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Multicolor manipulation of negative refraction in a three-level A atomic system is theoretically investigated.
Based on multicolor coherence, the negative refractive index can be obtained with reduced absorption. The
refractive index can also be controlled by changing the sum of the phases of the sidebands in the trichromatic
driving fields. By adjusting the sum phase, the refractive index can be varied between negative and positive
in two different frequency bands. Furthermore, the frequency band corresponding to the negative refractive
index is widened by increasing the intensity and the frequency difference of the trichromatic field.
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The left-handed material (LHM)! has recently been
widely investigated because of its counterintuitive prop-
erties. In these materials, the inverse Snell law, reverse
Cerenkov effect, and reverse Doppler shift can appear.
With the remarkable properties of negative refraction,
including amplification of evanescent waves!?3! and pho-
ton tunneling!¥, LHM can be used to focus all Fourier
components of a two-dimensional image as a perfect
lensl®). LHM is not available in nature: it is artificially
manufactured©=12l by delicately constructing spatial
periodic structures!!®14 Recently, schemes based on
quantum coherence and interference have been put for-
ward simultaneously by Oktel et al.['51%] to achieve neg-
ative refraction in a three-level medium. However, in
these examples, absorption reduces the resolution of a
perfect lens!'”. Numerous proposals have been put for-
ward to reduce absorption'8=22l, Thommen et al. pro-
posed a four-level scheme in which an electric (magnetic)
atomic transition was used as an electric (magnetic) res-
onator to modify the permittivity (permeability), and
at the same frequency, to electromagnetically induce
left-handed properties!'®!. Kastel et al. presented a
five-level scheme based on electromagnetically induced
chirality, which can achieve negative refractive index
without absorption!2l,

However, all of the above are examples of materi-
als interacting with monochromatic optical fields. A
monochromatic field with a single frequency value exists
only in ideal states. By contrast, a multicolor field, a res-
onant optical field with sidebands, is considered closer to
reality. Multicolor coherence in the atomic system could
induce many interesting phenomenal?324 and manip-
ulate the absorptive and dispersive properties?>261. In
this letter, we study the negative refraction based on
multicolor coherence, where a three-level A atomic gas
system is coupled with a strong trichromatic driving
field and a weak monochromatic probe field. By accu-
rately tuning the frequency difference and three Rabi
frequencies of the trichromatic driving field, the negative

1671-7694/2012/122701(4)

122701-1

refraction with reduced absorption can appear resulting
from the quantum interference between multi-interaction
paths. By considering phase influence in this system, the
refractive index is found to depend on the sum of the
relative phases of the sideband components. Adjusting
the sum phase, the refractive index can be altered be-
tween negative and positive in two different frequency
bands. In addition, the frequency band corresponding to
the negative refraction can be widened by increasing the
intensity and the frequency difference of the trichromatic
field.

We consider a three-level A-type system as shown in
Fig. 1% which includes an excited state and two lower
states, signed by [0), |1), and |2), respectively. Two
lower states, |1) and |2) have the same parity with
fizn = (2|ji]1) # 0, where /i is the magnetic dipole op-
erator. The upper state |0) has an opposite parity to

the lower states |1) and [2) with dyo = (1|d|0) # 0 and

dyo = (2| d)0) # 0, where d is the electric dipole opera-
tor. The |0) — |2) transition is coupled with a trichro-
matic driving field (Eo + B et + Ege_iét)e_iWOt +c.c.,
and the |0) — |1) transition is coupled with a weak
monochromatic probe field Epe*iwpt + c.c., in which

—

E;(i = 0 — 2,p) are the field amplitudes of each com-
ponents of the driving and probe fields, wy is the cen-
tral frequency of the driving field, wy is the probe fre-
quency, and 0 is the frequency difference among the
three components of the driving field. A, = wp1 — wp
and Aq = w2 — wy are the detunings of the respec-
tive fields from the corresponding transitions. -1, 2,
and 3 are the spontaneous emission decay rates respec-
tively corresponding to the [0) — |1), |0) — |2),and
|1) — |2) transitions. Q; = %¢Ei(j = 0 — 2) and

Q, = dl“,;LEP represent Rabi frequencies related to the
respective fields. In general, we set the Rabi fre-
quencies €y, 2, to be real. Hence we take Q; =
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Fig. 1. Scheme of a three-level A atomic system interacting
with a monochromatic probe field and a trichromatic driving
field.

|Q;] e1%(j = 1,2), where ¢; o are the relative phases of
the sideband components E_:112 of the trichromatic driv-
ing field with respect to that of the central component
EO. The sum of the relative phases ¢; 2 is defined as
& = ¢1 + ¢2. The magnetic interaction strengths are
typically two orders of magnitude smaller than the elec-
tric interaction strengths. Without loss of generality, we
neglected it in the following calculation!!>'8]. By using
the rotating-wave approximation, the equations of den-
sity matrix elements are derived as

i iG iG*

—(71 + 72)poo- “3‘“ P10

Poo= 5> P01t 5 P20~ 5 P02
i, iy

P11 = Y1P00 — V3P11 — 7010 + 7001

. iG iG*

P22 = Y2p00 + V3P11 — = P20 + 5 P02

. . i iQ ;

pPo1= —(M-FlAp)pm—%poo + Tppn + 7Gp21

i i iG

po2= _(7 e 1Ad)ﬂ02+7p12+ 5 (1 = p11 = 2poo)

. . iQp iG*

p21=[i(Aq — Ap) + FY23]P21 - 7P20 + 5 Pot. (1)

Equation (1) is constrained by poo + p11 + p22 = 1 and
pi; = pji- We thus set G = (Qo + 0169 + Qye™ %) and
G* = (Qf + Qe 9 4 Q3e!%). For the purpose of solv-
ing Eq. (1), we expand the density matrix elements in a
Fourier series as

Pik = Z pgz)elnét k

n=—oo

0,1,2). (2)

Substituting Eq. (2) into Eq. (1), we obtain the inverse
matrix[26-27) and the steady solution for the column vec-
tor

= L
X = (p((Jl )7950 )79((32 )a/’go )7921 ),ng )7p§1 )7

L) L+1 —L+1)
Péo 5p61 )a o 7/)80 )
0 0 L—1
'7p81)7"'7p80)7"'7p81 )7
L—-1 L L
apgo )7 ap(l)a 7/)80)) )

where L is a natural number. In our numerical calcula-
tion, L = 15 is chosen to meet accuracy.

Next, we discuss the electric and magnetic responses
of the medium to the probe field. In Eq. (2), the zero
order components of the coherence terms play an im-
portant role in response to the probe field because they
merely oscillate with the probe field?”). Thus, the com-
plex electric dipole moment of the medium is given by
plwp) = cflopg?) based on quantum theory!*>26l. More-
over, the complex atomic polarizability tensor «, can be
described as fwp) = eote(wp)Ep(wp), in which E, is
chosen to be parallel to atomic dipole CZlO so that ap is
a scalar. Thus, the electric polarizability for the probe
field is expressed as

_ lep((J(i) _ |d10|2 p((ﬁ) (3)
© eollp gohQ)y

Similarly, the magnetic response of the medium to the
probe field is associated with the coherent term pgi), and
the atomic magnetizability can be obtained as!?®!
N00M12P£) (4)
Oy = ————,
m 77Ep

where c¢ is the speed of light in vacuum, pg is the per-
meability of vacuum, and 7 is a unitary complex number

depending on the polarization of the probe field Ep.

Using Eqgs. (3) and (4), the relative permittivity and
the relative permeability are easily obtained!!8!
gr =14+ Na, (5)
1

(6)

fr = 1—Now,’
where N is the atomic density.
For LHM, the refractive index is defined as!!]

NG (7)

The strong magnetic response of the probe field to
the medium is obtained by setting the induced mag-
netic dipole transition to oscillate in phase with the
probe beam and constraining the three-level system as
wo2 = 2w([)115]'

We then consider a gas of 23Na atoms with N =
1022 m—3 and study the negative refractive property
of this atomic system on the basis of multicolor quan-
tum coherence. The electric and magnetic polarizabil-
ities for atoms are chosen as dp; = 8.5 x 1073°C-m
and g1 = 6.4 x 10723C-m? - s7}(~ dpica/2 with
the fine structure constant o = %), In numeri-
cal calculations, the spontaneous emission rate is es-
timated to be 71 ~ 10.06 MHz by using the relation

dig = 1/371h50/\3/87r2, in which A ~ 589 nm is the

wavelength of the resonant probe transition. Other pa-
rameters are simplified as dimensionless by scaling with
v = 71, and typical values of 7o = 0.57, 73 = 6 x 1074,
2, =0.001v, and Aq=0 are used. For different values of
three Rabi frequencies of the driving field (0, 1, Q2),
the corresponding frequency difference 6 and the sum
phase @, the frequency dependence of the real part of the

122701-2



COL 10(12), 122701(2012)

CHINESE OPTICS LETTERS

December 10, 2012

40
30
20
10 |-
o ko
-10
-20
-30
-40

@

Re(e1), Re(u1), and Im(nq)

-5

30
20
10
-10 ‘

-20
-30

_40 1 1 1
-10 -5 0 5 10

Re(e1), Re(u1), and Im(nq)

Re(e1), Re(u1), and Im(n)

Fig. 2. Frequency dependence of the relative dielectric per-
mittivity e,, the relative magnetic permeability p. and the
refractive index n. of three-level atoms with ¢=0, and (a)
.Qo = 87, = = 5:(); (b) .Qo:.Ql =0 = 87, 92:0; (C)
.Qo:.Ql = .Qz = 5 = 8’y.

relative electric permittivity €, and magnetic permeabil-
ity py, along with the imaginary part of the refractive
index n,, are drawn in Figs. 2 to 4.

Under the condition ¢ = 0, we plot the real part of
er (Rele,], solid line), the real part of u, (Re[u,], dashed
line) as well as the imaginary part of refractive index
ny (Im[n,], dotted line) versus the probe detuning in
Fig. 2. We then investigate the negative refractive prop-
erty for the cases of monochromatic, dichromatic and
trichromatic driving field. When the driving field is
monochromatic, the real part of magnetic permeability
presents very small negative values in the right frequency
band as exhibited in Fig. 2(a). With the driving filed
being replaced by a dichromatic field, the curves about
Rele;], Re[u,] and Im[n,| change significantly, as shown
in Fig. 2(b). Four peaks appear for the real part of mag-
netic permeability, and the gain is maintained for all
frequency bands. However, the real part of magnetic
permeability is always positive, which indicates that the
negative refractive phenomenon is very weak or does not
appear for the monochromatic and dichromatic driving
field under the given parameters. However, when the

driving field is adjusted to be trichromatic, the permit-
tivity and the permeability are simultaneously negative
in the area of 3.954y < A, < 3.990v, thereby cor-
responding to frequency bandwidth of ~ 0.36 MHz as
demonstrated in Fig. 2(c). Furthermore, in this neg-
ative refraction frequency band, the imaginary part of
refractive index n, related to the absorption is reduced,
as indicated in the insert in Fig. 2(c). This condition
is suitable for application. The interference between
multi-interaction paths of trichromatic coherence makes
it possible to achieve negative refraction in a wide fre-
quency band.

Phase dependence also plays a key role in multicolor
coherent effects. We turn to consider the phase influence
of the negative refraction in this system. Adjusting the
sum phase to be & = 7w with other parameters being
the same as in Fig. 2(c), we plot the probe-detuning
dependence of the real part of e, (solid line), the real
part of p, (dashed line), and the imaginary part of re-
fractive index n, (dotted line) in Fig. 3. Comparing
Fig. 3 with Fig. 2(c), we find the negative refractive
property depends strongly on the sum phase. Alter-
ing the sum phase from 0 to 7, the structure of peaks
about electric permittivity and magnetic permeability
are changed significantly. The frequency band corre-
sponding to both negative permittivity and negative
permeability is shifted to 7.756y < A, < 7.848y, and
widened to be ~ 0.93 MHz, as described in the enlarged
figure (inserted in Fig. 3), which is approximately three
times that of Fig. 2(c). However, Fig. 3 shows that in
the same negative refractive frequency band correspond-
ing to @ = 0, the electric permittivity and magnetic
permeability simultaneously become positive. Thus, re-
fractive index can be switched between negative and
positive in two different frequency bands by adjusting
the sum phasel3%, which can provide a convenient way to
transform the refractive nature of the medium in practi-
cal application.

Additionally, we consider the effect of the intensity
of the trichromatic field and the frequency difference
(20, 1, (2, 0) on the properties of electric permittiv-
ity and magnetic permeability in Fig. 4. By comparing
Figs. 4(a) and (b) with Fig. 2(c), we find that simul-

Re(e1), Re(u1), and Im(n1)

-10 -5 0 5 10

Fig. 3. Real parts of e, and p,, along with the imaginary of
n, versus frequency detuning A, for the case of & = 7 and
.90:.91:.92:5:8'7.
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Fig. 4. Frequency dependence of the real electric permittiv-
ity er and magnetic permeability pu., along with the imag-
inary of n, for (a) 20 = &1 = & = § = 2v, and (b)
00201:.92:5:4’)/.

taneously increasing the intensity of trichromatic field
and the frequency difference 2y = 4 = & = § can
widen the frequency band corresponding to the negative
refractive index from 0.32 to 0.34 and 0.36 MHz. The
increased negative refractive frequency band has a favor-
able and practical use for operating.

In conclusion, we study multicolor coherence-induced
negative refractive index in a three-level A type atomic
configuration. Based on trichromatic coherence, nega-
tive refraction with reduced absorption is achieved. The
sum of the relative phases of the sideband components
also plays a crucial role in the properties of electric per-
mittivity and magnetic permeability. Negative refraction
can be obtained in a different frequency band by chang-
ing the sum phase from 0 to w. The refractive index
can be switched between negative and positive by con-
trolling the sum phase in two different frequency bands.
Gradually increasing the intensity of the trichromatic
field and the frequency difference between the driving
field components can further widen the frequency band
corresponding to the negative refraction.
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