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Coherent control of negative refraction
based on local-field enhancement and

dynamically induced chirality∗
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This paper studies the electromagnetic response of a coherently driven dense atomic ensemble to a weak probe. It

finds that negative refraction with little absorption may be achieved in the presence of local-field enhanced interaction

and dynamically induced chirality. The complex refractive index governing the probe refraction and absorption depends

critically on the atomic density, the steady population distribution, the coherence dephasings, and the frequency de-

tunings, and is also sensitive to the phase of the driving field because the photonic transition paths form a close loop.

Thus, it can periodically tune the refractive index at a fixed frequency from negative to positive values and vice versa

just by modulating the driving phase. Moreover, the optimal negative refraction is found to be near the probe magnetic

resonance, which then requires the electric fields of the probe and the drive being on two-photon resonance due to the

dipole synchronisation.
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1. Introduction

Inspired by the pioneering work of Pendry et al.

10 years ago,[1] materials of negative refraction have

become an active area of research due to their coun-

terintuitive electromagnetic properties and their po-

tential applications.[2]. In such peculiar materials,

for example, the phase velocity of an electromagnetic

wave and its energy flow are in the opposite direc-

tions, and a perfect lens could be developed with its

imaging resolution not restricted by the wavelength.[3]

Negative refraction materials, first introduced as left-

handed media by Veselago in the 1960s,[4] usually pos-

sess both negative electric permittivity εr and negative

magnetic permeability µr in a certain frequency band.

Recently it was shown that, however, negative refrac-

tion of electromagnetic waves could be achieved in the

so-called chiral materials without requiring both neg-

ative εr and negative µr.
[5] In a chiral medium, the

refractive index n also depends on two chirality co-

efficients ξEH and ξHE because the polarisation P is

coupled with the magnetic field H of an electromag-

netic wave and the magnetisation M is coupled with

its electric field E.

So far, several interesting approaches have

been proposed to realise negative refraction,

among which the method using artificial composite

metamaterials[6,7] and the method using specific pho-

tonic crystals[8,9] are the most popular ones. Negative

refraction in the microwave region has been experi-

mentally demonstrated with a periodic structure com-

posed of split-ring resonators and conducting wires,[10]

and the refractive index may be tuned between neg-

ative and positive values by modulating certain char-

acteristics of the involved metamaterials.[11,12] To

realise negative refraction in the optical region, one

can resort to another method depending on quan-

tum coherence established in dense atoms with no-

table local fields by applying laser fields on appro-

priate energy levels.[13−19] In particular, Kastel et

al. show that the chirality based on dynamically in-

duced coherence may result in negative refraction with

very low absorption in the optical region.[20,21] This

method may be regarded as a modified version of the

well-known electromagnetically induced transparency

(EIT) technique,[22−25] where the dilute atoms are

made highly transparent and dispersive to a weak

probe in a narrow frequency window by a moderate
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driving field.

In this paper, we investigate how to achieve and

control the negative refraction in a dense atomic en-

semble with local-field effects by providing detailed

treatments on the complex refractive index. It is

shown that the negative refraction accompanied by

a transparency window can be attained as the probe

and driving fields induce notable chirality in the dense

atoms with a close-loop transition path. The spectral

curves describing the probe refraction and absorption

change dramatically as one varies the steady popula-

tion at the two lowest levels, which tells us that the

two chirality coefficients are critical for the negative

refraction, the electric susceptibility answers for the

transparency window, while the magnetic susceptibil-

ity is negligibly small. This could be better under-

stood if we decompose the close-loop atomic system

into two coupled three-level EIT systems sharing the

same driving electric field but utilising the probe elec-

tric and magnetic transitions, respectively. In addi-

tion, the magnetic dephasing rate on the two-photon

transition in one EIT system should be kept very small

to have notable transparency and negative refraction.

If this dephasing rate is not small enough, one can

increase the driving Rabi frequency to suppress the

absorption and use a denser atomic ensemble to en-

hance the negative refraction. The probe response

is also found to be sensitive to the driving phase in

a periodic mode, which is one important characteris-

tic of any close-loop atomic systems. The phase con-

trol technique has been explored to manipulate single-

atom spontaneous emission, light amplification with-

out inversion, collective quantum dynamics, etc.[26−30]

Finally we note that the requirement of dipole syn-

chronisation can be fulfilled even if the probe electric

and magnetic transitions are different in frequency,

and the negative refraction with little absorption is

near the probe magnetic transition when the electric

fields of the probe and driving are on two-photon res-

onance.

2. Model and method

We show the close-loop atomic system interacting

with a strong driving field ωc and a weak probe field

ωp in Fig. 1, where levels |1⟩, |2⟩, and |3⟩ are oppo-

site to level |4⟩ in parity and the frequency difference

between levels |4⟩ and |3⟩ is approximately equal to

that between levels |2⟩ and |1⟩. Then the electric and

magnetic components of the weak probe, Ep and Bp,

Fig. 1. (a) Schematic diagram of a five-level atomic system with a close-loop transition path. In the weak

probe limit, one can reasonably eliminate level |5⟩ together with the two assistant fields by assuming a

dark state composed of levels |1⟩ and |2⟩. (b) and (c) Two three-level atomic systems decomposed from the

five-level close-loop one and coupled through the common coherence term ρ12.
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will drive transitions |4⟩ ↔ |2⟩ and |3⟩ ↔ |1⟩ through
the electric- and magnetic-dipole interactions, respec-

tively. In the limit of a weak probe, almost all popu-

lation will be distributed at the two lowest levels |1⟩
and |2⟩ (i.e. ρ11 + ρ22 = 1) as a result of the se-

vere unbalance between atomic decay and pumping.

In the following, we assume that this two levels be in

a dark state |Ψd⟩ = [Ω2 |1⟩ − Ω1 |2⟩]/
√

Ω2
1 + Ω2

2 ,
[31,32]

where Ω1 = E1d51/2~ and Ω2 = E2d52/2~ are Rabi

frequencies of the two laser fields acting on the assis-

tant transitions |5⟩ ↔ |1⟩ and |5⟩ ↔ |2⟩. This assump-

tion allows us to pursue optimal results by modulating

contributions of the electric and magnetic transitions

|4⟩ ↔ |2⟩ and |3⟩ ↔ |1⟩ to the probe response.

With the rotating-wave approximation, under the

assumption of ~ = 1, the interaction Hamiltonian can

be expressed as

HI =


0 0 ΩB 0

0 ∆B +∆c −∆E 0 ΩE

ΩB 0 ∆B Ωc e
−iΦ

0 ΩE Ωc e
iΦ ∆B +∆c

 ,

(1)

where ∆c = ωc − ω43, ∆E = ωp − ω42, and ∆B =

ωp − ω31 are detunings of the driving and the probe

from relevant transitions, while Ωc = Ecd43/2~, ΩE =

Epd42/2~, and ΩB = Bpµ31/2~ are real-valued Rabi

frequencies of the corresponding fields. Moreover, Φ

denotes the time-independent phase of the driving

field, which only makes sense in a close-loop atomic

system.

Expanding the well-known Liouville equation in

this atomic system, we derive the following equations

for nonzero density matrix elements

∂ρ13
∂t

= −[γ13 + i∆B ]ρ13 − iΩc e
iΦρ14 − iΩBρ11,

∂ρ14
∂t

= − [γ14 + i(∆B +∆c)] ρ14 − iΩc e
−iΦρ13

− iΩEρ12,

∂ρ23
∂t

= −[γ23 + i(∆E −∆c)]ρ23 − iΩBρ21

− iΩc e
iΦρ24,

∂ρ24
∂t

= − [γ24 + i∆E ] ρ24 − iΩc e
−iΦρ23

− iΩEρ22, (2)

with the assumption of ρ33 = ρ44 = ρ34 = 0 in the

weak probe limit. Here γij = [
∑

k (Γik + Γjk)] /2

denotes the dephasing rate of atomic coherence ρij

with Γij being the population decay rate from level

|i⟩ to level |j⟩. We note that the dipole synchro-

nisation requires the frequency degeneracy condition

of ωp + ωc − ωp = ω31 + ω43 − ω42 = ω21, i.e.

∆B + ∆c − ∆E = 0, which implies that the probe

is not necessary to be simultaneously resonant with

transitions |3⟩ ↔ |1⟩ and |4⟩ ↔ |2⟩.
Equation (2) characterises in fact two coupled

EIT systems mediated by the coherence term ρ12: one

is in the Ladder configuration [see Fig. 1(b)] described

by the first two equations, while the other is in the

Lambda configuration [see Fig. 1(c)] described by the

last two equations. In the Ladder system, the probe

magnetic transition |1⟩ ↔ |3⟩ can be finished through

either the direct coupling of Bp or the cross coupling

of ρ12 · Ep · Ωc. Similarly, the probe electric transi-

tion |2⟩ ↔ |4⟩ in the Lambda system also have two

paths: the direct coupling one bridged by Ep and the

cross coupling one bridged by ρ21 ·Bp ·Ωc. These four

transition paths are expected to interact and interfere

to give surprising and interesting results on the probe

response in some situations.

The steady-state solutions of Eq. (2) can be eas-

ily attained by the perturbation method if ρ11, ρ22,

and ρ12 are fully determined by Rabi frequencies Ω1

and Ω2 of the two assistant fields. To the first order

of ΩE and ΩB , the two coherence terms ρ31 and ρ42

governing the probe response are derived as

ρ
(1)
42 = αEEEp + αEHBp,

ρ
(1)
31 = αHEEp + αHHBp, (3)

where

αEE =
id42ρ22 [γ23 − i (∆E −∆c)]

2~{[γ23 − i (∆E −∆c)] (γ24 − i∆E) + Ω2
c }

,

αEH =
−µ31ρ12Ωc e

+iΦ

2~{[γ23 − i (∆E −∆c)] (γ24 − i∆E) + Ω2
c }

,

αHH =
iµ31ρ11 [γ14 − i (∆B +∆c)]

2~{[γ14 − i (∆B +∆c)] (γ13 − i∆B) + Ω2
c }

,

αHE =
−d42ρ21Ωc e

−iΦ

2~{[γ14 − i (∆B +∆c)] (γ13 − i∆B) + Ω2
c }

,

with the αEE and αHH being the polarizability pa-

rameters resulted from the direct couplings while αEH

and αHE are the chirality parameters due to the cross

couplings. From Eq. (3), we can further determine

the polarisation P = Nd24ρ42 and the magnetisation

M = Nµ13ρ31 for the whole atomic ensemble with N

being its density. For chiral materials we also have

P = ε0χeEp +
ξEHHp

c
,
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M =
ξHEEp

cµ0
+ χmHp, (4)

with χe, χm, ξEH , and ξHE being the electric sus-

ceptibility, the magnetic susceptibility, and the two

chirality coefficients, respectively. Thus χe, χm, ξEH ,

and ξHE may be obtained with Eqs. (3) and (4) as

χe =
iN |d24|2 ρ22 [γ23 − i (∆E −∆c)]

2~ε0{[γ23 − i (∆E −∆c)] (γ24 − i∆E) + Ω2
c }

,

ξEH =
−Nd24(µ31/c)ρ12Ωc e

+iΦ

2~ε0{[γ23 − i (∆E −∆c)] (γ24 − i∆E) + Ω2
c }

,

χm =
iN |µ13/c|2 ρ11 [γ14 − i (∆B +∆c)]

2~ε0{[γ14 − i (∆B +∆c)] (γ13 − i∆B) + Ω2
c }

,

ξHE =
−N(µ13/c)d42ρ21Ωc e

−iΦ

2~ε0{[γ14 − i (∆B +∆c)] (γ13 − i∆B) + Ω2
c }

.

(5)

If the atomic ensemble is very dense, however,

we have to take into account both electric and mag-

netic local-field effects, i.e. to replace the macro-

scopic Ep and Bp in Eq. (3) with the microscopic

Em = Ep + P/3ε0 and Bm = Bp + µ0M/3. In this

case, the four direct and cross coupling coefficients are

instead given by

χ′
e =

9χe − 3(χeχm − ξEHξHE)

9− 3χm − 3χe + χeχm − ξEHξHE
,

ξ′EH =
9ξEH

9− 3χm − 3χe + χeχm − ξEHξHE
,

χ′
m =

9χm − 3(χeχm − ξEHξHE)

9− 3χm − 3χe + χeχm − ξEHξHE
,

ξ′HE =
9ξHE

9− 3χm − 3χe + χeχm − ξEHξHE
. (6)

Using these modified coefficients, we can finally deter-

mine the complex refractive index through

n =

√
εrµr −

(ξ′EH + ξ′HE)
2

4
+

i (ξ′EH − ξ′HE)

2
, (7)

with εr = 1+χ′
e and µr = 1+χ′

m being the electric per-

mittivity and the magnetic permeability respectively.

Note that the complex square root in Eq. (7) has two

solutions with a phase difference of π, but we just

need to use the one guaranteeing a positive Im(n) in

calculation. This is because the probe should not be

amplified when all atoms are populated into the lowest

levels |1⟩ and |2⟩. Then we can examine how to achieve

and control the negative refraction by modulating the

relevant atomic and electromagnetic parameters.

3. Results and discussions

We first discuss the importance of dynamically

induced chirality for achieving negative refraction by

changing the steady population at levels |1⟩ and |2⟩.
From Fig. 2 we can see that the negative refraction are

obtained around a transparency window with appro-

priately chosen parameters. In particular, the maxi-

mal magnitude of negative refraction corresponds to

the case of ρ11 = ρ22 = −ρ12 = 0.5 where the

chirality coefficients ξEH and ξHE have the largest

absolute values. As we gradually decrease ρ11, the

transparency window in the Im(n) curve becomes nar-

rower and the negative-valued part of the Re(n) curve

tends to the zero line. In this case, the electric sus-

ceptibility χe is enhanced while the magnetic sus-

ceptibility χm and the two chirality coefficients ξEH

and ξHE are weakened. In the ultimate situation of

ρ11 = 0, the transparency window is narrowest and

no negative refraction exists around it as a result of

χm = ξEH = ξHE = 0. Conversely, if we increase

ρ11 starting from the balanced case of ρ11 = 0.5, the

negative-valued part of the Re(n) curve once again

tends to the zero line, but the transparency window

becomes wider instead of narrower. In this case, the

enhanced susceptibility is the magnetic one χm but

not the electric one χe. Finally, we find that Im(n)≡ 0

and Re(n)≡ 1 when χm gets the largest absolute value

and χe = ξEH = ξHE = 0 in the ultimate situation

of ρ11 = 1. Thus we may conclude that: (a) the di-

rect coupling coefficient χm in the Ladder EIT sys-

tem is always negligible for the probe response; (b)

the direct coupling coefficient χe in the Lambda EIT

system answers for the probe transparency; (c) the

cross coupling coefficients ξEH and ξHE are critical

for achieving the negative refraction around a trans-

parency window.

In the above, we have chosen identical dephas-

ings for the two electric transitions (γ14 = γ24) but

different dephasings for the two magnetic transitions

(γ13 ≫ γ23). The larger γ13 in the Ladder EIT

system may also be contributed by, e.g. the laser

linewidth, except the population decay. The smaller

γ23 in the Lambda EIT system is assumed to only

originate from the population decay because it cor-

responds to a two-photon transition where the laser

linewidth can be well eliminated via phase locking.

Moreover, we have set γ14 = γ24 = (137)2γ23 because

the electric- and magnetic-dipole elements are related

to the decay rates through d24 =
√
3πε0γ24~c3/ω3

24

and µ13/c =
√
3πε0γ13~c3/ω3

13, respectively.
[20]
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Fig. 2. Imaginary (a, c) and real (b, d) parts of the refractive index as a function of the probe detuning. In

figures (a) and (b), the solid, dashed, dotted, dash-dotted curves respectively correspond to ρ11 = 0.5, 0.1,

0.01, and 0. In figures (c) and (d), the solid, dashed, dotted, dash-dotted curves respectively correspond to

ρ11 = 0.5, 0.9, 0.99, and 1.0. Other parameters are γ23 = 1.0 kHz, γ13 = 10.0 MHz, γ24 = γ14 = 1372γ23,

Ωc = 8.0 MHz, ∆0 = 0, Φ = π/2, and N = 1.0× 1023 m−3.

Considering that γ23 may have a larger value,

we examine in Fig. 3 the real and imaginary parts

of the complex refractive index with different values

of γ23. Clearly the probe absorption becomes more

and more severe and the maximal magnitude of neg-

ative refraction becomes smaller and smaller as one

gradually increases γ23. In particular, no negative re-

fraction and transparency window can be found when

γ23 ≥ 1.0 MHz. This once again verifies that the

electric susceptibility χe in the Lambda EIT system,

which is very sensitive to γ23, mainly contributes to

the transparency window. Thus one can suppress the

residual absorption in the transparency window by in-

creasing the driving Rabi frequency Ωc (compare the

solid and dashed curves in Fig. 4). To simultaneously

enhance the negative refraction, we also need to in-

crease the atomic density N , which then induces a

little more absorption (compare the dashed and dot-

ted curves in Fig. 4). Anyway, we can achieve notable

negative refraction accompanied with little absorption

by increasing both Ωc and N in the case of a larger

γ23.

Then what about the other magnetic dephasing

γ13? Figure 5 shows that, when γ13 ≥ 0.1 MHz, a

smaller γ13 corresponds to a larger magnitude of neg-

ative refraction and a wider and deeper transparency

window. If γ13 ≤ 0.1 MHz, however, the Im(n) and

Re(n) curves seem that there is no change as one

gradually vary γ13. Comparing Fig. 3 with Fig. 5,

we can see that γ13 is not as important as γ23 be-

cause γ13 affects n only through ξHE (χm is always

neglectable) while γ23 affects n through both χe and

ξEH . In other words, the Lambda EIT system dealing

with the probe electric transition plays a more impor-

tant role than the Ladder EIT system dealing with the

probe magnetic transition. Moreover, we have chosen

∆B − ∆E = ∆0 = 5.0 MHz in Fig. 5, which then

requires ∆c = −∆0 = −5.0 MHz due to the dipole

synchronisation. In this case, the negative refrac-

tion and the transparency window are observed near

∆E = −5.0 MHz, i.e. near ∆B = 0. Thus, the basic

requirement for achieving negative refraction with lit-

tle absorption is: (a) the probe is approximately reso-

nant with its magnetic transition; (b) the coupling and

the probe are approximately on two-photon resonance

through electric transitions.
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Fig. 3. Imaginary (a) and real (b) parts of the refractive index as a function of the probe detuning for

γ23 = 1.0 kHz (solid), γ23 = 10.0 kHz (dashed), γ23 = 0.1 MHz (dotted), and γ23 = 1.0 MHz (dash-dotted),

respectively. Other parameters are the same as those in Fig. 2 except ρ11 = 0.5.

Fig. 4. Imaginary (a) and real (b) parts of the refractive index as a function of the probe detuning for

Ωc = 8.0 MHz and N = 1.0 × 1023 m−3 (solid), Ωc = 40.0 MHz and N = 1.0 × 1023 m−3 (dashed), and

Ωc = 40.0 MHz and N = 5.0× 1023 m−3 (dotted), respectively. Other parameters are the same as those in

Fig. 2 except ρ11 = 0.5 and γ23 = 0.1 MHz.

Finally we discuss the dependence of the complex

refractive index n on the driving phase Φ, one most im-

portant characteristic of the close-loop atomic system.

From Eqs. (5)–(7) we can see that ξEH and ξHE , and

therefore Im(n) and Re(n), are sensitive to the driv-

ing phase Φ in a periodic mode, which is just shown

in Fig. 6. In particular, we note from Fig. 6 that there

exist a series of modes hopping at Φ ∼= 2kπ+0.5π and

Φ ∼= 2kπ+1.5π. If the driving phase is increased from

Φ ∼= 2kπ+0.5π to Φ ∼= 2kπ+1.5π (from Φ ∼= 2kπ+1.5π

to Φ ∼= 2kπ + 2.5π), the refractive index Re(n) at

∆E = −0.4 MHz will change from negative to positive

values (from positive to negative values). The refrac-

tive index Re(n) at ∆E = 0.8 MHz, however, varies in

the reverse direction for the same driving phase mod-

ulation. That is, we can manipulate the refractive in-

dex Re(n) at a fixed frequency via the periodic phase

modulation. To well suppress the probe absorption as

attaining the negative refraction at ∆E = −0.4 MHz

and ∆E = 0.8 MHz, however, we should carefully set

the driving phase near Φ = kπ + 0.5π.
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Fig. 5. Imaginary (a) and real (b) parts of the refractive index as a function of the probe detuning for

γ13 = 10.0 MHz (solid), γ13 = 1.0 MHz (dashed), γ13 = 0.1 MHz (dotted), and γ13 = 0.01 MHz (dash-

dotted), respectively. Other parameters are the same as those in Fig. 2 except ρ11 = 0.5 and ∆0 = 5.0 MHz.

Fig. 6. Imaginary (a) and real (b) parts of the refractive index as a function of the driving phase for

∆E = −0.4 MHz (solid) and ∆E = 0.8 MHz (dashed), respectively. Other parameters are the same as those

in Fig. 2 except ρ11 = 0.5.

4. Conclusion

In summary, we have studied a close-loop atomic

system for achieving negative refraction in the opti-

cal region by considering the specific situation where

the probe is simultaneously near resonant with an

electric transition and a magnetic transition. In case

the atomic ensemble is dense enough to bear notable

local-field effects, the negative refraction accompanied

with a transparency window is viable to be attained

with the dynamically induced chirality. The close-

loop atomic system may be decomposed into two cor-

related three-level EIT systems respectively regarding

the probe electric and magnetic transitions. In each

EIT system, there exist a direct coupling term (the

electric susceptibility χe or the magnetic susceptibil-

ity χm) and a cross coupling term (the chirality co-

efficient ξEH or ξHE) relevant to the probe response,

which may be controlled by varying the steady popu-

lation at the two lowest levels. We find that the trans-

parency window is mainly contributed by the electric

susceptibility, while keys for achieving negative refrac-

tion are the two chirality coefficients. Moreover, the

magnetic dephasing rate γ23 in one EIT system should
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be very small, otherwise the transparency window and

the negative refraction may not be observed. But we

can reduce the absorption and enhance the negative

refraction by increasing the driving Rabi frequency

Ωc and the atomic density N at the same time. It is

worth noting that we also can periodically tune the re-

fractive index between positive and negative values by

modulating the driving phase Φ, while the negligible

absorption can only be obtained with Φ ∼= kπ + 0.5π.

Last but not least, the negative refraction and the

transparency window are always near the probe mag-

netic resonance when the probe and driving electric

fields are on two-photon resonance as required by the

dipole synchronisation.

Our work should be instructive for choosing ap-

propriate atoms or molecules with excellent optical

parameters to achieve negative refraction with little

absorption in the optical region.
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