle �4 (	/L)1/2 (L the length of the
medium, 	 the wavelength) be introduced between two
pulses. When the probe is weak (jO�j� jO�j, (GGd)

1/2),
the stationary solution for �ð1Þs can be derived
from (4)–(9) as:

�ð1Þs ¼
�D
�

p � D
� ��1

Os nð0Þg � nð0Þe

� �
þ Op �ð1Þ

Zg
þ �ð1Þ

Ze

� �h i
:

ð10Þ

Here,

nð0Þg � nð0Þe ¼
G2
d þ D2

p

4 Opj j
2G�1Gd þ G2

d þ D2
p

is the static part of the difference of population and the
first term in Equation (10) shows the absorption of the
probe by this population. This absorption is compen-
sated by the second term which represents the scatter-
ing of the control field off the Zeeman spatial-temporal
grating. This second term also accounts for the cross-
Kerr effect [16]. In the stationary regime we have:

�ð1Þzg þ �
ð1Þ
ze ¼�

Os

Op
nð0Þg � nð0Þe

� �
1�D �D

�

p�D
� �

WðD, �DpÞ

h i

ð11Þ

with

W ¼
Opj j

2M �D
�1

p þ Dþ �Dp
� �h i

2 Opj j
2M Dþ iGdð Þ þ D �D

�

p � D
� �

Dþ �Dp
� � ð12Þ

and M¼ (2Dþ iGze)/(Dþ iGze). The modulation depth
of the Zeeman grating is of course weak since
�ð1Þzg þ �

ð1Þ
ze / Os=Op but the diffraction of the control

field gives a contribution to the �� coherence that
has the same order of magnitude as the absorption
part. Perfect compensation between the two effects is
obtained when the two fields have the same frequency
(D¼ 0). This creates a transparency window in the
spectral absorption profile of the probe field. It is to be
noted that this perfect transparency is realized without
any dark state in the system. Indeed, we can identify
two � systems {jai, jbi, jci} and {jai, jbi, jd i} in our

double two-level system and define dark states

jDi¼�O� exp(�iF)jai þO�jbi and jD0i ¼O�jai þ
O� exp(�iF)jbi, respectively. When the matching

condition ½Os expð�iFÞ�2 ¼ �O2
p is satisfied, the two

� systems share a common dark state making CPT

possible. This situation has been identified and studied

in four-level systems by many groups [8–10]. In our

situation, the control field is much stronger than the

probe jO�j� jO�j, F is spatially dependent and so no

dark state exists.
The effective susceptibility of the system for the

probe field is � ¼ ½ð2�0=kÞGd��
ð1Þ
s =Os. Using (6)–(8),

we get:

� D,Dpð Þ ¼ D
2�0Gd

k
nð0Þg � nð0Þe

� �
WðD, �DpÞ: ð13Þ

Figure 2 shows the behaviour of the real and imaginary

part of the susceptibility � as a function of the detuning

D between the fields for different strengths of the

control field with jO�j5Gd. Two important features

appear. First, the absorption profile Im(�) exhibits a

dip whose minimum is 0 for D¼ 0, as has been

discussed before. Secondly, the width of the dip

decreases as the control intensity is decreased.

Correspondingly, the dispersion profile Re(�) exhibits
a very abrupt variation around D¼ 0. A simplified

expression for the width of the dip can be derived in the

limit jO�j, D�, D�Gd, Gze as follows:

Im� D,Dpð Þ ’
�0
k

Opj j
�4G2

dD
2=2

1þ Opj j
�4G2

dD
2=4

� � : ð14Þ

This is an inversed Lorentzian profile with a width

�4jOpj
2G�1d . The relative width of the induced trans-

parency window compared with the absorption profile
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Figure 2. Profiles of the real and imaginary parts of the
susceptibility for the probe beam for different values of the
control Rabi frequency jO�j5G. The other parameters
are D�¼ 0, Gd¼ 0.5G, Gze¼G and Gzg¼ 0.
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(linewidth 2Gd) is then 2jO�/Gdj
2 and can be reduced

significantly by decreasing the control field intensity.
When jO�j 	Gd, expression (14) for Im(�) is no

longer valid and the susceptibility exhibits different

behaviour. These changes are shown in Figure 3. The

absorption always vanishes for D¼ 0, but the absorp-

tion profile breaks into several peaks with the possi-

bility to obtain gain energy for the probe: the

diffraction of the control field over compensates

for the absorption of the probe. This is reminiscent

of CPO behaviour in a two-level system when satura-

tion occurs [17].

4. Slow and fast light

The opening of a narrow transparency window in the

absorption profiles leads to the possibility of slow

propagation of the probe provided its spectrum is

contained within the window. For that, the pulse

duration T of the probe must satisfy certain conditions.

Indeed, 4jOpj
2G�1d is the spectral width over which

Im� is negligible but any small absorption of the probe

outside this window is greatly enhanced during

propagation. This absorption (for probe intensity) is

given by exp(�kLIm�) and hence the transparency

window is reduced to 4jOpj
2G�1d =ð�0LÞ

1=2. Thus, we

need to have T� (�0L)
1/2
jO�j

�2Gd/4 in order to

observe slow light effects without pulse distortion.
The group velocity for the probe pulse is

vg ¼ c 1þ
Reð�Þ

2
þ
!0

2

@Reð�Þ

@D

� ��1
D¼0

:

Using relation (13), we find that:

vg ¼ c 1þ
c�0Gd

2 Opj j
2
gðOp,DpÞ

� ��1
ð15Þ

with

gðOp, �DpÞ ¼
�Dp
�� ��2� Opj j

2

4 Opj j
2GdG�1 þ �Dp

�� ��2 :
For weak intensities of the control field such as

jO�j�Gd, we have g’ 1 and thus vg¼ c[1þ (c�0Gd/
jO�j

2)]�1. Very small group velocities can be reached
when decreasing the control field intensity and/or
increasing the atomic density of the medium. Using
jO�j ¼ (d/�h)(I�/2c"0)

1/2, where I� is the control
field intensity, we obtain vg’ 2I�/N�h!0. For
I�¼ 1mWcm�2, 	¼ 671 nm and N¼ 1012 at cm�3,
we get vg’ 60m s�1. The group delay 
 ¼ Lðv�1g � c�1Þ
can be approximated as (�0L/2jO�j

2)Gd. An important
parameter for slow light methods is the figure of merit

/T. Because T� (�0L)

1/2
jO�j

�2Gd/4 ensures that the
whole probe spectrum is located within the transpar-
ency window, the optical depth �0L has to be large
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Figure 3. Profiles of the real and imaginary parts of the susceptibility for the probe beam when increasing the Rabi frequency
of the control field (jO�j 	G). The other parameters are D�¼ 0, Gd¼ 0.5G, Gze¼G and Gzg¼ 0. Complex structures appear.
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enough to obtain a good figure of merit. The maximum
value for the optical depth is limited by the pump
absorption and for a configuration where the pump
and the probe beams have only a small angle between
them, it can not exceed a few units. This difficulty can
be overcome if a distributed configuration is used for
which the control crosses the medium and the probe
beam transversally [15]. The attenuation of the control
field is then negligible and L is limited only by the
transverse dimension of the pump beam.

For jO�j�Gd, g ’ �G�1d G=4 and vg’ c[1� (c�0G/
8jO�j

2)]�1. The system turns into a fast light medium.
The maximum value for vg is obtained when jO�j ’
Gd¼G/2 and is vg’ c[1� (c�0/2G)]

�1. Even negative
group index and backward propagation are possible
if c�04 2G. For instance, if G’ 37MHz (transition
2S1/2F¼ 1/2! 2P1/2F¼ 1/2 of 6Li) and N¼ 1011 at
cm�3 we get vg’�2� 103m s�1.

5. Limiting effects

Many effects can modify the ideal behavior exposed
in the previous paragraph. In addition to the absorp-
tion of the pump that can severely limit the propaga-
tion length if a distributed pump configuration is not
used, three effects have to be studied: the Doppler
effect that has to be taken into account for a vapour
gas, the decoherence of the ground state Zeeman
coherences due to for instance depolarizing collisions
(Gzg 6¼ 0) and non-linear effects when the ratio jO�/O�j

is not negligible. This latter situation is important with
regard to storing light.

5.1. Doppler effect

In a vapour gas, the Doppler effect has to be taken
into account. The averaged �avg(D,D�) is obtained
by summing the contributions of various velocities
that follow a Maxwellian distribution f(v)¼

Q
i¼x,y,z

fi (vi); fi(vi)¼ (1/u�1/2) exp[�(vi/u)
2], u¼ (2kBT/m)1/2 (kB

is the Boltzmann constant and T is the temperature):

�avgðD,DpÞ ¼

ððð
� Dþ ðks � kpÞv,Dp � kpvð Þ f ðvÞ d3v:

ð16Þ

The effect of Doppler averaging for large angle �
between the beams is dramatic and spoils the
transparency. Indeed, the susceptibility is averaged
over a frequency width of the order of (2k sin �/2)u
around the detuning D. At room temperature, ku lies in
the GHz region. In the distributed pump configuration
�¼�/2 and the susceptibility is thus averaged over a
spectral domain that exceeds largely the transparency
window width 4jOpj

2G�1d that lies in the MHz or less.
Moreover, for �¼�/2, the condition to obtain trans-
parency is ku� 4jOpj

2G�1d =2
1=2 and from (15), we have

u� (�/21/2)vg(	�0). In the distributed pump configura-
tion, the maximum value of ��10 is given by the
transverse dimension of the atomic beam. For
	¼ 0.6 mm, ��10 ’ 3mm for the desired value of
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Figure 4. Influence of Doppler effect on the absorption profile (Im(�avg)) for two different situations (a) �d¼G and �¼�/2
(distributed pump intensity) (b) �d¼ 10G �¼ 0.1 mrad (nearly parallel beams). The other parameters are O�¼ 0.1G, D�¼ 0,
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group velocity vg¼ 300m s�1, we need u� 0.1m s�1

corresponding to a temperature in the micro Kelvin
range (for Li atom). Ultracold atoms have to be used.

The severity of the Doppler effect is exhibited in
Figure 4(a) where the Doppler width �D¼ ku is equal
only to G. The spectral hole in the imaginary part
of the integrated susceptibility �avg is clearly washed
out. We show now that the use of a smaller angle can
reduce the Doppler effect. Indeed, for an angle �
between the beams such as � � 4jOpj

2 G�1d =ku, the
susceptibility has to be averaged only around D�
and reduces to �avgðD,DpÞ ’

Ð þ1
�1

�ðD, �Þ f ð�=kÞ d�=k
(and D�� �D). Figure 4(b) exhibits the sensitivity of
the optical response to the Doppler effect in this
case. The spectral hole induced by the presence of the
control field still remains for �D¼ 10G indicating a
robust behavior with respect to inhomogeneous
effects. This result can be explained from the depen-
dence of the susceptibility (13) with the detuning �
instead of D�. As seen above, �¼ 0 for D¼ 0 whatever
� is. The spectral hole is still present and only its width
can be modified as a consequence. We can distinguish
between atoms for which the detuning lies within
the homogeneous absorption profile (�5Gd) and those
outside this profile (�4Gd). The first kind of atoms
will have identical contributions since � ’ iGd and the
hole generated by these atoms exhibits an unchanged
width �4jOpj

2G�1d . For atoms with detuning outside
the homogeneous profile, we have � ’ � and the
susceptibility �(D, �) turns out to be an odd function
of �. The contribution of atoms outside the homoge-
neous profile is thus cancelled pair by pair. Only atoms
with a resonance frequency located within the homo-
geneous profile contribute efficiently to the integrated
susceptibility �avg. Note, however, that the situation
of a small angle such as the Doppler width can be
neglected correspond to a propagation length for
the control field that is comparable to that for L
of the probe. The maximum available optical depth
�0L is only a few units making the figure of merit very
small in this case.

5.2. Ground state Zeeman decoherence

When the relaxation of the ground Zeeman coherence
is involved (Gzg 6¼ 0), the expression of susceptibility
changes as:

� D,Dpð Þ ¼
2�0Gd

k
nð0Þg � nð0Þe

� �
W0ðD, �DpÞ ð17Þ

with

W0 ¼
D Opj j

2M0 �D
�1

p þ Dþ iGzg

� �
Dþ �Dp
� �h i

2 Opj j
2M0 Dþ iGdð Þ þ Dþ iGzg

� �
�D
�

p�D
� �

Dþ �Dp
� �

and

M0 ¼
2Dþ i Gze þ Gzg

� �
Dþ iGze

:

It can be seen that susceptibility no longer vanishes
at D¼ 0. For D�¼ 0 and jO�j�Gd, the expression
simplifies to:

�ð0, 0Þ ¼
2i�0
k

1

1þ 2 Opj j
2G�1d ðG

�1
zg þ G�1ze Þ

: ð18Þ

Figure 5 shows the evolution of the optical response
when the decoherence effects for the ground Zeeman
coherence increases. For the chosen parameters, we
have 2jOpj

2G�1d ¼ 10�4G. The contribution of Gze is
then negligible and the relevant parameter to charac-
terize the deepness of the transparency windows is the
ratio Gzg=2jOpj

2G�1d .
For slow light and taking into account the

propagation, the decoherence can be neglected only if
kL Im�� 1. This is the case if �0LGzg � 2jOpj

2G�1d :
the ground state Zeeman coherence relaxation rate
magnified by the optical depth should be smaller than
the width of the spectral hole created in the suscepti-
bility profile. This effect is illustrated in Figure 6 that
shows the absorption of the transmitted probe pulse
that result from the spoiling of the transparency when
the ratio �0LGzg=ð2jOpj

2G�1d Þ is increased.

5.3. Non-linear effects

The result (9) is valid only at the first order with respect
to the probe amplitude. Higher order terms may spoil
the transparency for D’ 0. The coherence �� can be
calculated exactly for D¼ 0 in the stationary regime.
We found (Gzg¼ 0):

�s ¼
�Dp O2

p þO2
s expð�2iFÞ

� �	 

O�s expðiFÞ

4GdG�1 O2
p þO2

s expð�2iFÞ
�� ��2þ �Dp

�� ��2 Opj j
2 þ Osj j

2
� �h i :

ð19Þ

The � coherence �ð1Þs that radiates in the direction of
the probe is given by �ð1Þs ¼ ð1=2pÞ

Ðþ1
�1

�s� expðiFÞ dF
and can be evaluated at the lowest non-vanishing order.
From relations (1)–(3), we found:

�ð1Þs ’ Os �D
�

p

� ��1 Os=Opð Þ
2

1þ 4GdG�1 �Dp
�� ���2O2

p

� �2 : ð20Þ

�ð1Þs is small if the control field intensity is much
stronger than that of the probe (jO�j� jO�j). However,
this latter condition doesn’t automatically ensure that
the effects associated with this contribution can be
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neglected. Indeed, the probe field amplitude obeys
during propagation Equation (9). Any small contribu-
tion can be amplified during propagation and can spoil
transparency. This requires an additional condition
X¼�0L(O�/O�)

2
� 1 (for jD�j5Gd).

6. Polariton and stored light

An important application of slow light is the possibility
to store the light by switching off the control field
making the group velocity of the probe go to zero [12].
The optical probe pulse is coherently absorbed and its
properties are then transferred to an atomic coherence
where they survive as long as decoherence can be
neglected. By turning on the control field again, the
atomic coherence properties can be transferred again
to light and the probe pulse can be retrieved from the
system. We show next that such a process can also be
realized in our system and discuss the limitations.

6.1. Polariton

An elegant formalism to describe these features is to
introduce a dark state polariton that couples the
propagating beam and the atomic coherence [12].
Choosing in our method a distributed pump config-
uration, the control field remains unaffected by the
propagation and we can define the dark polariton as
(for simplicity D�¼ 0):

 ð y, tÞ ¼ cos �Osð y, tÞ � sin � �1=2�ð1Þzg ð y, tÞ ð21Þ

with �¼ (c�0/2)Gd and tan �¼ �1/2/O�. If we consider
the slow light situation (jO�j�Gd), neglect the ground
Zeeman decoherence (Gzg’ 0), the non-linear effects
(X� 1) and if transparency is ensured for the entire
probe spectrum, relation (7) still holds whereas
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relations (4)–(5) give �ð1Þze ð y, tÞ ’ 0. The instantaneous
Zeeman coherence involved in (17) can be approxi-
mated as �ð1Þzg ð y, tÞ ’ �ðOsð y, tÞ=OpÞ. Using �ð1Þs ðtÞ ¼Ð
�ð1Þs ðDÞ expð�iDtÞ dt and from Equations (6)–(7) we

get �ð1Þs ðtÞ ’ ði=4O
2
pÞ

_OsðtÞ. The polariton propagates
within the material along with the probe according
to the shape preserved equation:

@ =@tþ c cos2 � @ =@y ¼ 0: ð22Þ

The important difference with dark polaritons in �

system [12] is that here only a part of the (ground)
Zeeman coherence (�ð1Þzg ) constitutes the bound part
of the polariton. When damping effects or higher order
terms given by relation (16) become important, the
polariton is modified during propagation, experiencing
both damping and shape distortion. Figure 7 shows the
non-linear effects on the polariton dynamics. This may
happens if we decrease the intensity of the control
field or if the probe pulse is not enough weak. For
the chosen parameters, the dominant contribution for
the polariton is the bound material part. When X is
small, perfect transparency is obtained for the probe
and the polariton is only temporally delayed, whereas
for large X, the polariton is damped.

6.2. Stored light

We discuss in this subsection, the evolution of the
photonic and bound part of the polariton when the

control field is switched off and switched on after a

time delay. Stored light is associated with the conver-

sion of the photonic part into the bound part that

no longer propagates inside the medium (stopped).

The process can be described as follows. When the

probe pulse enters the medium, the field amplitude

is preserved due to continuity at the interface and the

incoming travelling wave of the form O�(t� y/c) in free

space turns into the form O�(t� y/vg) as it propagates

through the medium. Both the spatial profile and the

carried energy
Ð
jO�(t� y/vg)j

2 dy undergo an important

compression of the order of vg/c. The pulse duration

and the spectral width of the pulse remain unaffected

by the slowing process only if the probe spectrum is

contained within the transparency window

(T� (�0L)
1/2Gd/jO�j

2) to avoid absorption and distor-

tion of the pulse profile. Most of the energy has been

extracted from the probe pulse and the residual energy

is negligible. This energy is transferred to the control

field whereas the bound part of the polariton does not

carry energy and propagates along with the probe

pulse.
Once the probe pulse is entirely contained within

the medium Dl¼ vgT�L, the storing process can be

set off by switching off the control field. When the

control field is abruptly switched off, the bound part
of the polariton is stopped whereas the residual

(negligible) energy is absorbed [18]. If the control

field is adiabatically reduced, the spectral narrowing

of both the transparency window and the pulse

spectrum when decreasing the control field intensity

allows the complete transformation of the light pulse

into the Zeeman coherence [12]. The information

content of the probe is stored into the bound part

that survives as long as permitted by decoherence

effects. When the control field is turned on again,

the light pulse remerges in the medium. This effect is

shown in Figure 8 where we represent the profile of the

probe intensity for a different distance of propagation.

The light pulse disappears when the control field is

reduced and reappears when it is applied again.

Because our medium is a slow light medium only if

jO�j5Gd, the non-linear effects and the condition

for the probe spectrum to be contained inside the

transparency window impose some restrictions on

the choice of the probe pulse. The first condition

(X� 1) gives a maximal value for the Rabi frequency

of the probe pulse of the order of jO�j �Gd/(�0L)
1/2.

The latter condition imposes a minimum value for

the duration of the probe pulse to be stored of the

order of T� (�0L)
1/2/Gd. The small damping observed

in Figure 8 where X¼ 0.005 is due to residual absorp-

tion whereas in Figure 9, the non-linear effects

(X¼ 0.5 at �0y¼ 5000) are dominant for the
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Figure 7. Non-linear effects and polariton dynamics.
Temporal profile of the polariton intensity for different
values of X. We have O�(t, y¼ 0)¼��0 exp[�(t/T )2],
O�¼ 0.2G (constant in time), D�¼ 0, Gd¼ 0.5G, Gze¼G,
Gzg¼ 0, T¼ 5000G�1 and �0L¼ 200. Solid line: polariton at
the entrance ( y¼ 0). Dotted line: O�0¼ 0.001G and thus
X’ 0.006, transparency is ensured and the polariton is
delayed in time. Dashed line: O�0¼ 0.02G and thus X’ 2.5.
The polariton is damped and distorted.
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damping of the field. However, the storing process still
occurs.

7. Summary, experimental implementation and

comparison with others methods

We have presented in this paper a detailed theoretical

study of slowing and storing light in a double two-level

system. No trapping dark state exists and the under-
lying phenomenon for the cancellation of the absorp-
tion is a non-linear effect: the diffraction of the control
beam from the Zeeman coherence grating induced by
the polarization grating of the total field. We summa-
rize also in Table 1, the main characteristics (a) and the
main limitations (b) of our method based on CZO. To
store the light, we also need vg�c(jO�j

2
� c�0Gd) and

�0L(O�/O�)
2
� 1 for a probe pulse with a time duration
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T� ð�0LÞ
1=2=4jOpj

2G�1d and T5L/vg. The first con-
dition ensures almost total conversion between the
photonic and the bound part of the polariton, whereas
the second and third conditions ensure small damping
of the polariton due to the non-linear effects and
absorption respectively. Finally, the last condition
ensures that the entire polariton can be contained
inside the medium.

Experimental demonstration of these phenomena
can be obtained in principle in any F¼ 1/2!F¼ 1/2
transition excited by a sequence of two polarized fields.
The laser fields can be obtained by sending a single
beam into an acousto-optics to generate the control
and the probe fields. The detuning between the fields
can thus be controlled. The characteristics of perfor-
mances one can obtain depend strongly on the nature
of the sample. The severity of the Doppler effect and
the necessity to have a non-vanishing angle to remove
the conjugate wave makes the method inefficient in hot
gases. If a gas of ultracold atoms is used, the Doppler
effect can be neglected and very small group velocities
can be obtained as discussed previously in the text.
For instance, a possible candidate for the demonstra-
tion of this effect is the transition 2S1/2F¼ 1/2!
2P1/2F¼ 1/2 of 6Li at 671 nm. Samples with densities as
high as 1012 cm�3 can be obtained with temperatures
around the mK [19]. Very small group velocities are
thus possible in such systems as suggested by
the numerical example in Section 4. To avoid the
conjugate wave contribution, it is necessary to
choose a geometrical configuration with an angle
�4 (	/L)1/2’ 45mrad (L’ 300 mm). The small dimen-
sion of the sample allows one also to neglect the
non-linear effects (X� 1) for a probe pulse less intense
than the control.

We give now a small comparison of our method
with already existing methods of slowing light.
Qualitatively, our method resembles CPO in which
the control field is diffracted off an oscillating

population but in our case it is the coherence that is
oscillating. However, quantitatively this method is
closer to the EIT schemes that realize the dark state
in the system and make the system transparent. Indeed,
the transparency window width in both cases is
proportional to the control field intensity and can
be arbitrary reduced [2,3]. In contrast, in the CPO
technique, the width of the spectral hole is at a
minimum given by the population relaxation rate and
the dip can not be decreased further [11,17]. Note that
EIT and ZCO share a common limitation: the ground
Zeeman coherence relaxation limits the depth of the
spectral hole.

On the other hand, by increasing the control
intensity, the absorption profile in EIT schemes have
a broader transparency window and Stark shift effects
dominate for jO�j4Gd. The corresponding shape is
always related to a normal dispersion profile and fast
light can not be obtained. In ZCO, when the intensity
of the control pulse is increased, the absorption dip
splits into multiple fragments making superluminal
and background propagation possible.

It was discussed that for good figure of merit
the optical depth �0L has to be important. In EIT, the
optical depth can be increased theoretically as much
as required since transparency is achieved for both
the control and the probe. But in CPO and ZCO the
control field is always subjected to absorption that
limits optical depths and distributed pump configura-
tions have to be used to overcome this hurdle.

In a distributed pump configuration, Doppler
broadening is a serious limitation for the ZCO
scheme. Cold atoms have to be used here. An alter-
native is to make a small angle between the control and
the probe beams in order that the optical response
is immune to the Doppler effect. But, in turn this
enhances the pump absorption limiting the efficiency
of the slowing process. The EIT schemes are shown
to be robust against the Doppler effect [3], whereas

Table 1. Summary of (a) the main characteristics and (b) the main limitations of our method based on coherent Zeeman
oscillations (CZO). In part (b), we give the conditions such as the cited effects can be neglected. See text for the signification
of the parameters.

Part (a)

Group velocity (slow light), Transparency window Figure of merit
Slow/fast light jD�j5�d (slow light) (slow light)

jOpj5 j �Dpj=jOpj4 j �Dpj vg ¼ c 1þ c�0GdjOpj
2

� ��1
4jOpj

2G�1d =ð�0LÞ
1=2 �0LGd=2jOpj

2T

Part (b)

Conjugate wave Doppler effect Ground Zeeman coherence Non-linear effects
contribution jD�j5 ku jD�j5�d jD�j5�d

�� (	/L)1/2 �ðkuÞ � 4jOpj
2G�1d Gzg � 2jOpj

2G�1d =�0L �0L(��/��)
2
� 1
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in CPO the Doppler effect can be overcome only by
counter-propagating fields [20].

Finally, ZCO and EIT can be used as storing light
process whereas this is not the case in the CPO method
(with transfer from light to population and not the
coherence). The population damping represents then
a serious limitation. In ZCO, the higher non-linear
effects that spoil the transparency limits the validity
of our method to probe pulses with intensities such as
X¼�0L(O�/O�)

2
� 1. This limitation does not exist

in EIT since the coherence rigorously vanishes for the
two-photon resonance condition.
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