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A closed four-level system in atomic vapor is proposed, which is made to possess left handedness by means
of the technique of quantum coherence. The method of density matrix is utilized in view of the rotating-
wave approximation and the effect of local-field in dense gas. The result of the numerical simulation shows
that the negative permittivity and negative permeability of the medium can be achieved simultaneously
(i-e., the left handedness) in a wider frequency band under appropriate parameter conditions. Furthermore,
when analyzing the dispersion property of the left-handed material, we find that the probe beam can be
controlled to change from superluminal to subluminal or vice versa via changing the detuning of the probe

field.
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The propagation of electromagnetic waves in matter is
characterized by the frequency-dependent relative dielec-
tric permittivity €, and the magnetic permeability u,.
Their product defines the index of refraction: e, -, = n?.
Naturally, the wave vector K, the electric field E, and the
magnetic field H forming a right-handed system in con-
ventional materials have both positive permittivity and
permeability simultaneously. However, in 1968, Veselago
theoretically constructed an electromagnetic material, in
which, the wave vector is opposite to the direction of
energy propagation. Thus Veselago defined such a ma-
terial as “left-handedness” materiall. The left-handed
material (LHM) has a negative refractive index when
the permittivity and permeability are negative simulta-
neously. It is a new kind of material that offers a pos-
sibility of molding the flow of light inside media, and it
has attracted considerable attention!?=12 because of its
surprising, counterintuitive electromagnetic and optical
properties. It can be verified that the left-handed media
exhibit a number of peculiar electromagnetic and optical
properties, such as the reversal of Doppler shift, anoma-
lous refraction, negative Goos-Hanchen shift!®!| reversed
circular Bragg phenomenon!'!l, enhanced quantum in-
terference, modified spontaneous emission rates, unusual
photon tunneling effect(®, sub-wavelength focusing!™12!,
and so on.

LHMSs have been realized by several approaches, includ-
ing artificial composite meta-materials!'®, transmission
line simulation!'¥, photonic crystal structures(!?:1%:16]
chiral materials!'”), and photonic resonant materials!*l.
The former four methods require delicate manufacturing
of spatially periodic structure. The last method is also a
quantum optical way in which the physical mechanism is
the quantum interference and coherence that arise from
the transition process in a multilevel atomic system. It
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was proposed firstly in a three-level medium('8!, which
requires rigorous level condition. For the purposes of en-
hancing the freedom of choice of levels and making the
scheme much more applicable to realistic system, Thom-
men et al. presented a proposal based on a coherent
cross-coupling between electric and magnetic dipole tran-
sitions in a four-level schemel'%l,

In this letter, we put forward a four-level dense atomic
vapor scheme based on quantum coherence effects to re-
alize left-handedness. In the system, we can dominate
the relative permeability and relative permittivity by the
electromagnetic interaction between multi-level atom and
multi-mode optical field in our scheme, and the contribu-
tion of Lorentz-Lorenz local field of the four-level dense
atomic vapor should be considered.

Now we discuss coherent effects in a four-level V
schemel'%20 as shown in Fig. 1. In this case, levels
|1) and |3) have opposite parity and ds; = (3|d|1) # 0,
where d is the electric dipole operator. The two levels
|3) and |4) have the same parity with p4s = (4] 2]3) # 0,
where [ is the magnetic-dipole operator. Here transi-
tions |1) « |3) are driven by a probe field with Rabi
frequency €2z, while transitions |1) < |2) are driven by
the coupling field with Rabi frequency €7 and transitions
|2) < |4) are driven by the pump field with Rabi fre-
quency 3. Ay = (e2—¢€1)/h—wi, Ay = (e3—¢1)/h—wa,
and As = (g4 —£2)/h — w3 denote the detunings between
the frequencies of the transitions.

Under the rotating-wave approximation and the dipole
approximation, the density matrix elements are given as
follows:

dpn

T =i p12 —iQ2p13 + i1 p2y

+iQ2p31 + 2731033 + 2721022,
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Fig. 1. Model of four-level V atom system interacting with
three light fields.

8§§2 = i1 p12 — 1Q3p24 — i1 p21
+1Q3pa2 — 2721 p22 + 274244,

8(524 = Q3024 — 123042 — 274214,
% = —721p12 + A1 p12 + i1 p22
—iQ1p11 +1Q2p32 — 10314,

8;3 = i1 p23 + 1Q2p33 — i02p11
+(1A2 — v31)p13,

% = —iQ3p12 + iQ2p34 + 101 p2s
+(iA1 +iA3 — Y42)p14,

% = id1p13 —1Q2p21 + i23p43
—(1A1 —iAg 4+ 431 + Y21)p23,

% =1Q3p44 — iQ3p22 +1Q1p14
+(=y42 — 21 +1A3)pa2,

% = —iQ3p32 + iQap1a + (1A —1As
A3 — y31 — 741)p34, (1)

where 731,721, and 742 are the spontaneous decay rates
for transitions |3) < |1),|2) < |1}, and |4) < |2), re-
spectively. We have assumed a closed atomic system,
4
ie., Z:lpu =1
i=
In a dilute vapor, there are few differences between the
macroscopic fields and the local fields, and both fields act
on any atom (molecule or group of molecules)m]. But
in dense media with closely packed atoms (molecules),
the polarization of neighboring atoms (molecules) gives
rise to an internal field at any given atom in addi-
tion to the average macroscopic fields so that the total
fields at the atom are different from the macroscopic
fields!??). The chosen vapor with atomic concentration
N = 1 x 10! m~3 should be dense so that one can
consider the local field effect, which results from the
dipole-dipole interaction between neighboring atoms.
With the formula of the atomic electric polarizations
Yo = 2d31p13/£0Ep, where Ep = th/dgl, one can ar-
rive at

- 2d§1 P13

. = . 2
Y=, (2)
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In the same way, we can obtain the explicit expres-
sion for the atomic magnetic polarizability by using the
formulae of the atomic magnetic polarizations v, =
2popaapas/BpY, and the relation between the micro-
scopic local electric and magnetic fields Ep/Bp = ¢:

2cpop34d31 a3
m=—, 3
g 1A (3)

where g is the permeability of vacuum, and c is the speed
of light in vacuum. In order to achieve a significant mag-
netic response, the transition frequency corresponding to
|4) — |3) should be approximately equal to the frequency
of the probe light.

However, what we are interested in is the macro-
scopic physical quantities such as the electric and mag-
netic susceptibilities, which are the electric permittivity
and magnetic permeability. The Clausius-Mossotti re-
lation between the electric permittivity and the mag-
netic permeability can reveal the connection between
the macroscopic and microscopic quantities. Accord-
ing to the Clausius-Mossotti relation??, one can obtain
the electric susceptibility of the atomic vapor medium
Xe =N7e- (1— %)_1'

The relative electric permittivity of the atomic medium
is

1+2/3N~y
r=14 e = — "5 4
= Xe = T 3N, )
Meanwhile, the magnetic Clausius-Mossotti relation!??!
Ym = % (QJ:M_}F ) shows the connection between the
3 3

macroscopic magnetic permeability u, and the micro-
scopic magnetic polarizations vy,. The relative magnetic
permeability of the atomic vapor medium is

~ 14+2/3Nynm

 1—1/3Nvm 5)

fhx

In LHMs, the expression of the medium refractive in-
dex is defined as!!]

n = —/E. (6)

The expression of the absorption coefficient A in LHMs

lS[24]
A = 27Im(—+/Ecftr). (7)

From the above analysis, we can obtain the expressions
for the electric permittivity and the magnetic permeabil-
ity of the coherent atomic vapor medium.

In numerical analysis, for simplicity, all the parameters
are scaled by v and we assume 31 = 21 = 0.5y, 742 =
0,A1 = Az = 0;Q; = 107,Q = 0.01v,Q3 = v;7 =
100 MHz.

It can be seen from Fig. 2(a) that the relative di-
electric permittivity has a negative real part in the
probe frequency detuning range [-1.2y, -0.2y]. It is
also shown that the real part of relative magnetic per-
meability is negative in the range [-2.727, 5.09] in Fig.
2(b). Therefore, the four-level coherent atomic vapor we
have considered can exhibit simultaneously negative per-
mittivity and permeability in the range [-1.27y, —0.27].
The medium shows left-handed effect at the moment.
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Fig. 2. Real parts of (a) the relative permittivity e, and (b)
the relative permeability p, versus the detuning of the probe
field As.
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Fig. 3. Imaginary parts of (a) the relative permittivity e, and
(b) the relative permeability u. versus the detuning of the
probe field As.

A weak absorption peak appears in the resonance re-
gion in Fig. 3(a). In Fig. 3(b), the probe light exhibits
electromagnetically induced transparency, and the imag-
inary part of the relative permeability shows a negative
peak at the probe field detuning Ay = —2.8~.

Figure 4(a) shows that medium absorption coefficient
is negative in the probe frequency detuning range [-1.27,
-0.37], and that the absorption is small in a certain
range near the resonance region, especially in the case
of Ay = —0.73v, where the absorption is zero. In our
scheme, the absorption is reduced, even to zero. The
main application limitation of the LHMs is the large
amount of dissipation and absorption(?3. Particularly,
the resolution of perfect lens!” is obviously decreased be-
cause of the absorption. Maybe our scheme is a potential
application in high resolution imaging and beam refocus-
ing.

Figure 4(b) shows the dispersion properties of the va-
por media. It exhibits the different dispersive properties
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Fig. 4. (a) Absorption coefficient and (b) refractive index ver-
sus the detuning of the probe field Az (all parameters are the
same as those in Fig. 2).

at two sides of it, namely, normal dispersion in the ranges
[-1.2y, —0.6757], [-0.4v, —0.37] and anomalous disper-
sion in the range [-0.675, —0.4v] of the probe frequency
detuning. According to the group velocity definition
vy = ¢/Re[(n + wdn/dw)]Y, the superluminal propa-
gation will occur in [-0.675v, —0.47] and the subluminal
propagation in [-1.27y, —0.6757], [-0.4v, —0.37]. There-
fore, maybe we can manipulate the probe beam to change
from superluminal to subluminal or wvice versa in this
LHM.

In conclusion, the quantum system with an interac-
tion between a closed V-type four-level dense atomic va-
por and multi-mode light fields is adopted to possess left
handedness by means of the technique of quantum co-
herence. The negative permittivity and negative perme-
ability of medium can be achieved simultaneously in a
wider frequency band under the appropriate parameter
conditions. We also discuss how the medium affects light
absorption and gain, and the gain properties of the LHM
may be a scheme to solve the main application limita-
tion of LHMs because of the dissipation and absorption.
It may have potential applications in improvements of
the perfect lens resolution!”2%!, beam focusing!?®, and so
on. Furthermore, by analyzing the dispersion property
of the LHM, we can also manipulate the probe beam to
change from superluminal to subluminal or vice versa in
this material.

The work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 60768001
and 10464002.

References

1. V. G. Veselago, Sov. Phys. Usp. 10, 509 (1968).

2. A. A. Zharov, 1. V. Shadrivov, and Y. S. Kivshar, J.
Appl. Phys. 97, 113906 (2005).

3. D. R. Smith, W. J. Padilla, D. C. Vier, S. C. Nemat-
Nasser, and S. Schultz, Phys. Rev. Lett. 84, 4184
(2000).

4. R. A. Shelby, D. R. Smith, and S. Schultz, Science 292,
5514 (2001).



11

o Ut

10.

11.
12.

13.

14.

15.

90

. A. Lakhtakia, Int. J. Electron. Commun. 58, 229 (2004).

. Z. M. Zhang and C. J. Fu, Appl. Phys. Lett. 80, 1097
(2002).

. J. B. Pendry, Phys. Rev. Lett. 85, 3966 (2001).

. R. A. Shelby, D. R. Smith, S. C. Nemat-Nasser, and S.
Schultz, Appl. Phys. Lett. 78, 489 (2001).

. T. Y. Yen, W. J. Padilla, N. Fang, D. C. Vier, D. R.

Smith, J. B. Pendry, D. N. Basov, and X. Zhang, Science

303, 5663 (2004).

S. He, Z. Ruan, L. Chen, and J. Shen, Phys. Rev. B 70,

115113 (2004).

A. Lakhtakia, Opt. Express 11, 716 (2003).

L. Chen, S. He, and L. Shen, Phys, Rev.

107404 (2004).

J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J.

Stewart, J. Phys. Condens. Matter 10, 4785 (1998).

G. V. Eleftheriades, A. K. Iyer, and P. C. Kremer, IEEE

Trans. Microwave Theory Tech. 50, 2702 (2002).

A. Berrier, M. Mulot, M. Swillo, M. Qiu, L. Thylén, A.

Talneau, and S. Anand, Phys. Rev. Lett. 93, 073902

Lett. 92,

16.
17.

19.
20

21.

22.

23.

24.

25.

26.

CHINESE OPTICS LETTERS / Vol. 8, No. 12 / December 10, 2010

(2004).
Q. Thommen and P. Mandel, Opt. Lett. 31, 1803 (2006).
J. B. Pendry, Science 306, 1353 (2004).

. J. Q. Shen, Phys. Lett. A 357, 54 (2006).

D. McGloin, J. Phys. B 36, 2861 (2003).

G. Luo and B. Hou, J. Sichuan Normal Univ. (in Chi-
nese) 30, 348 (2007).

A. Dogariu, A. Kuzmich, and L. J. Wang, Phys. Rev. A
63, 053806 (2001).

J. D. Jackson, Classical Electrodynamics (3rd edn.) (Wi-
ley, New York, 2001) Chap.4, pp.159-162.

D. M. Cook, The Theory of the Electromagnetic Field
(Prentice-Hall, New Jersey, 1975) Chap.11.

H.-J. Zhang, S.-Q. Gong, and Y.-P. Niu, Chin.
Lett. 23, 1769 (2006).

S. A. Ramakrishna and J. B. Pendry, Phys. Rev. B 69,
115115 (2004).

J. B. Pendry and S. A. Ramakrishna, J. Phys.: Condens.
Matter 15, 6345 (2003).

Phys.



