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We generalize the concept of dark-state polariton in multilevel electromagnetically induced transparency
systems. We show that the quantum states of light for the pulses can be mapped onto more than one collective
atomic polarization states of the multilevel atomic system, which can act as a quantum state copier or divider.
Such dark-state polaritons potentially have applications in quantum information processing.
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Optical memories using classical techniques of spin and
photon echoes are quite powerful as far as the high capacity
of data storage is concernedf1–6g. However, direct applica-
tions of these techniques for quantum memories are very
much limited as the number of photons required is larger
than number of atoms in the system. Quantum memories are
essential in quantum information processing, which involves
physically transporting or communicating quantum states be-
tween different nodes of a quantum networkf7g. It has been
well recognizedf8g and now experimentally demonstrated
f9g that photons can be used as ideal carriers of quantum
information and ensembles of atoms can act as long lived
storage and processing units. The basic requirement for a
reliable quantum memory system is its capability of storing
and releasing quantum states on demand at the level of indi-
vidual qubits, which puts stringent conditions on coherent
transfer of information among photons and atoms.

Among many methods for coherently controlling the
photon-atom interactions, the techniques based on electro-
magnetically induced transparencysEITd f10g have been
shown to be very promising in quantum state manipulations
f11g and enhanced nonlinearity applicationsf12g. EIT sys-
tems can be transparent for the probe light beam at certain
frequencies due to quantum interference and provide a large
variation in linear dispersion within the transparency window
f13g. The sharp change in linear dispersion can lead to sub-
stantial group-velocity reduction of lightf14g to preserve
quantum states of the slowed down light pulses, thus allow-
ing the atomic medium to act as a temporary storage or buff-
ering device for the quantum states of light. Physically, the
photon storage in an EIT system is due to the formation of so
called dark-state polaritonsDSPd, which is a mixture of elec-
tromagnetic signal field and the collective polarization of the
atomic system, controlled by the strong coupling beam. It is
the mixing angle of the signal field and the collective atomic
polarization, which determines the group velocity of the sig-
nal pulse propagating in the atomic medium. By adiabatic
following of DSP it is possible to reduce the group velocity
of light pulses and to convert the photon states into the meta-
stable atomic-polarization state. The stored light field in the
collective atomic polarization can be recovered by manipu-
lating the mixing angle of the DSP components by control-

ling the coupling beam. The concept of DSP was first intro-
duced in Raman adiabatic passage by Mazets and Matisov
f15g and then formulated for the three-level EIT system by
Fleischhauer and Lukinf16g. Recent experiments have dem-
onstrated photon storage using the EIT system consisting of
three-level atoms inL configuration due to dynamic group-
velocity reduction via adiabatic following in DSPf9g.

In this work we extend the concept of a simple DSP to a
generalized dark-state polaritonsGDSPd for a multilevel
atomic system having more than one dark state. One such
example is the inverted-Y configuration involving four
atomic levels that can easily be realized in rubidium atoms
f17g. As one will see in the following paragraphs that such a
system can preserve quantum states of light in two different
collective atomic polarization states of the same atomic me-
dium and thus provide channelization or bifurcation of pho-
ton memory. The two different collective atomic polarization
channels contributing to GDSP can be used to retrieve back
the light pulses on demand at different times or at the same
time. In a way this system acts as a copier or divider of the
quantum memory.

A schematic diagram of the closed four-level atomic sys-
tem in inverted-Y configuration is depicted in Fig. 1. Levels
ual, ubl, anducl are in a three-levelL-type configuration and
levelsubl, ual, andudl form a three-level ladder-type configu-
ration. The transition fromubl to ual swith frequencyvabd
interacts with a signal field of amplitude«̂sz,td fdefined be-
low in Eq. s4dg and frequencyn. A coupling field of fre-
quencynac sconsidered to be classicald drives the transition
ucl to ual sfrequencyvacd with Rabi frequencyVcsz,td, while
a pumping field of frequencynad, which is also considered to
be classical, drives the transitionual to udl sfrequencyvadd
with Rabi frequencyVdsz,td. If there is no couplingspump-
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FIG. 1. Schematic diagram of a four-level atomic system in
inverted-Y configuration. Here,«, Vc, and Vd define signal, cou-
pling, and pumping fields, respectively.
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ingd field, i.e., Vcsz,td=0 fVdsz,td=0g, then this system re-
duces to a standard ladder-typesL-typed three-level EIT con-
figuration driven by the signal and the pumpingscouplingd
fields. This four-level inverted-Y configuration acts as a
double EIT system with independent controls of the two EIT
windows byVc andVd, respectively.

We consider a collection of N four-level atoms in
inverted-Y configuration interacting with three single-mode
optical fields as described above. The system can be modeled
by the interaction Hamiltonian in the dipole and the rotating-
wave approximations under the condition that the carrier fre-
quencies of the electromagnetic fieldsn, nac, and nad coin-
cide with the atomic resonancesvab, vac, and vad,
respectively, and it is given by

V̂ = − `o
j

fŝab
j Ês+dszjd + H.a.g − "o

j

fŝac
j Vcszj,tdeiskc

pzj−nactd

+ H.a.g − "o
j

fŝad
j Vdszj,tdeiskd

pzj−nadtd + H.a.g, s1d

in which ` is the dipole-matrix element of the signal transi-
tion and thej th atom is located at the positionzj. The atomic
ladder operators are defined as

ŝxy
j = uxjlkyju. s2d

The projections of the wave vectorsskWc, kWdd, corresponding to
the coupling and pumping fields on the propagation axis of
the quantumssignald field, are given by

kc
p = kWc ·eWz = snac/cdcossfcd, kd

p = kWd ·eWz = snad/cdcossfdd,

s3d

wherefc sfdd is the angle between wave vectorkWc skWdd and
eWz, andeWz is the unit vector in the signal propagation direc-
tion. Next, we write down the signal field and the ladder
operators in slowly varying variables

Ê+sz,td =Î "n

2e0VQ
«̂sz,tdeisn/cdsz−ctd,

ŝxy
j = s̃xy

j e−isvxy/cdsz−ctd, s4d

whereVQ represents the quantizationsinteractiond volume. If
the amplitudes of the slowly varying variables remain con-
stant in the propagation direction in an intervalDz containing
Nzs@1d atoms then we have

s̃xysz,td =
1

Nz
o

zjeNz

s̃xy
j std, s5d

and the sum can be replaced by the integral in Eq.s1d, i.e.,
o j=1

N → sN/Lde dz. Therefore, the interaction Hamiltonian
can be recast in the continuous form

V̂ = −E dz

L
f"gNs̃absz,td«̂sz,td + "Vcsz,tds̃acsz,tdeiDkcz

+ "Vdsz,tds̃adsz,tdeiDkdz + H.a.g, s6d

in which we have usedg=`În /2"e0VQ as the atom-signal
field coupling constant andDki =ki

p−ki =svai /cdfcossfid−1g,
si =c,dd. The evolution of the atomic variables can be given
in terms of Heisenberg-Langevin equations as

ṡ̃dd = − gds̃dd − isVde
iDkdzs̃ad − H.a.d + F̂d,

ṡ̃aa = gds̃dd − gas̃aa − gcs̃aa + isVde
iDkdzs̃ad − H.a.d

− isVc
*e−iDkczs̃ca − H.a.d − igs«̂†s̃ba − H.a.d + F̂a,

ṡ̃bb = gbs̃aa + igs«̂†s̃ba − H.a.d + F̂b,

ṡ̃cc = gcs̃aa + isVc
*e−iDkczs̃ca − H.a.d + F̂c,

ṡ̃ba = − gbas̃ba + ig«̂ss̃bb − s̃aad + iVce
iDkczs̃bc + iVde

iDkdzs̃bd

+ F̂ba,

ṡ̃ca = − gcas̃ca + iVce
iDkczss̃cc − s̃aad + ig«̂s̃cb + iVde

iDkdzs̃cd

+ F̂ca,

ṡ̃bc = iVc
*e−iDkczs̃ba − ig«̂s̃ac,

ṡ̃cd = − iVce
iDkczs̃ad + iVd

*e−iDkdzs̃ca,

ṡ̃bd = − ig«̂s̃ad + iVd
*e−iDkdzs̃ba,

ṡ̃ad = − gads̃ad + iVd
*e−iDkdzss̃aa − s̃ddd − ig«̂†s̃bd

− iVc
*e−iDkczs̃cd + F̂ad, s7d

in which ga=gb+gc. gd, gb, gc are longitudinal decay rates
of levels udl to ual, ual to ubl, ual to ucl, respectively, andgxy
are transverse decay rates related to longitudinal rates. The

frequency detunings are kept zero. The termsF̂x and F̂xy
correspond tod-correlated noise operatorsswith correlation
functions kFastdFbst8dl=Dabdst− t8d, where Dab are time-
independent functionsd.

In order to solve the atomic equations we assume that
photon number density of the signal pulse is much smaller
than the number density of atoms and the Rabi frequency
associated with the signal field is also much weaker thanVc
and Vd. With these approximations, one can consider«̂ as
perturbation in the atomic equations and these equations can
be treated perturbatively in«̂. In zeroth-order approximation,
s̃bb>1 and all other atomic elements are set to zero. In the
first-order approximation, we have

Vce
iDkczs̃bc

s1d + Vde
iDkdzs̃bd

s1d = − g«̂sz,td − iS ]

]t
+ gbaDs̃ba

s1d

+ F̂ba,

]

]t
ss̃bc

s1dd = iVc
*e−iDkczs̃ba

s1d,

]

]t
ss̃bd

s1dd = iVd
*e−iDkdzs̃ba

s1d. s8d

The propagation equation of the signal pulse in the atomic
medium takes the form

S ]

]t
+ c

]

]z
D«̂sz,td = igNs̃ba

s1dsz,td, s9d

where s̃ba
s1dsz,td on the right hand side of Eq.s9d can be

expressed in terms ofs̃bc
s1d ands̃bd

s1d. Under the adiabatic con-
dition, i.e., Vc and Vd change sufficiently slowstheir time
variations are smalld or more explicitlyLP@ÎgbcL/g2N and
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T@gbvg/g2Nc, whereLp is the length of pulse in medium
and L is the total length of medium,T is the characteristic
time corresponding to turn on and turn off times of the
coupling/pump field, andvg is the initial group velocity of
the signal pulsefdefined in Eq.s12dg, which brings depen-
dence of the adiabatic condition on the Rabi frequencies’
quadrature sumf18g. Normalizing the time tot̃= t /T, then
expanding the right hand side of the first equation ofs8d in
powers of 1/T and retaining the lowest nonvanishing order,
we obtain:

Vce
iDkczs̃bc

s1d + Vde
iDkdzs̃bd

s1d = − g«̂sz,td,

s̃bc
s1d = −

Vc
*

uVcu2 + uVdu2
ge−iDkcz«̂sz,td,

s̃bd
s1d = −

Vd
*

uVcu2 + uVdu2
ge−iDkdz«̂sz,td. s10d

The Langevin noise operators do not contribute and the pulse
propagation Eq.s9d under the adiabatic and perturbative con-
ditions fusing Eqs.s8d and s10dg is given by

S ]

]t
+ c

]

]z
D«̂sz,td = −

g2N

Vc
* + Vd

* F ]

]t
S Vc

*

uVcu2 + uVdu2
«̂sz,tdD

+
]

]t
S Vd

*

uVcu2 + uVdu2
«̂sz,tdDG . s11d

With the assumption thatVcsz,td and Vdsz,td remain con-
stant in time, we can have an expression for the modified
group velocityvg of the signal field as

vg =
c

1 + ng
, Fng =

g2N

uVcu2 + uVdu2G . s12d

The slowing down of the signal pulse does not change its
temporal profile. Also, the photon storage timestdd in such
an EIT medium is set by the finite lifetimes of the two dark
states or the dephasing times of the two transitions. The four-
level inverted-Y atomic double EIT system can be character-
ized by the susceptibility of the mediumf19g

x ,
g2N/kc

sga − iDpd −
uVcu2

isDp − Dcd
+

uVdu2

gd − isDp + Ddd

, s13d

whereDp, Dc, andDd are the detunings of probe, coupling,
and pumping lasers from their respective atomic transitions.
Under resonance conditionsDc=0, Dd=0, we have

x <
ng

kc

suVcu2 + uVdu2dDp

suVcu2 + uVdu2d − igaDp − Dp
2 , s14d

in which Dp=n−vab. The transparency function under the
homogeneous field condition is

TsDp,zd = exps− kzImfxgd , expS−
Dp

2

Dvtr
2 D ,

Dvtr = F c

gal

uVcu2 + uVdu2

ng
G1/2

=
uVcu2 + uVdu2

ga
Îb

, s15d

whereb is related to absorption without EIT. From Eq.s15d
above, it is clear that the transparency width decreases asng

swhich is controlled byVc and Vdd increases. For the EIT
medium,td=ngl /c, then it is easy to write

Dvtr = Îb/td. s16d

Clearly, a large delay due to largeng will cause the transpar-
ency window to be narrower than the spectral width of the
pulse, violating the adiabatic condition, and part of the signal
pulse will be absorbed16. This limitation can be overcome by
making use of the time-dependent coupling and pumping
fields. For spatially homogeneous and time-dependentfVc
=Vcstd and Vd=Vdstdg fields we can solve the propagation
equation in a quasi particle picture using a GDSP in such a
system following the procedure used in Ref.f16g.

We define GDSPsassumingVc and Vd to be real and
dropping superscripts on atomic polarization componentsd as

Ĉsz,td = cosustd«̂sz,td − sinustdÎNS Vc

ÎVc
2 + Vd

2
s̃bcsz,tdeiDkcz

+
Vd

ÎVc
2 + Vd

2
s̃bdsz,tdeiDkdzD . s17d

Essentially, the quantumssignald field «̂sz,td and the atomic
spin coherence operatorss̃bcsz,td and s̃dbsz,td form a joint
space of evolution with a mixing angleustd defined as

cosustd =
ÎVc

2 + Vd
2

ÎVc
2 + Vd

2 + g2N
, sinustd =

gÎN

ÎVc
2 + Vd

2 + g2N
,

s18d
and

tan2 ustd =
g2N

Vc
2 + Vd

2 = ng. s19d

We call Ĉsz,td GDSP and another quantum fieldF̂sz,td a
generalized bright-state polaritonsGBSPd can be defined as

F̂sz,td = sinustd«̂sz,td + cosustdÎNS Vc

ÎVc
2 + Vd

2
s̃bcsz,tdeiDkcz

+
Vd

ÎVc
2 + Vd

2
s̃bdsz,tdeiDkdzD . s20d

The components ofĈsz,td andF̂sz,td are the quantumssig-
nald electromagnetic field«̂sz,td and the collective atomic
spin operatorss̃bcsz,td ands̃bdsz,td, which can be controlled
by adjusting ustd through coupling and pumping field
strengths. Both of these generalized polaritons can be de-

composed using the plane waves, i.e.,Ĉsz,td=okĈkstdeikz

andF̂sz,td=okF̂kstdeikz. In the limit of photon number den-
sity to be much smaller than the atomic density, i.e.,s̃bb

j

>1, s̃cc
j >0, s̃dd

j >0, ands̃dc
j >0, etc. It is straightforward to

show that the mode operators obey the following commuta-
tion relations:

fĈk,Ĉk8
† g > fF̂k,F̂k8

† g > dkk8, fĈk,F̂k8
† g > 0. s21d

Therefore, the operatorsĈk andF̂k behave like bosonic op-
erators. One can transform propagation Eq.s11d in terms of

new variablesĈ andF̂ easily in a low intensity approxima-
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tion swhere we assume]u /]z=0d. In the adiabatic limit it

can be shown using these equations thatF̂<0 andĈ obey
the simple equation of motion

F ]

]t
+ c cos2 ustd

]

]z
GĈsz,td = 0. s22d

This equation gives a shape preserving, as well as quantum
state preserving, solution propagating with a velocityv
=vgstd=c cos2 ustd.

After obtaining our central resultsfEqs.s17d–s22dg we can
discuss the “stopping”sconverting photons into collective
spin polarizations of atomsd and “reacceleration”sconverting
collective spin polarization of atoms back into optical pho-
tonsd of the photon wave packet, i.e., quantum memory by
using GDSP as defined in Eq.s17d, in this four-level atomic
system by manipulating the mixing angleu. Whenu>0, i.e.,
cosu>1, meaning strong coupling and pumping fieldssVc

2

+Vd
2@g2Nd, then GDSP has a purely photonic character, i.e.,

Ĉ, «̂, which propagates with the velocity of light in
vacuum. On the contrary, ifu>p /2, i.e., cossud>0, then
GDSP becomes spin-wave like and is composed of two spin
components as

Ĉ , − ÎNS Vc

ÎVc
2 + Vd

2
s̃bce

iDkcz +
Vd

ÎVc
2 + Vd

2
s̃bde

iDkdzD .

This is achieved whenVc→0 and Vd→0, and the pulse
propagation velocity goes down to zero. Mapping the travel-
ing quantum field and the atomic spin polarization compo-
nents can be stated as

«̂ ↔ Vc

ÎVc
2 + Vd

2
s̃bcsz8deiDkcz8 +

Vd

ÎVc
2 + Vd

2
s̃bdsz8deiDkdz8,

s23d

wherez8=z+e0
`dtc cos2 ustd. Now from photon wave pack-

ets traveling with the speed of light we can convert informa-

tion to stationary atomic excitation in two different channels
just by adiabatically changingu from 0 to p /2. The state of
the polariton and its spatial shape do not change because of
the linearity of Eq.s22d f16g. The stored light pulse in the
two stationary spin wave channels can be simultaneously
retrieved to signal electromagnetic field by applyingVc and
Vd simultaneously and adiabatically, so that GDSP will be
“reaccelerated” to the vacuum speed of light to give back the
pure signal pulse in the forward direction. In such a system,
the signal field is bifurcated and stored in two stationary spin
waves with a weight factor governed by the two classical
fields as given in Eq.s10d for the respective spin polarization
components. Interestingly, if one puts the pumpingscou-
plingd field VdsVcd=0, then the system reduces to a three-
level L sladderd-type system as evident from Eqs.s10d and
s17d in which ŝbc sŝbdd provides the quantum storage chan-
nel. The main advantage of the four-level system is the abil-
ity to channelize the quantum memory into two different spin
waves which can then be retrieved on demand either simul-
taneously or with a certain time delaysby adjusting the time
delay betweenVc and Vd pulsesd. One can also simulta-
neously monitor what is being stored asVc→0 adiabatically
so the spin waveŝac will be activated for quantum memory
purposes. However, by keepingVdÞ0 sbut small in magni-
tuded one can monitor the fraction of the signal pulse.

To summarize, we have formulated the generalized dark-
state polariton in the four-level inverted-Y atomic system,
which can be used for two-channel quantum memory. This
system behaves like a copier, divider, or multiplexer for
quantum states of photons, which are essential for quantum
information processing and quantum networking. The above
derivations can be easily modified to apply to more than
four-level systems to form multiple memory channels.
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