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Phase control of group velocity: From subluminal to superluminal light propagation

D. Bortman-Arbiv, A. D. Wilson-Gordon, and H. Friedmann
Department of Chemistry, Bar-Ilan University, Ramat Gan 52900, Israel

~Received 25 September 2000; published 20 March 2001!

We show that the group velocity of a weak pulse can be manipulated by controlling the phases of two weak
optical fields applied to a V-shaped three-level system. Such control can even cause the probe propagation to
change from subluminal to superluminal. We consider two schemes: in the first, the excited states are coupled
by decay-induced coherence, which is an inherent property of the medium, and in the second, quantum
coherence is created by coupling the excited states to each other by a strong microwave field. We also discuss
the group velocity reduction experienced by a single weak propagating probe due to decay-induced coherence.
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I. INTRODUCTION

Recently, the study of subluminal and superluminal lig
propagation has attracted a great deal of interest, espec
due to the publication of a number of impressive experime
@1–6#. In @1#, Hauet al. measured a group velocityvgas low
as 17 m/s in a gas of sodium atoms, cooled sufficiently
form a Bose-Einstein condensate. The atomic system
modeled as aL-type three-level system in an electroma
netically induced transparency~EIT! setup, in which a region
of lossless normal dispersion is created between two abs
tion lines. The effect relies on the quantum coherence cre
by applying a strong pump pulse to one transition of theL
system. The weak probe pulse, applied to the other tra
tion, experiences transparency and very steep positive dis
sion. The combination of low absorption and steep posit
dispersion can lead to a dramatic slowing down of the gro
velocity of light and consequently large time delay. Most
the experimental demonstrations of subluminal group ve
ity @1–4# have been performed using the EIT setup in aL
system. In another recent experiment Wanget al. @6# dem-
onstrated superluminal light propagation using the region
lossless anomalous dispersion between two closely sp
gain lines. The gain doublet is created by applying two
tense detuned cw pumps with slightly different frequenc
to one transition of aL type three-level system in atomi
caesium. A weak probe pulse is then applied to the ot
transition and the gain doublet is produced when the
quency of the probe is such that two-photon Raman re
nance is achieved.

In this paper we exploit the fact that the properties of
atomic medium can be dramatically modified by controlli
the phasesof the applied fields, allowing us to manipula
the group velocity at which light propagates. The system
investigate here is a V-shaped closed three-level sys
with lower levelu1& and upper levelsu2& andu3&. Two weak
fields couple the ground state to the two excited states.
apply phase control~PC! in two different schemes. First
when the excited states are coupled by their interaction w
the vacuum, scheme A shown in Fig. 1~b!, and second, when
quantum coherence is created by coupling the two clo
lying excited states by a strong microwave field, schem
shown in Fig. 1~c!. We show howthe group velocity of a
weak pulse can be controlled by adjusting the relative ph
1050-2947/2001/63~4!/043818~7!/$20.00 63 0438
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of the two weak optical fields applied to theV-type three-
level system and can even cause the probe propagatio
change fromsubluminalto superluminal.

Since decay-induced interference is an essential com
nent of the former system@Fig. 1~b!#, we first consider the
effect of decay-induced interference on the propagation o
single weak pulse. This mechanism of creating quantum
herence by spontaneous emission, rather than by the app
tion of a strong coupling field, can lead to similar effects
those observed in the EIT setup. These include ultranar
resonances and transparency@7# and modification of the
fluorescence spectrum@8# in a V-shaped three-level system

FIG. 1. ~a! V-shaped three-level system illuminated by a sing
weak pulse with center frequencyvP . ~b! Scheme A: a V-shaped
three-level system illuminated by two weak pulses with equal c
ter frequenciesva5vb5v, but different phasesFa andFb . The
excited states are coupled by their interaction with the vacuum~c!
Scheme B: a V-shaped three-level system illuminated by two w
pulses with frequenciesva and vb , and phasesFa and Fb . The
excited states are coupled by a strong microwave field.
©2001 The American Physical Society18-1
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@see Fig. 1~a!#. We will show that the transparency expe
enced by a weak pulse in such a system is accompanied
steep linear positive dispersion, resulting in a reduction
the group velocity of the propagating pulse.

When a system forms a closed loop, its dynamics
comes phase dependent@9#. This fact has been exploited i
controlling EIT in sodium atoms@10#, where a double-L
system was excited by laser radiation consisting of four
tical frequencies. It was shown that the dark state neces
to establish EIT is created only for specific values of t
relative phasedF of the applied fields. Paspalakis an
Knight @11# showed that phase-dependent effects also a
in spontaneous emission spectra which can be efficie
controlled by varying the relative phase between two las
even under conditions that do not allow such control with
single laser. The atomic system used to demonstrate t
effects was an open V system, where the ground stat
coupled to two close-lying excited states by two lasers
equal frequencies. The excited states decay solely to a c
mon state, thereby producing decay-induced interference
fects. In another approach@12#, quantum coherence was pro
duced by a microwave field coupling the two excited sta
of the open V system, rather than by coupling via t
vacuum modes. This scheme@13# for producing quantum
coherence is appropriate when the transitions between
excited states and the ground state have orthogonal dip
or, alternatively, when the difference in frequency betwe
the excited states is large compared to their decay rates.
spontaneous emission is then controlled by the amplitu
and relative phases of the three applied fields.

The outline of the paper is as follows: in Sec. II we an
lyze the group velocity of a single weak pulse propagating
a closed V-shaped atomic system, in the presence of de
induced quantum interference. In Sec. III, we investigate t
schemes~schemes A and B! where the group velocity can b
manipulated by controlling the relative phase of two we
fields interacting with a V-shaped system. Conclusions
presented in Sec. V.

II. GROUP VELOCITY OF A WEAK PULSE

We first analyze the propagation of a weak pulse in
atomic medium. The electric fieldẼ(z,t) and the polariza-
tion P̃(z,t) induced in the medium by this field are given b

Ẽ~z,t !5E~z,t !e2 i (vP•t2kP•z)1c.c., ~1!

P̃~z,t !5P~z,t !e2 i (vP•t2kP•z)1c.c., ~2!

where we have assumed that the weak pulse is sha
peaked around the center frequencyv5vP , with kP
5vP /c. The Fourier transforms of the induced polarizati
and the weak electric field obey the linear relationP(z,v)
5x(z,v)E(z,v) where the real part ofx(z,v) is propor-
tional to the dispersion and its imaginary part to the abso
tion. We assume that the spectral region of interest of
linear susceptibilityx(z,v) coincides with the optical band
width of the weak pulse and expandx(z,v) around the cen-
ter frequencyvP . Inserting the expansion forx(z,v) into
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Maxwell’s equations leads to the following expression f
the group velocityvg of the propagating pulse@14#:

1

vg
5

1

c F112pRex~vP!12pvPReS ]x

]v D
v5vP

G . ~3!

It is clear from this expression forvg that when Rex(vP) is
zero and the dispersion is very steep and positive, the gr
velocity is significantly reduced. On the other hand, stro
negative dispersion can lead to an increase in the group
locity and even to its becoming negative@15–17# .

We now describe how decay-induced quantum interf
ence in a closed V-shaped atomic system, with lower le
u1& and upper levelsu2& and u3&, interacting with the same
vacuum modes@see Fig. 1~a!# can lead to reduced grou
velocity of a single propagating weak pulse. First, we co
sider the coherence induced by spontaneous emission, in
absence of the probe. The equations of motion of the den
matrix, in the interaction representation, are given by

ṙ2252G21r222pg23~r23e
iv32t1r32e

2 iv32t!, ~4!

ṙ3352G31r332pg23~r23e
iv32t1r32e

2 iv32t!, ~5!

ṙ2152g2r212pg23e
2 iv32tr31, ~6!

ṙ3152g3r312pg23e
iv32tr21, ~7!

ṙ3252~g21g3!r322pg23e
iv32t~r221r33!, ~8!

with r i j* 5r j i andr111r221r3351 , whereG i1( i 52,3) are
the rates of spontaneous emission, andg i are the transverse

decay rates. The termg235
1
2
AG21G31 accounts for the effec

of quantum interference due to spontaneous emission,
p5mW 21•mW 31/um21uum31u5 cosu denotes the alignment of th
dipole momentsmW 21 andmW 31. When the dipoles are paralle
p51 and the effect of quantum interference is maximize
whereas when the dipoles are orthogonal,p50 and there is
no interference effect due to spontaneous emission. It is c
from Eqs. ~4!–~8! that this coherence is only significan
when the two upper levels are close.

The absorption of a weak probe in this system has b
analyzed and shown to exhibit ultranarrow resonances
even amplification without inversion@7#. We are mainly in-
terested in the near-transparency dip, which is much n
rower than the natural linewidth, since it is accompanied
steep dispersion with a positive slope@see Fig. 2~a!#, which
can lead to a very low group velocity for the probe on prop
gation.

The Bloch equations for this system, interacting with
weak probe, in the frame rotating with the probe frequen
v, are given by

ṙ115 i ~V13r312r13V31!1 i ~V12r212r12V21!1G31r33

1G21r2212pg23~r231r32!, ~9!
8-2
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PHASE CONTROL OF GROUP VELOCITY: FROM . . . PHYSICAL REVIEW A63 043818
ṙ2252 i ~V12r212r12V21!2G21r222pg23~r231r32!,
~10!

ṙ3352 i ~V13r312r13V31!2G31r332pg23~r231r32!,
~11!

ṙ2152 iV21~r222r11!2 iV31r232~g21 iD21!r212pg23r31,
~12!

ṙ3152 iV31~r332r11!2 iV21r322~g31 iD31!r31

2pg23r21, ~13!

FIG. 2. ~a! Real~solid line! and imaginary~dashed line! parts of
the polarization induced by the probe~in dimensionless form!, as a
function of the detuning (v2v21)/g, for p51. The real part of
gA/V is proportional to the dispersion and its imaginary part
proportional to the absorption. The relaxation rates satisfyg25g3

5g and G215G315G52g, and the upper level separation isv32

50.1g. ~b! Reciprocal of the difference between the group veloc
~dimensionless! in the medium and in vacuum, as a function of t
separation between the two upper levelsv32 in units of g. The
atomic parameters are the same as in~a!.
04381
ṙ325 iV31r122 iV12r312~g21g32 iD!r32

2pg23~r221r33!, ~14!

where the Rabi frequencies are 2V215m21E/\ and 2V31
5m31E/\, and the detunings areD215v212v,D315v31
2v, andD5D212D3152v32. In general, the induced po
larization is related to the density operator by

P̃5N^m̃&5NTr~ r̂m̂ !. ~15!

For the present case, the polarization is proportional toA
5r211r31. Solving Eqs.~9!–~14! in the steady-state wea
field limit, we obtain

A~v!5
iV21~g31 iD312g23!1 iV31~g21 iD212g23!

~g21 iD21!~g31 iD31!2p2g23
2

.

~16!

The linear susceptibilityx, whose real and imaginary part
determine the dispersion and absorption of the weak pro
is proportional toA(v). In Fig. 2~a! we plot the real and
imaginary parts ofgA(v)/V as a function of the dimension
less detuning (v2v21)/g for the case whereg25g35g,
V215V315V, G215G315G52g and the splitting frequency
is taken to bev3250.1g. We assumep51 in order to maxi-
mize the quantum coherence. It can be seen that atvP
2v215v32/2 the absorption line shape exhibits transparen
and the slope of the dispersion becomes very steep and
tive.

Now, consider a long, weak pulse with a spectral wid
similar to that of the transparency, induced by the dec
interference. The pulse spectrum has a center frequencyvP
which we take equal to (v211v31)/2. When this pulse
propagates in the medium, under the conditions leading
steep and positive dispersion shown in Fig. 2~a!, its group
velocity, given byc/vg511V]Re(gA/V)/](vg21)u(vP) ,

is highly reduced. The parameterV depends on the charac
teristics of the medium and is given byV5pvPNm2/g2\,
whereN is the atomic density.

The group velocity is very sensitive to the upper lev
splitting v32. This is shown in Fig. 2~b!, where (c/vg21) is
plotted ~in units of V) versusv32 ~in units of g), for the
same parameters as in Fig. 2~a!. The slope of the dispersion
becomes steeper asv32 decreases, leading to an increasing
lower group velocity. For the parameters used in Fig. 2~b!,
the expression (c/vg21) reduces to the simple form
V(8g2/v32

2 ) @18#. This scheme can be contrasted with o
involving EIT where the strength of the coupling field, rath
thanv32, determines the group velocity reduction. The p
shown in Fig. 2~b! can be alternatively interpreted in term
of the time delay, which is often the quantity measured
experiments. A weak pulse propagating through a distancL
with a reduced group velocity is delayed compared to pro
gation in free space by Tg5(LV/c)]Re(gA/V)/
](vg21)u(vP

.
Although the condition of nonorthogonal dipole momen

is rarely met in atomic systems, a number of ingenious p
8-3
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BORTMAN-ARBIV, WILSON-GORDON, AND FRIEDMANN PHYSICAL REVIEW A63 043818
posals have been made to achieve decay-induced inte
ence@19–26#. In a realistic experiment, one has to consid
the effect of Doppler broadening, which tends to mask
interference effect@27#. Reduced group velocity as describe
in this work can be measured by propagating a weak puls
a medium consisting of cold atoms and molecules, ther
eliminating Doppler broadening. Such cold atoms have
ready been used in an experiment to reduce the group ve
ity by Hau et al. @1# where they cooled a gas of sodiu
atoms by laser and evaporative cooling to temperatures
low the transition temperature for Bose-Einstein conden
tion.

III. PHASE CONTROL OF GROUP VELOCITY

We now consider schemes A and B@Figs. 1~b! and 1~c!#.
The relative phase of the two weak fields can be control
leading to phase-controlled changes in the group velocity
each of the fields. By changing the relative phase, we
demonstrate a wide range of behavior of the dispersion, f
absorptionlike profiles where the group velocity cannot
defined by Eq.~ 3!, to dispersionlike profiles with positive o
negative slopes, leading to subluminal or superluminal gr
velocities. The subluminal group velocity can be accom
nied by transparency or even gain, whereas the superlum
group velocity is accompanied by absorption.

A. Scheme A: V system with decay-induced interference

The electric fields interacting with the V system have t
form

Ẽa,b~z,t !5Ea,b~z,t !e2 i (va,b•t2ka,b•z1Fa,b)1c.c. ~17!

We assume the weak fields to have equal frequenciesva
5vb5v, but different phasesFaand Fb @11#. The equa-
tions of motion of the density matrix are the same as in E
~9!–~14!, but now the Rabi frequencies 2Vj 1 , j 52,3 are
defined by

2V2152V12* 5m21Ea /\, 2V3152V13* 5m31Eb /\,
~18!

and the expressions forr i j include phase terms.
The absorptive and dispersive response of the atomic

dium to the interaction with two weak fields are related to
induced polarizationP̃, given by Eq.~15!. In the present
case, the polarizations induced byEa andEb are proportional
to r21 and r31, respectively. Solving Eqs.~9!–~14! in the
steady-state weak-field limit, in a frame rotating with t
frequencyv, we obtain

r21~v!5 i
V21~ iD311g3!2V31pg23exp~ idF!

~ iD211g2!~ iD311g3!2p2g23
2

~19!

r31~v!5 i
V31~ iD211g2!2V21pg23exp~2 idF!

~ iD211g2!~ iD311g3!2p2g23
2

, ~20!
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where the detunings areD215v212v andD315v312v, and
the phase difference between the two probes isdF5Fa
2Fb . The linear polarizationx21(x31), whose real and
imaginary parts determine the dispersion and absorption
the weak fieldEa (Eb), is proportional tor21(v) @r31(v)#
of Eq. ~19! @Eq. ~20!#. We now concentrate on the propertie
of r21(v) and note two main features. First,r21(v) is com-
posed of two parts: the first proportional to the weak fieldEa
which couples levelsu1& and u2&, and the second propor
tional to Eb which couples levelsu1& and u3&. This second
term is due to the coupling of theu1&- u2& and u1&- u3& tran-
sitions by decay-induced interference. Second, in this sys
phase control is only possible in the presence of dec
induced interference, which depends on the nonorthogona
of the transition dipole moments.

In the general case, the expression forr21(v) has extrema
at the detunings

~D21!1,252
v32

2
6

1

2
Av32

2 14g23
2 ~12p2! ~21!

determined by the imaginary part of the denominator and

~D21!352v32

g2

g21g3
~22!

determined by the real part of the denominator. At the
tuning (D21)3, we look for the conditions that give zero dis
persion, that is, Re(x)50, since under these conditions,
weak pulse can propagate nearly unchanged. Re(x21) is zero
when the parameters obey the relation

sindF5S uv32

pg23
D g3

g21g3
, ~23!

where u is the ratio between the two weak probesu
5V21/V31. In Figs. 3~a!–3~f! we plot the real and imaginary
parts ofg2r21/V21, as a function of the dimensionless d
tuning (v2v21)/g2, with v32/g250.2 andg350.75g2, for
different values of the relative phasedF. We assume that the
two weak fields have the same intensity,V215V31. When
the relative phase satisfies Eq.~23!, the dispersion is zero a
the detuning (D21)3, and its slope around this point is pos
tive and very steep. This can lead to a subluminal gro
velocity, accompanied by a dip in the absorption line sha
which can lead to transparency@Fig. 3~a!# when the dipoles
are nearly parallel withp50.87 or even amplification@Fig.
3~b!# for maximal interference withp51. Note that the posi-
tive dispersion is steeper when it is accompanied by am
fication. For example, in Fig. 3~a! the slope of the dispersion
is ;7 while in Fig. 3~b! it is ;2110. However, in recen
experiments measuring subluminal and superluminal gr
velocity, transparency conditions were preferred since t
minimize the reshaping of the propagating pulse. By vary
dF, the dispersion line shape can be modified dramatica
In Figs. 3~c!–3~e!, we show the effect of phase control whe
p51. At dF5p, the slope of the dispersion becomes neg
tive, leading to superluminal group velocity@Fig. 3~c!#,
which is accompanied by absorption. When we changedF
8-4
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PHASE CONTROL OF GROUP VELOCITY: FROM . . . PHYSICAL REVIEW A63 043818
further, the dispersion becomes different from zero at
detuning (D21)3 and its line shape is no longer linear arou
this point. AtdF5p/6, the dispersion has an absorptive li
shape while the absorption has a dispersive line shape@Fig.
3~d!#, and atdF52p/6, the dispersion is gainlike@Fig.
3~e!#. These results clearly demonstrate the crucial role
phase control in determining pulse propagation. Moreov
they demonstrate that subluminal or superluminal propa
tion, without changing the shape of the pulse, can only
obtained when the phases of the interacting lasers satis
particular relation. Otherwise, the shape of the weak pu
becomes distorted during propagation by group velocity d
persion and other higher-order effects. Although we conc
trate on phase control of the group velocity, it is worthwh
mentioning that varying the intensities of the weak prob
can provide an additional means of control. For instan
whenV3152V21 and all the other parameters are kept as
Fig. 3~a!, the slope of the dispersion is;40 @Fig. 3~f!#.

B. Scheme B: V system with a microwave field

In scheme B, the quantum coherence is achieved by c
pling the two excited states of the V system by means o
strong microwave field; see Fig. 1~c!. We assume the dipole
moments of the two transitions to be orthogonal therebyex-
cluding decay-induced interference effects. This scheme
thus be extended to large values of the separation betw
the excited states.

The electric field comprises the two weak beams of E
~17!, with the addition of a microwave field with center fre
quencyvm which couples the two upper states. The frequ
cies of the three fields satisfyva1vm5vb . The equations
of motion of the density matrix are given by

FIG. 3. Real~solid line! and imaginary~dashed line! parts of the
polarization induced byEa ~in dimensionless form! in scheme A, as
a function of the detuning (v2v21)/g2. The relaxation rates satisf
g350.75g2 and the upper level separation isv3250.2g2. For V31

5V21 and the relative phasedF satisfying Eq.~23!, ~a! p50.87,
~b! p51. Different values ofdF with p51 and V315V21: ~c!
dF5p, ~d! dF5p/6, and~e! dF52p/6. ~f! Same as~a!, with
V3152V21.
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ṙ115 i ~V13e
i (vbt1Fb)r312c.c.!1 i ~V12e

i (vat1Fa)r212c.c.!

1G31r331G21r22, ~24!

ṙ2252 i ~V12e
i (vat1Fa)r212c.c.!2 i ~V32e

2 ivmtr232c.c.!

1Gmr332G21r22, ~25!

ṙ3352 i ~V13e
i (vbt1Fb)r312c.c.!1 i ~V32e

2 ivmtr232c.c.!

2G31r332Gmr33, ~26!

ṙ2152~g21 iv21!r212 iV21e
2 i (vat1Fa)~r222r11!

1 iV23e
ivmtr312 iV31e

2 i (vbt1Fb)r23, ~27!

ṙ3152~g31 iv31!r312 iV31e
2 i (vbt1Fb)~r332r11!

1 iV32e
2 ivmtr212 iV21e

2 i (vat1Fa)r32, ~28!

ṙ3252~gm1 iv32!r321 iV32e
2 ivmt~r222r33!

1 iV31e
2 i (vbt1Fb)r122 iV12e

i (vat1Fa)r31, ~29!

where g25 1
2 G211g2

coll , g35 1
2 (G311Gm)1g3

coll , and gm

5 1
2 (G211G311Gm)1gm

coll . The Rabi frequenciesVj 1 , j
52,3, are given by Eq.~18!, andV325Vm is the Rabi fre-
quency of the microwave field. Solving Eqs.~24!–~29! in the
steady-state weak-field limit and in the rotating-wave a
proximation, we obtain

r21~va!5 i
V21~ iD311g3!1 iV31V23exp~ idF!

~ iD211g2!~ iD311g3!1uV32u2
~30!

r31~vb!5 i
V31~ iD211g2!1 iV21V32exp~2 idF!

~ iD211g2!~ iD311g3!1uV32u2
,

~31!

where the detunings areD215v212va andD315v312vb ,
and the phase difference between the applied fields isdF
5Fa2Fb . As in scheme A, we concentrate on the prop
ties of r21(va) which again comprises two parts: the fir
proportional to the weak fieldEa which couples levelsu1&
and u2&, and the second toEb which couples levelsu1& and
u3&. Here the absorption and refraction ofEa are influenced
by Eb , due to the presence of the strong microwave wh
couples the two excited states, thus enabling the phase
trol of r21(va). It should be noted that Eq.~19! which refers
to scheme A can be converted into Eq.~30! of scheme B by
replacingpg23 by 2 iV23.

The expression forr21(va) has extrema at the detuning

~D21!1,252
v32

2
6

1

2
Av32

2 14~g2g31uV32u2! ~32!

determined by the imaginary part of the denominator and
(D21)3 determined by the real part of the denominator@see
8-5
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BORTMAN-ARBIV, WILSON-GORDON, AND FRIEDMANN PHYSICAL REVIEW A63 043818
Eq. ~ 22!#. As before, we look for the conditions that giv
zero dispersion at the detuning (D21)3. This occurs when the
parameters obey the relation

cosdF52S v32

uV32
D g3

g21g3
, ~33!

where u is the ratio between the two weak probes,u
5V21/V31. In Figs. 4~a!–4~g! we plot the real and imaginar
parts ofg2r21/V21 as a function of the dimensionless detu
ing (va2v21)/g2, with v3250.2g2 andg350.75g2, for dif-
ferent values of the relative phasedF. We assume that the
two weak fields have the same intensity,V215V31. In Fig.
4~a!, a positive steep dispersion is accompanied by trans
ency at the detuning (D21)3 between two closely spaced a
sorption lines, when the relative phase satisfies Eq.~23! and
V3250.755g2. This leads to a slowing down of the grou
velocity, which can be made even slower by increasing
microwave intensity toV3251.8g2, thus inducing amplifica-
tion @Fig. 4~b!#. Note, however, that when the microwav
intensity is increased further, the absorption lines drift ap
and the linear part of the dispersion around (D21)3 is reduced
and becomes less steep. We now concentrate on the effe
phase control on the dispersion, and show that by vary
dF, the dispersion line shape can be modified considera
At dF5p and 2p with V3251.8g2 , the slope of the disper
sion becomes negative, leading to superluminal group ve
ity @Figs. 4~c! and 4~d!#. Note, however, that while the sub
luminal group velocity is obtained at the detuning (D21)3

FIG. 4. Real~solid line! and imaginary~dashed line! parts of the
polarization induced byEa ~in dimensionless form! in scheme B, as
a function of the detuning (va2v21)/g2. The relaxation rates sat
isfy g350.75g2 and the upper level separation isv3250.2g2. For
V315V21 and relative phasedF satisfying Eq. ~23!, ~a! V32

50.755g2, ~b! V3251.8g2. Different values of dF with V32

51.8g2 and V315V21: ~c! dF5p, ~d! dF52p. For V3154V21

with all other parameters as in~a!, ~e! dF satisfying Eq.~23!, and
~f! dF5p/6.
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given by Eq.~22!, superluminal behavior occurs within a
absorption line, situated at one of the detunings of Eq.~ 21!.
This differs from the equivalent situation in scheme
where both the subluminal and the superluminal dispers
features occur at the detuning (D21)3. By varying the Rabi
frequencies of the weak pulsesV21 andV31, we can further
modify the line shapes. In Figs. 4~e! and 4~f! we takeV31
54V21, while keeping all the other parameters as in F
4~a!. The plots show that for this case the dispersion
comes steeper when the relative phase satisfies Eq.~23! @see
Fig. 4~e!# and the dispersion exhibits an absorptive li
shape while the absorption has a dispersive line shap
dF5p/6 @Fig. 4~f!#. We have thus shown that by an appr
priate choice of the phases and amplitudes of the app
fields, we can efficiently control the behavior of the dispe
sion and, hence, the propagation of a weak pulse.

IV. CONCLUSION

We have shown that decay-induced interference ef
can significantly modify the propagation properties of
single weak pulse, leading to reduced group velocity. In
dition, we have analyzed two schemes A and B where
group velocity can be manipulated by controlling the pha
of the applied fields. In particular, we have shown that s
luminal propagation occurs only when the relative pha
satisfy a unique relation determined by the parameters of
specific system. Under these conditions a weak pulse pro
gates through the medium with a reduced group velocity
an undistorted shape. Deviation from this relation may le
to superluminal behavior or even to dispersion which is co
pletely nonlinear leading to considerable distortion in t
pulse shape. These results constitute a powerful demon
tion of the role of phase control in influencing the propag
tion of a weak pulse.

The main difference between the two schemes is tha
scheme A, phase control is determined by the inherent c
acteristics of the system, expressed by Eq.~23!, whereas in
scheme B, it is determined by the applied microwave fie
expressed by Eq.~33!. Thus, scheme B has an addition
degree of freedom which can be adjusted in order to con
the propagation of a weak pulse.

The effects of Doppler broadening on the dispersive pr
erties of the two systems are quite different. In the case
scheme A, the dispersion line shape loses its linearity aro
the detuning (D21)3 when Doppler broadening effects a
included, whereas in scheme B it remains linear but
steepness of the slope is reduced. Therefore, in an ex
mental demonstration of phase control of the group veloc
in scheme A, cold atoms should be preferred, whereas
should be unnecessary in the case of scheme B.
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