
PRL 96, 053601 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
10 FEBRUARY 2006
Electromagnetically Induced Left Handedness in Optically Excited Four-Level Atomic Media
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We show that left-handed properties can be electromagnetically induced in a general four-level atomic
medium for a finite spectral range. We use an electric (magnetic) atomic transition as an electric
(magnetic) resonator to modify the permittivity (permeability), both at the same frequency. The
implementation of the four-level model is carried out in atomic hydrogen and neon. In each case the
existence of left-handed properties is predicted inside an experimentally reachable domain of parameters.
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FIG. 1. Four-level medium interacting with three electromag-
netic fields.
The propagation of electromagnetic waves in matter is
characterized by the frequency-dependent relative dielec-
tric permittivity "r and magnetic permeability �r. Their
product defines the index of refraction: "r�r � n2. Left-
handed media are characterized by negative real parts of
"r, �r [1]. It has been shown that in this case the negative
root must be used for the index of refraction n � �

�����������
"r�r
p

[1]. Left-handed media have recently attracted significant
attention since it has been discovered that a slab of left-
handed materials is able, for instance, to focus light into a
spot much smaller than the wavelength, realizing a ‘‘per-
fect’’ lens [2]. Experimentally, left-handed properties in
the microwave domain were obtained with a composite
medium made of a periodic array alternation of split ring
resonators and continuous wires [3]. Left handedness has
been recently analyzed in a three-level medium [4].
However, the proposed scheme requires the conflicting
demand that the middle state is involved in both a magnetic
transition and an electric transition at the same frequency.
An independent study of the same scheme has reached a
similar conclusion [5].

In this Letter we demonstrate that a four-level medium
may be left handed in a restricted domain of parameters. In
our model an electric transition and a magnetic transition
play the role of an electric resonator and a magnetic
resonator, respectively. They involve two different pairs
of states, leading to a realistic energy configuration.
Explicit calculation predict the occurrence of a left-handed
domain in hydrogen and neon gases with Ref"rg< 0 and
Ref�rg< 0.

Numerous works have been carried out over the past
15 years to control the index of refraction by quantum
interference. They led, in particular, to electromagnetically
induced transparency (EIT) [6], refractive index enhance-
ment [7], and slow light [8]. As the magnetic transition
strengths are typically 2 orders of magnitude smaller than
the electric transition strengths, the permeability does not
change significantly from unity as the frequency of the
probe magnetic field reaches a magnetic resonance. There-
fore, the modification of the index of refraction is in gen-
eral due mainly to a modification of the electrical suscep-
tibility. However, a significant change of the permeability
06=96(5)=053601(4)$23.00 05360
can be obtained from a magnetic moment induced by
coupled electric transitions [4]. In this Letter we combine
the modification of the permeability by an induced mag-
netic moment with the modification of the permittivity due
to an electric transition. In this way, the permeability and
the permittivity can be simultaneously modified and left-
handed properties are obtained. Moreover, the absorption
is reduced by EIT to increase the practicability of the
scheme. After considering the general four-level scheme,
we present its implementation on atomic hydrogen and
neon.

We consider four atomic states having the following
properties: j1i and j2i have the same parity and ~�12 �

h1j ~̂�j2i � 0, where ~̂� is the magnetic dipole operator; j3i

and j4i have opposite parity with ~d34 � h3j ~̂dj4i � 0, where
~̂d is the electric dipole operator. As indicated in Fig. 1, we
introduce three electromagnetic fields to couple the four
states and describe them by their effective Rabi �ij and
optical !a;b;c frequencies. Contrary to the scheme used in
[4], the electric transition j3i ! j4i and the magnetic tran-
sition j1i ! j2i involve different states.

For the scheme to be consistent, it is obvious from parity
selection rules that not all transitions can be electric dipo-
lar. Therefore, one of the transitions must involve either
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two photons or a quadrupole. In the following, we shall
always assume that the transition j3i ! j4i is an electric
dipolar transition. The Rabi frequency is then defined as
�34 � ~d34 � ~Eb=2@ where ~Eb is the amplitude of the elec-
tric field with frequency !b.

The Hamiltonian of the system is H � H0 �Hi where
H0 �

P
j�jjjihjj is the field-free Hamiltonian andHi is the

interaction of the atom with the electromagnetic fields

hkjHijli � �
1

2
@�kle

�i�!k�!l�t; (1)

where !1 � !a �!b, !2 � !c, !3 � !b, and !4 � 0.
The nonvanishing Rabi frequencies �13, �34, and �42 are
indicated in Fig. 1. The rotating-wave approximation has
been used, and only resonant terms have been kept. The
density matrix operator is defined by

�̂ �
X4

k;l�1

�kle
i�!k�!l�tjkihlj: (2)

The time-varying off-diagonal density matrix elements
verify the evolution equations

i _�kl � ��kl � i�kl��kl �
X4

m�1

��ml�km ��km�ml�; (3)

where the damping rates �kl of the coherences are related
to the population decay rates �kk through 2�kl � �kk �
�ll. The detunings are defined by @�kl � �k � �l �
@�!k �!l�.

In this Letter we only consider the case of a strong
electromagnetic coupling for the transition j2i ! j4i and
of weak electromagnetic coupling for the transitions j1i !
j3i and j3i ! j4i. The field ~Eb is the probe field. Therefore
only the light shift produced by �42 is taken into account.
In this way, the scheme is equivalent to the usual three-
level scheme used to electromagnetically induce transpar-
ency with a multiphotonic probe transition. In the follow-
ing, the standard EIT approximations are used [9]. This
includes the assumption that the populations are nearly
constant. Moreover, it is assumed that the ground state
j1i is the only state initially populated. In this framework
it is easy to solve Eq. (3) in the steady state

�12 �
��13�34�42�11

��13 � i�13����12 � i�12���14 � i�14� � j�42j
2�
;

(4)

�34 �
��34j�13j

2�11

��13 � i�13����12 � i�12���14 � i�14� � j�42j
2�
;

(5)

where

� �
��12 � i�12���32 � i�32� � j�42j

2

��34 � i�34���32 � i�32� � j�42j
2 :

The key idea is to obtain an electric dipole and a mag-
netic dipole oscillating at the same frequency in order to
05360
modify simultaneously the dielectric permittivity and the
magnetic permeability. If ~�12 � 0, the coherence �12

drives a magnetic dipole oscillating at frequency !b �
!a �!c, while �34 drives an electric dipole oscillating
at frequency!b. Dipole synchronization requires therefore
either !a � !c or !c � !a � 2!b. We choose !a � !c
and will explain later on that the second option is
impracticable.

The two coherences �12 and �34 are necessary to evalu-
ate the dielectric and magnetic responses of the medium to
the probe field ~Eb at frequency !b. The classical electric
dipole ~P is related to the mean value of the atomic dipole

moment operator through ~P � Trf�̂ ~̂dg, where Tr denote
the trace. The amplitude of the electric dipole oscillating at
frequency !b is ~P�!b� � ~d34�43. The electric polarizabil-
ity is a rank 2 tensor defined by its Fourier transform
~P�!� � "0�e�!� ~E�!�. In the following, we only consider
the polarizability at the frequency!b of the incoming field
~Eb. Therefore we drop the explicit !b dependence
�e�!b� 	 �e. Moreover, we choose ~Eb parallel to the
atomic dipole ~d34 so that �e is a scalar. The electric polar-
izability for the field Eb is

�e �
jd34j

2�j�13j
2�11

"0@��13 � i�13����12 � i�12���14 � i�14� � j�42j
2�
:

(6)

In the same way, the classical magnetization ~M is related
to the mean value of the atomic dipole moment operator
through ~M � Trf�̂ ~̂�g. We focus, here again, on the com-
ponent oscillating at frequency !b which is ~M�!b� �
~�21�12. The magnetizability is also a rank 2 tensor defined

in the Fourier space by �0
~M�!� � �m�!� ~B�!�. The mag-

netic field is related to the electric field by Maxwell’s
relation ~Bb � ~kb 
 ~Eb=!b, where ~kb is the wavevector
of the ~Eb field. If we choose ~�12 parallel to ~kb 
 ~Eb, the
magnetizability is also a scalar and its expression is

�m �
��0c�21d34�13�42�11

�@��13� i�13����12� i�12���14� i�14�� j�42j
2�
;

(7)

where � is a unitary complex number depending on the
polarization of the field ~Eb.

Using Eqs. (6) and (7), the relative permittivity and the
relative permeability are easily obtained

"r � 1� N�e; �r �
1

1� N�m
; (8)

where N is the atomic density [10].
The largest variation of "r��r� is expected at �34 � 0

(�12 � 0). A strategy to tune simultaneously "r and �r is
to find a medium verifying the degeneracy condition

�2 � �1 � �4 � �3; (9)
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FIG. 2. Frequency dependence of the dielectric permittivity "r
and magnetic permeability �r of a dense hydrogen gas. Left-
handed properties are obtained in the shaded area of 0.2 Mhz for
the 21 cm line.
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FIG. 3. Four-level scheme in neon with Zeeman effect. The
neon ground sate 2p6 is taken to be the zero point energy.
Wavelength as well as polarization of the electromagnetic field
used for the computation presented in Fig. 4 are indicated. The
atomic parameters can be obtained from NIST [14].
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so that �34 � �12. Furthermore, to reduce the absorption,
we consider a range of parameters such that EIT affects the
j3i ! j4i transition. Actually, if �32 � 0 is realized, the
parameter � vanishes around �12 � 0 as j�42j

2 is close to
�12�32. Contrary to the standard EIT scheme where the
absorption uniformly decreases as the power of the driving
field increase, here it develops a minimum.

Let us consider a medium verifying the condition (9) and
having all the damping rates practically equal �ij � �. Let
�42 � 0 and j�42j

2 � �2. Then, to first order in � 	
�12=�

"r � 1� �Njd34j
2j�13j

2�11=2�0@�
3; (10)

�r �
1

1� iN�0c�21d34�13�11=�@�2 : (11)

Using typical values � � 108 Hz, �13 � 107 Hz, jd34j ’
10�29 Cm, and �12 ’ �B, negative permittivity and nega-
tive permeability at � � �0:1 are obtained for a density
N > 1025 at=m3, which is perfectly realistic. Note that it is
because we are interested in the vicinity of �12 � 0 that we
need to choose !a � !c.

Hence left-handed properties of a four-level medium can
be electromagnetically induced provided the medium veri-
fies the degeneracy condition (9). This condition implies a
medium having an electric transition and a magnetic tran-
sition at the same frequency and is the main constraint for
the implementation of the scheme in any materials. In the
rest of this Letter, we show that these conditions can be
verified in real atomic media.

First, we will consider the case of atomic hydrogen. In
this case, the states j1i and j2i are the hyperfine sublevels
of the ground state 1S1=2 while j3i (j4i) in an hyperfine
sublevel of the exited state 2P1=2 (2S1=2). The same optical
field is used to drive the j1i ! j3i and the j2i ! j4i
transitions. Since the transition j2i ! j4i must involve
two photons, an additional static electric field is used.
This automatically ensures that the condition !a � !c is
verified.

The dependence of "r and �r on the detuning �12 is
shown in Fig. 2. For the parameters we choose, left-handed
properties of dense hydrogen gas are obtained for a 21 cm
radio field inside the shaded area with bandwidth of about
0.2 MHz. The calculation is made with the following
assumptions. The probe radio field is �� polarized. The
static electric field is 	 polarized with an intensity of
20 kV=m. The static magnetic field with an intensity of
13 mT is used to verify the degeneracy condition (9). The
optical field oscillating at 123 nm with a power of
70 mW=m2 propagates in the direction of the quantization
axis (defined by the magnetic field) with a rectilinear
polarization. The density is N � 2:5
 1025 at=m3.

Up to this point, hydrogen seems to be a good candidate
for the experimental realization of electromagnetically
induced left handedness. But, in order to observe it in the
05360
gas, we must be able to induce it on a length scale much
longer than the wavelength. For hydrogen, this entails the
use of a beam diameter significantly larger than 21 cm.
This is a serious obstacle for the experimental realization
of left handedness in hydrogen.

In order to circumvent this difficulty, we seek an atomic
species with a larger hyperfine or spin-orbit energy split for
a (meta) stable state. This can be found in rare gases. Rare
gases energy levels can be understood in the (jL) coupling
scheme, except for helium [11]. In particular the first exited
state configuration np5�n� 1�s of rare gases shows a spin-
orbit splitting of the order of 100 THz.

Let us look at the case of neon. As a starting point, we
expect all the atoms to be initially in the long-lived state of
the 2p53s configuration which is labeled 2p5�2Po3=2�3s
1-3
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FIG. 4. Frequency dependence of the dielectric permittivity "r
and magnetic permeability �r of the dense neon gas. Left-
handed properties are obtained in the shaded area of about
160 Mhz.

PRL 96, 053601 (2006) P H Y S I C A L R E V I E W L E T T E R S week ending
10 FEBRUARY 2006
2�3=2�o2 in the (jL) coupling scheme [12]. In the notation
2�3=2�o2 the number K in the square brackets results from
coupling the j angular momentum of the parent levels
indicated in parentheses �2Po3=2� with the orbital angular
momentum of the external electron. The subscript indi-
cates the total angular momentum J, resulting from the
coupling of the K angular momentum and the spin of the
external electron. Odd-parity levels are distinguished by
the superscript o. Figure 3 displays the energy levels used,
as well as the wavelength of the transitions. Levels j1i and
j2i are fine split energy levels of the 2p53s configuration
which ensure that ~�12 � 0.

As indicated in Fig. 3, levels j1i, j2i, and j3i have odd
parity and j4i has even parity. The transition j1i ! j3i
involves two photons. The transition j1i ! j4i involves
an electric dipole. Figure 4 presents the computed depen-
dence of the permittivity and the permeability on the
detuning �12. Neon gas shows left-handed properties in
the shaded area of bandwidth about 160 MHz for an
electromagnetic field with a wavelength of 5:4 �m. In
the calculation, we assume that the transition j1i ! j3i is
driven by a ��-polarized electric field with a wavelength
of 704 nm and with a power of 5:1 W=mm2. The transition
j2i ! j4i is driven by a 	 polarized electromagnetic field
with a wavelength of 352 nm and with a power of
77 mW=mm2. The state 2p5�2Po3=2�3p

2�1=2�1 is used
as a virtual state in the two-photon transition. The probe
field is then �� polarized. The density is N � 2:5

1025 at=m3. A small detuning �42 � �3 MHz is set to
displace the zero of the imaginary part of �r into the
area of negative real part of "r. In this way, the absorption
is strongly reduced. The condition (9) is verified by a
05360
magnetic field of 7.14 T. For instance, for �12 �
�76 MHz we obtain "r � �0:94� i0:39,�r � �4:79�
i1:97, and an index of refraction of n � �2:30� i0:004.
This correspond to a typical absorption length of 8 mm. As
this length is of the same order as the laser beam radius, it
should be possible to observe left-handed electromagnetic
properties in an atomic neon gas.

Using thermodynamic arguments, it was shown that in a
left-handed passive medium the real and imaginary parts of
the index of refraction must have opposite signs [13]. This
sign condition is not valid here since we deal with active
media.

In conclusion, we have demonstrated that left-handed
electromagnetic properties can be electromagnetically in-
duced in a four-level medium. The practicability of the
scheme has been checked in a gas of hydrogen and of neon.
Atomic gases are a medium of choice for a first experi-
mental implementation of the scheme because their energy
levels configurations are well known. Nevertheless this
scheme needs to be applied in a solid state to realize optical
devices. The degeneracy condition (9) constitutes a crite-
rion to select promising media. Calculations along this line
are in progress.
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