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Abstract: The theoretical mechanism for realizing a negative refractive index material in an optical frequency range with
an atomic gas system of electromagnetically induced transparency (EIT) is studied. It is shown that under certain conditions
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INTRODUCTION
Recently, a new type of artificial composite
materials (so-called left-handed media or negative
refractive index media) whose electric permittivity
and magnetic permeability are simultaneously
negative (corresponding to a negative refractive
index) over a certain frequency band has attracted
considerable attention due to its extraordinary
electromagnetic properties (Pendry, 2000; Shelby
et al., 2001; Grbic and Eleftheriades, 2004; Chen et
al., 2004). The negative refractive index media that
have been fabricated successfully so far (Shelby et
al., 2001; Grbic and Eleftheriades, 2004) are metallic periodic structures (like arrays of split ring
resonators and wires) at microwave frequencies,
*
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and actually anisotropic in nature. Thus, the impact
would be enormous if an isotropic and homogeneous
(preferably at the atomic level) negative refractive
index material can be realized in an optical frequency
range. In this Letter we show that under certain conditions an atomic gas of three-level electromagnetically induced transparency (EIT) system (Harris,
1997; Li and Xiao, 1995; Schmidt and Imamoğlu,
1996; Davanco et al., 2003) can exhibit simultaneously negative permittivity and negative permeability
in an optical frequency range.

PROBLEM
FORMULATION
AND
EXPRESSIONS FOR THE PERMITTIVITY
AND PERMEABILITY
Consider a Λ-type atomic gas system of
three-levels with one upper level a and two lower
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levels b and c . The system interacts with two
optical fields of the coupling and probe lasers,
which couple the level pairs a - c and a - b ,
respectively (Fig.1). The coupling laser is assumed
to be in resonance with the a - c transition,
while the probe laser has a frequency detuning
∆=ωab−ω, where ωxy and ω denote the x - y
transition frequency (here x,y=a,b or c) and the
probe beam frequency, respectively. Here we show
that the electric-dipole transition ( a - b ) and the
magnetic-dipole transition ( c - a ) will produce
the electric polarizability and the magnetic
susceptibility for the probe beam, respectively. In
general, the dimensionless ratio of the magnetic
dipole matrix element to the electric dipole matrix
element, i.e. mcb ℘ab c (c is the speed of light in
vacuum), has the order of 10−2 for an ordinary
atomic system. Thus the magnetic-dipole transition
is usually neglected for the wave propagation in a
conventional material. However, in a three-level
EIT medium where the intensity of the coupling
laser is much larger than that of the probe light, the
population in level c is much greater than that in
the upper level a . Thus, the magnitude of the
density matrix element ρcb may be much larger than
that of ρab. This means the magnetic dipole moment
*
ρcb ) may possibly be of the same order as the
( 2mcb

electric dipole moment ( 2c℘*ab ρ ab ). Here ℘ab and

mcb are the electric and magnetic dipole matrix
elements, respectively.
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Fig.1 The schematic diagram of a Λ-type three-level EIT
atomic system
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First we consider the steady density matrix
elements of this EIT system. The density matrix
elements ρab and ρcb of such a three-level system
can be rewritten as ρ ab = ρ ab exp(−iω t ) and

ρcb = ρ cb exp[−i (ω + ω ca )t ]. The intensity of the
probe laser is assumed to be sufficiently weak, and
therefore nearly all the atoms remain in the ground
state, i.e. the atomic population in level b is unity.
Under this assumption, ρab and ρcb satisfy the
following matrix equation (Scully and Zubairy,
1997)

i


 i℘ E 
−(γ + i∆)
Ωc 
 ρab   ab p 
∂  ρab   1
2
+
,

2

=

ρcb  
∂t  ρcb   i *



Ωc
−(γ 3 + i∆) 

 0 
 2

(1)
where γ1 and γ3 represent the spontaneous decay
rate of level a and the dephasing rate (nonradiative decay rate) of level c , respectively. Ep and Ωc
denote the probe field envelope and the Rabi frequency of the coupling laser (Ωc=℘ac Ec
with Ec
being the electric field envelope of the coupling
laser). It can be readily verified that the steady
solution of Eq.(1) is
i℘ab E p (γ 3 + i∆ )

,
 ρ ab =

Ω∗c Ωc 

2 (γ 1 + i ∆ ) (γ 3 + i ∆ ) +


4 


℘ab E p Ω∗c
ρ = −
 cb

Ω∗ Ω 

4 ( γ 1 + i ∆ ) ( γ 3 + i ∆ ) + c c 
4 



(2)

The electric (or magnetic) susceptibility χe (or
χm) can be obtained from the simple relation
χe,m=Nαe,m (instead of the Clausius-Mossotti-Lorentz relation), where N and αe,m denote the atomic
density (total number of atoms per volume) and the
polarizability, respectively
(Jackson, 2001).
Therefore, in such a three-level atomic system, the
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electric susceptibility χe and the magnetic suscepand

EXISTENCE OF NEGATIVE REFRACTIVE
INDEX

χ m = 2 Nmcb∗ ρcb H p , where Hp denotes the mag-

We first analyze the real and imaginary parts of

χm

tibility

are

χ e = 2 N℘ ρ ab ε 0 E p
∗
ab

netic field envelope of the probe field. Thus, with
the help of the steady Solution (2), one can obtain
the relative permittivity ε r = 1 + χ e and the relative

the electric susceptibility χe. Let χ e = χ e′ + i χ e′′ ,
then it follows from Eq.(3) that


Ω∗ Ω 
2
N ℘ab ∆  ∆ 2 − c c 

4 

χ ′ =
2
 e
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ε 0  ∆ 2 − c c  + ∆ 2γ 12 
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2
 e


Ω∗c Ωc 
2

+ ∆ 2γ 12 
ε 0  ∆ −
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permeability µ r = 1 + χ m of the above atomic system. By using the relation H p = ε r ε 0 µ r µ 0 E p
between the envelopes of magnetic and electric
fields, we obtain the following expression and relation for the electric and magnetic susceptibilities,
2

iN ℘ab (γ 3 + i∆ )
,
χe =

Ω∗c Ωc 

ε 0 ( γ 1 + i ∆ ) ( γ 3 + i ∆ ) +


4 



∗
∗
 χ = mcb 1 + χ m  i ⋅ Ωc  χ

 e
m
∗

℘ab c 1 + χ e  2 γ 3 + i∆ 


(3)

with

(

ς = (mcb∗ ℘∗ab c)(Ω∗c 2∆) χ e

)

1 + χ e . In

To make the loss of the EIT medium small, the
imaginary part χ e′′ should be negligibly small (i.e.

χ e′′

Since the dephasing rate γ3 is small compared
with the spontaneous decay rate γ1 (γ3 is in general
two or three orders smaller than γ1) (Li and Xiao,
1995), we will ignore γ3 hereafter. It thus follows
from Eq.(3) that
2

N ℘ab ∆
,
ε r = 1 + χ e = 1 −

Ω∗c Ωc 

ε 0 i ∆ (γ 1 + i ∆ ) +


4 



ς 2 ± ς 4 + 4ς 2
 ±
=
+
µ
1
 r
2

(5)

1 + χ e′ ). In an ordinary EIT experiment, the

Rabi frequency Ωc of the coupling laser often has
the same order of magnitude of γ1, e.g. 107~108 s−1
(Li and Xiao, 1995; Schmidt and Imamoğlu, 1996).
Thus, it follows from Eq.(5) that, for a low-loss EIT
medium, the frequency detuning of the probe field
should be much less than the Rabi frequency of the
coupling laser, i.e. ∆<<Ωc. A negative electric
permittivity requires χ e′ <−1, which is equivalent to

(4)

[cf. Eq.(5)]
2


Ω∗ Ω  
Ω∗ Ω 
ζ∆  ∆ 2 − c c  +  ∆ 2 − c c  + ∆ 2γ 12 < 0
4  
4 


a

negatively refractive EIT medium, if χe has a very
small imaginary part, parameter ς is dominated by
the imaginary part. The sign of the roots should be

with ζ = N ℘ab

2

(6)

ε 0 . Thus, the requirement for

the realization of negative permittivity is Ωc

∆>

Ω Ωc 4ζ . The

re-

∗
c

ε0 Ω

condition
∗
c

Ωc

Ω Ωc 4ζ
∗
c

2

4 ℘ab . Therefore, in order to

determined by inserting the values of µ r± into the

quires N

second relation of Eq.(3), and only one of the two

realize a low-loss negative permittivity, one should
choose a dense-gas EIT medium.

roots ( µ ) satisfies this relation for any frequency
±
r

detuning ∆.

With Eq.(4) one can show that if Re {ς 2 } < −4
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the magnetic permeability µr will have a negative
real part and a nearly vanishing imaginary part. For
simplicity we consider the case of large negative

the restriction Re {ς 2 } < −4 can be rewritten as
∆

Re(εr)
Im(εr)
Re(µr)
Im(µr)

(m ℘ c) ζ 4 . Note that in an atomic sys∗
cb

∗
ab

2

tem, mcb∗ ℘∗ab c ∼ 10−2 . From the above discussions,
it can be verified that, for a typical EIT experiment
in which γ1~Ωc=108 s−1 and ℘ab = 1.2 × 10−31 Debye
(hyperfine-split Na D lines) (Cowan, 1981), a
low-loss negative refractive index can exist when
the three-level atomic system is a dense gas with
the atomic density N larger than 1027 m−3 and the
frequency detuning ∆ is in the range of
∆ > Ω∗c Ωc 4ζ .

∆/γ1
Fig.2 The real and imaginary parts of the permittivity
(circles connected with the solid and dashed lines, respectively) and the permeability (the solid and dashed
lines, respectively) of an EIT gas system as the frequency detuning ∆ varies

Fig.2

shows the behaviors of the permittivity and the
permeability for the probe beam in such an EIT gas
system with N=1027 m−3, γ1=Ωc=108 s−1
∗
℘ab = 1.2 × 10−31 Debye and mcb
℘∗ab c = 10−2 . From

this figure one sees that the permittivity has a
negative real part and its imaginary part is very
small if the frequency detuning ∆ is greater than
2.3×10−3γ1. When ∆ is in the range of [2.3×10−3γ1,
7.7×10−3γ1], the dense EIT atomic gas will exhibit a
negative permeability. When ∆ is in the range of
[2.3×10−3γ1, 4.6×10−3γ1], the imaginary part of the
permeability is negligibly small. The corresponding
absorption coefficient α = −2π Im{ ε r µ r } (indicating the loss of the medium per unit wavelength)
when ∆ is in the range of [2.3×10−3γ1, 7.7×10−3γ1]
(where both the permittivity and permeability have
negative real parts) is shown in Fig.3. This figure
shows that the loss is small when ∆<4.6×10−3γ1, but
becomes large when ∆>4.6×10−3γ1 (since the permeability has a large imaginary part).

CONCLUSION
We have studied how to realize a negative refractive index material with an atomic EIT gas sys-

Absorption coefficient α

∗
min {Ωc ,(mcb
℘∗ab c) 2 ζ 4}

µr

gion ∆>5×10−3γ1 of Fig.2). Then one can show that

εr

permittivity with χ e′ <−1 (which is true in the re-

∆/γ1 (×10−3)
Fig.3 The corresponding absorption coefficient when
the frequency detuning ∆ is in the grey range of Fig.2
(where both the permittivity and permeability have
negative real parts)

tem in an optical frequency range. Explicit formulas for the permittivity and permeability have been
given. It is shown that under certain conditions such
a dense gas can exhibit simultaneously negative
permittivity and negative permeability, and thus
become a negative refractive index material. The
loss can also be very small. Compared with the
other existing schemes for the realization of negatiAfter we have finished the present Letter we found that Oktel et al. had
also considered a similar problem [M.Ö. Oktel and Ö.E. Müstecaphoğlu, arXiv: physics/0406309 (2004)], however, gave wrong
formulae and wrong results.
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ve refractive index, the present scheme has three
main advantages: (i) it can be used to fabricate
isotropic and homogeneous negative refractive
index material; (ii) it can be used to fabricate
negative refractive index material in the visible or
infrared frequency band; (iii) it can be used to tune
the negative refractive index by an external field
(the coupling laser). For these reasons, we believe
that the present scheme for realizing a negative
refractive index medium deserves further investigation both theoretically and experimentally.
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