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Electromagnetic chirality-induced negative refraction
with the same amplitude and anti-phase of
the two chirality coefficients*
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This paper suggests a scheme of electromagnetic chirality-induced negative refraction utilizing magneto—electric

cross coupling in a four-level atomic system. The negative refraction can be achieved with the two chirality coefficients

having the same amplitude but the opposite phase, without requiring the simultaneous presence of an electric-dipole

and a magnetic-dipole transition near the same transition frequency.
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1. Introduction

Negative refraction of light, first predicted to oc-
cur in materials with simultaneous negative permit-
tivity and permeability in 1968,1) has attracted con-
siderable attention during the last decade.?~7) Mate-
rials with a negative refractive index potentially have
many surprising and even counterintuitive electromag-
netic and optical effects, such as the reversals of both
Doppler shift and Cerenkov radiation,!*! amplification

subwavelength focusing, 810!

of evanescent waves,[®l
and so on.'"12] Until now, there have been sev-
eral approaches to the realization of negative refrac-
tive index materials, including artificial composite
metamaterials,['>14 photonic crystal structures,®
and chiral media,7-18]
as well as photonic resonant materials (coherent

atomic vapour).[19—21

transmission line simulation!16

Early proposals for negative re-
fraction required media with both negative permittiv-
ity and permeability (e, ¢ < 0) in the frequency range
of interest.[!*] However, the typical transition of mag-
netic dipole moments are smaller than the transition
of electric dipole moments by a factor of the order
1/137). So, it
is difficult to obtain negative permeability due to the

of the fine structure constant (o =

smaller typical transition of magnetic-dipole moments.
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Thus, it is difficult to achieve negative refraction in the
optical region of the spectrum because of the weak-
ness of the magnetic response. Recently, to allevi-
ate this problem, a chiral route to negative refraction
was suggested!'”22-24 without simultaneously nega-
tive electric permittivity and magnetic permeability.
The key idea is to use a magnetoelectric cross coupling
where the medium’s electric polarization is coupled
to the magnetic field of the wave and the medium’s
magnetization is coupled to the electric field. Under
such conditions, a negative index of refraction can be
achieved without the requirement for negative perme-
ability. The medium in which the electric polarization
P is coupled to the magnetic field H of an electromag-
netic wave and the magnetization M is coupled to the
electric field E:

EHE

Sen >=FE+xmH. (1)
chio

P=cox.E+>"H, M=

Here x. and xm, and égp and &gg are the electric
and magnetic susceptibilities, and the complex chiral-
ity coefficients, respectively. They lead to additional
contributions to the refractive index for one circular

polarization!*7-23.24]

(€en + &ur)?

n\/&:u 1

+ %(EEH —&ue).  (2)
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One typically chooses the phase such that the chiral-
ity coefficients are imaginary, if égg = —&ugg = i€,
and equation (2) reads n = \/eq —§. When /ep is
less than £ (£ > 0), the negative refraction is obtained
without requiring both ¢ < 0 and g < 0. In this pa-
per, we propose an alternative scheme to realize nega-
tive refraction. We demonstrate that electromagnetic
chirality-induced negative refraction can be realized
when the two chirality coefficients have the same am-
plitude but the opposite phase, which requires that
the chirality coefficients are not only imaginary. All
of these current suggestions for negative refraction in
left-handedness!?>2%! require a strong magnetic dipole
transition and a strong electric-dipole transition near
the same transition frequency. This requirement puts
a stringent constraint on the energy level structure
of systems where negative refraction can be achieved.
In this article, the electric-dipole and magnetic-dipole
transition will occur at different transition frequencies.

The paper is organized as follows. Section 2 es-
tablishes the model, and presents expressions for the
chirality coefficients and refractive index. Section 3
is devoted to presenting the numerical results and to
discussing numerical results. Finally, Section 4 sum-
marizes the conclusions.

2. Theoretical model and chiral-

ity coefficients

We proceed with a detailed description of electro-
magnetically induced chiral negative refraction. The
four-level configuration of atoms for consideration is
shown in Fig. 1. The parity properties of the atomic
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Fig. 1. Schematic diagram of a four-level atomic system
interacting with the control field having Rabi frequency
§2., the signal field having Rabi frequency 25 and the
probe field whose electric and magnetic components are
coupled to the level pairs |[4)—|3) and |2)—|1), respectively.

states are as follows: levels |1), |2) and |3) have the
same parity, which is opposite to the parity of level
|4). Since the two lower levels |1) and |2) have the
same parity, the coherent coupling (2., cannot be
electric-dipole, but instead can be achieved through
the magnetic-field, and so (2|ft|1) # 0 where f is the
magnetic-dipole operator. The two upper levels, |3)
and |4), have the opposite parity, the coherent cou-
pling {2, should be electric-dipole with (4]d|3) # 0,
where d is the electric dipole operator. As shown in
Fig. 1, three electromagnetic fields are introduced to
couple the four states. The electric (E) and magnetic
(B) components of the probe light (corresponding
Rabi frequency 2pe = Ep - d3a/h, 2pm = Bp - p12/h)
interact with the transitions |3) and |4) as well as |2)
and 1), respectively. Hence, the electric and magnetic
components of the probe field with the same frequency
wp drive the two transitions |3)—|4) and |2)—|1), simul-
taneously. The control field with Rabi frequency de-
noted by (2. pumps atoms in level |1) into upper level
|3). According to parity selection rules, the transi-
tion |1)—|3) is assumed to be a two-photon process,
as stated in Ref. [19]. The strong signal field cou-
ples levels |2) and |[4) with Rabi frequency 2. In the
rotating-wave and dipole approximations, the Hamil-

tonian of the system can be written as

4
H =Y huli)(i] — h(Qpm e~ rt+0om)|2)(1]
=1

+ chfi(2w0t+90)|3><1| + ‘Qpee*i(wpt+9pc)|4><3‘
+ Qe i(wstFo) (2] + c.c.), (3)

where w; (i = ¢, s) are the frequencies of the con-
trol and signal fields, respectively. 6; (i = pe, pm,c,s)
represents phases of the electric and magnetic compo-
nents of the probe field, control and the signal fields,
respectively. When the probe field is weak, i.e. (2.,
2pm K 2, < (2, we find the first-order perturbation
solution of the Liouville equation in the steady state

pa3 = ageF + agaB,
p21 = augE + apu B, (4)

where the coefficients agg, ogn, agan and agg are
given by

s — Ao22d34(A11 A1 + As)
BT DoDy 4+ Daf22 + 28

(5)
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e !9 Aop122:0%[Ag1 — (I + 14Ac)(Aga — Ag3f22 — 431 622)] (6)
B DoDy + Daf2? + 28 ’

— el Agdsa 22 { A1 (I + 1A) 22 + (1A — 1) [v3192% — Apa$22 + (il + Ac — Ap) Aug) (7)
HE = DoDy + Daf22 + 28 ’

Aop12As1 (1A — Io){Ass[(Is + 14p) Asza + 22] + A32022}

= DoDi + D22 + 23

Ao Q22 (1o + 1A {(v31 — Ass)[(I5 +14p) Azz + 2] — (As2 + 731)023} (8)

DyD, + ngg + .Q;L ’
and ‘tively defined by A, = wp — (w4 — w3), Ac = 2w —
A i (ws—w1), As = ws—(wa—w2), Am = wp—(w2—w1) and
o (3731 + 73142 + 41%02)’ here we depict the electric-dipole and magnetic-dipole
A = 31l — 1A + 21 [15 + i(Ae + 4p)], transitions to be different by seting Ay, # A, (i.e., two
Ay = (I + 1A [T — i(Ac — Ap)] + Qc27 transition frequencies are not near the same frequency

in this atomic system).2%) The relative phase of the
Az = QSQ[i’YglAC - F2('731 —2Is +21A; — QiAp)], Y ) b

signal, control and probe electric fields and probe mag-
Ao = (In —1A) (T3 + Is + 214),)

netic field is 6 = Oy + 0c — Opm — 0s. It is well known

X (Iyys1 + iy31 4 + 22), that the phases of the electric and magnetic compo-

Agg = I3 — 31 + I5 + 214, nents of an electromagnetic field are identical in a

Agg = v31(I + 1An)[—153 — i(Ac + 4)] nonconductor.27 Hence, in our scheme, Ope = Opm
- m c p/ls

. and the relative phase becomes the phase difference of
Az = —Toys1 — iy Ae — 22,

the control and pump fields, i.e., 6 = 0. — 0.
A32 = I3+ i(Ac + AP)’

The ensemble electric polarization and magneti-

Azz = I +1i(4, — Ae), zation of the atomic medium to the probe field are
Agy = I3+ I+ 214, given by P = Ndigpo1 and M = Npsapss, re-
Agy = Iy + v31 + 1(Ac + Ap), spectively, where N is the density of atoms. Then

. . the coherent cross-coupling between electric and mag-
A43 = ’731(Ap— 1F5)+IQ§, g g

( A (Ao — A)] + 22 netic dipole transitions driven by the electric and
Dy = (IN +14Am) s — i(Ac — Ap)] + £22,

magnetic components of the probe field may lead to

3

Dy = (5 +14,)[T5 + i(Ac + Ap)] + 22, chirality.['7-23:24] Substituting Eq. (4) into the formula
Dy = (il + Ac — Ap)(Ap — il5) for the ensemble electric polarization and magnetiza-
(I + iAw)[Ts + i(Ae + Ay)] — 202 tion, we have the relations
with the coherence damping coefficient given by P=uE+aB, M =a3FE + a4B, (9)
1
In = 5(71 +721) + Ve, where
1
I = 5(% +731) %, a1 = Ndijsapg, a2 = Ndi2omm,
I3 = %(71 + Va2 + 743) + Yoo az = Npgsoge, as = Npsaopn.
I, = 1(721 + Va2 + Ya3) + Ve, Considering both electric and magnetic local field
% effects,l?"?8! we find that E and B in Eq. (9) must
I's = 5(731 + a2 + V43) + Ve, be replaced by the local fields
1
Is == + , P M
6= 30 +21) E,=E+_—, BL:NO<H+).

360
in which . denotes the collisional dephasing rate and

v1 = 0. The detunings of the applied fields are respec- As a result, we obtain
|

p_ 3eo(poazar — proasaz — 3ay) n —9pocoaz
Loasagp + 3a1 — poagar — 9o + 3pocpay toasas + 3a1 — poagar — 9eg + 3pocpay
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9500,3

3(poazaz — poasar + 3eopoay)

" poasar + 920 — poasas — 3a; — 3eooas

(11)

poasar + 9eg — poazaz — 3ay — 3eopoas

Comparing Eqgs. (10) and (11) with Eq. (1), we obtain the electric permittivity, the magnetic permeability and

the complex chirality coefficients as follows:

6ay + 9e¢ + pol2aza2 — aq(2a1 + 3ep)]

e=14xe = , 12
X *3(11 + Mo[*agag + a4(a1 — 350)] + 960 ( )
b= 14y = —3aq — ,uo(OZQOZ:; + 20[40[1) + 360(0[20[3 + 2upay + 3) (13)
—3a1 + ,U()[—Ozgag + a4(a1 — 360)] + 9¢9
96@0&260
— , 14
§EH *3(11 + ,Lto[*agag + a4(a1 — 350)] + 960 ( )
9
{up = “Hofs%0 (15)

In the above derivations, we obtained the expres-
sions for the electric permittivity and magnetic per-
meability, and the complex chirality coefficients of
the atomic media. Substituting Eqgs. (12)—(15) into
Eq. (2), we can also present the expression for refrac-
tive index. In the next section, we will show that the
negative refractive index of the atomic system can be
obtained without simultaneously requiring both neg-
ative permittivity and permeability.

3. Results and discussion

Before doing these calculations, we need to fix sev-
eral key parameters in these equations, such as spon-
taneous emission rate, wavelength and atomic density.
In the model configuration, the transition from state
|2) to state |1) is magnetic-dipole allowed and oth-
ers are electrical-dipole allowed. The typical value of
the spontaneous emission rate of atomic electric dipole
transitions is the magnitude of 10% Hz. The sponta-
neous emission rate of atomic magnetic dipole transi-
tions is in general smaller than that of atomic electric
dipole transitions by four magnitudes. Thus, in our
numerical calculations, the spontaneous emission rates
are scaled by v = 108 s™1: 751 = 43 x (1/137)2,[20]
Y31 = Y42 = Ve = 17 for simplicity. The typical optical
wavelength for the transitions |4) — |3) and |2) — |1)
is selected to be 600 nm. The dipole moments dis
and p34 are estimated by the relation \/3h1;;A3/872.
In the present calculations, we choose the density of
atoms N to be 5 x 1024 m~3,
quired so that the atomic density should be larger
than 10?* m—3.[20] The detuning of the strong signal
field is set as Ay = 0 with Rabi frequency 25 = 20~.
As mentioned previously, the requirement of a strong

Dense vapour is re-

magnetic-dipole transition and a strong electric-dipole

—3a1 + /.Lo[—agag + CL4(CL1 — 380)] + 960.

transition near the same transition frequency puts a
stringent constraint on the energy level structure of
systems where negative refraction can be achieved.!2"!
In our scheme, the electric-dipole and magnetic-dipole
transition occur at different transition frequencies be-
cause the magnetic component of the probe field and
the control field detunings are assumed to be the same,
Am = A = 0.0017.

Figure 2 shows the real and imaginary parts of
the chirality coefficients £gy and &gg as a function
of Ay/vy. It is observed that their real and imagi-
nary parts have the same order of magnitude but the
opposite phase, simultaneously. A similar conclusion
can also be drawn when varying (2. = 0.4, 0.8y, or
0 = 3n/2, . = 17, 1.4v, 1.8y, respectively. The
sum of the two chirality coefficients {égy and g will
vanish in Eq. (2). Negative refraction can possibly
be obtained when the chirality coefficients are large
enough.

In Fig. 3(a), the refractive index is plotted for
0 = n/5, 2. = 0.4v,0.8y, 1.3v, and the black, gray
and light gray curves correspond to the different values
of (2., respectively. The other parameters are identi-
cal to those in Fig. 2. As shown in Fig. 3(a), the real
part of the refractive index is negative in the region of
[0,27], and the imaginary part depicts the absorption
and gain properties. When 2. = 1.3, the amplitude
of the negative refractive index reaches its maximum.
We change the phase difference between the control
and pump fields to @ = 37/2 and vary {2, by 1v, 1.4v,
1.8v in Fig. 3(b). It is observed that the negative re-
fractive index amplitude decreases with the variation
of (2. and the frequency region of the negative refrac-
tive index gradually widens with the same variation.
The imaginary part of the refractive index shows that
some absorptions do exist in the same regions men-
tioned in Ref. [23], due to the effect of the electro-
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magnetically induced chirality.
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Fig. 2. Real (solid lines) and imaginary (dashed lines)
parts of the chirality coefficients as a function of the
rescaled detuning parameter Ap/v for 6 = w/5, 2. =
1.3, and the other parameters are given in the text.
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Fig. 3. Real (solid lines) and imaginary (dashed lines)
parts of the refractive index as a function of the rescaled
detuning parameter Ap/v. The black, gray and light gray
lines correspond to different values of {2, respectively, for
0 = w/5, 2. = 0.4y, 0.8y, 1.3y and case (b):
0 =37/2, 2. = 1v, 1.4v, 1.8v. The other parameters are
the same as those in Fig. 2.

case (a):

We plot the electric permittivity and magnetic
permeability in Fig. 4 by the separate depiction of

their real and imaginary parts, respectively. We notice
that the electric permittivity and magnetic permeabil-
ity are not simultaneously negative in the frequency
region of negative refraction mentioned in Fig. 3. The
real part of electric permittivity is negative in the con-
sidered frequency range but the magnetic permeabil-
ity is not always like this. A similar conclusion can be
drawn by varying the corresponding parameters iden-
tically to those in Fig. 3.

h ====Tmle]

Fig. 4. Real (solid lines) and imaginary (dashed lines)
parts of permittivity and permeability as a function of
the rescaled detuning parameter Ap/v for 0 = x/5,
2. = 1.3, the other parameters are the same as those
in Fig. 2.

In experimental investigations, the level configu-
ration shown in Fig. 1 may be realized in atomic hy-
drogen or neon because each has the same level struc-
ture as that in Fig. 1.'9 Detailed assessment of our
approach in such a system will be our future investiga-
tion. We also expect that our technique will be appli-
cable in other systems, such as molecules or solid-state
structures.

4. Conclusion

In conclusion, we utilized magneto—electric cross
coupling to obtain a chirality-induced negative index
of refraction without the requirement for simultane-
ously negative permittivity and permeability. By tun-
ing the phase and amplitude of the external fields
properly, the two chirality coefficients have the same
amplitude but the opposite phase, and the atomic
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system shows that negative refraction can be carried

out without requiring the simultaneous presence of an

electric-dipole and a magnetic-dipole transition near

the same transition frequency.
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