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In an N-type atomic system with double electromagnetically induced transparency, when the traveling-wave
coupling field is replaced by a standing-wave, double fully developed photonic band gaps open up due to
space-modulated refractive index within the two electromagnetically induced transparency widows. The
dynamically induced band gaps can be tuned coherently, and have applications in manipulating the
propagation dynamics of light pulses.
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1. Introduction

The manipulation of light via quantum coherence and interference
effects in optical medium interacting with laser fields has attracted
extensive attention. Many fascinating phenomena have been revealed
and studied in fundamentals and applications. One of the most typical
schemes is the electromagnetically induced transparency (EIT) [1,2],
which refers to an opaque medium on probe resonance that is made
highly transparent by a coupling field. With the help of the EIT
technique, one can well control the interaction between light and
matter. Generally, a traveling-wave (TW) coupling field is adopted in
the schemes of slow light [3], optical storage [4], enhancement of
nonlinearity [5], etc. Yet, when the same three-level atom is driven by
a standing-wave (SW), the optical response of the probe is modulated
periodically in the space. When the weak probe field propagates
perpendicularly to the standing-wave, the atomic medium acts as an
electromagnetically induced grating and diffracts the probe into high-
order diffractions [6]. If the propagation of the probe is along the
standing-wave, the probe can be completely reflected, which has been
explored to generate stationary light pulse [7–10], to achieve tunable
photonic band gap [11–15], to devise a dynamic controlled cavity [16],
to implement optical routing [17], etc.

For more practical applications, double photonic band gaps (PBGs)
have been studied most recently. Using the spontaneously generated
coherence (SGC) effect, Gao et al. obtained double PBGs in a four-level
system [18]. Cui et al. proposed a scheme to achieve double PBGs in a
tripod configuration driven by two SW fields [19]. Kuang et al.
attained double PBGs in N-type atoms utilizing spatial dependent
double-dark resonances induced by an SW control field [20]. In a
microwave driven generic four-level atoms, we also get well
performed double PBGs [21]. However, it is very difficult to find a
system exhibiting SGC in real atoms, two SW and microwave increase
the complexity in the experiment. Moreover, though an N-scheme is
easy to realize, the transparency positions change in the space,
therefore, the probe field undergoes absorption and one cannot get
well performed double PBGs with high reflectivity [20].

In this paper, we demonstrate a scheme for double PBGs in an N-
type system driven by an SW coupling field. In the previous N-type
system [11,20], a standing-wave is utilized to couple the Λ-EIT to
another level. When the standing-wave is off resonant with large
detuning, one can obtain enhanced space-dependent nonlinear
refractivity accompanied by vanishing absorption for the probe,
hence one PBG with high transmissivity occurs around the EIT point
[11]. While the standing-wave is resonant, the refractivity is
modulated in the space as well as the probe absorption, the resulting
double-dark resonances, i.e. the double transparency positions, are
changed in the space and then reduce the reflectivity of the double
PBGs [20]. However, in the present scheme, the standing-wave serves
as the coupling field for EIT, and a traveling-wave is used to split the
single dark resonance into double ones. The transparency positions
here are kept fixed and the refractive index is spatial modulated in the
two EIT windows. Therefore, double PBGs open up in the two EIT
regions with higher reflectivity than that in Ref. [20]. The double PBGs
are controllable and allow us simultaneously to manipulate the
propagation of two light pulses.
2. Model and equations

Considering a four-level N-type atomic system shown in Fig. 1, the
exited state |3〉 is coupled to the ground states |1〉 and |2〉 by a strong
SW coupling field with spatial dependent Rabi frequency Ωc(x) and a
weak probe fieldΩp, respectively. Therefore, a conventional Λ-type EIT
configuration is formed. However, the resulting single dark state is
coupled to another state |4〉 by a control field Ωd, and hence double-
dark resonances arise as a result of a coherent interaction.
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Fig. 1. Schematic diagram of a four-level N-type atomic system. A weak probe field Ωp

and a strong standing-wave coupling field Ωc(x) couple the transitions |1〉↔ |3〉 and
|2〉↔ |3〉, respectively, while the transition |2〉↔ |4〉 is driven by a control field Ωd.

Fig. 2. Theprobeabsorption anddispersionat thenodes (red—solid)and antinodes (blue—
dashed) of the standing-wave. Parameters are γ21=1.0kHz, γ31=14.0MHz, γ41=
91.0kHz, Ω0=20γ31, Ωd=2γ31, Δc=0, Δd=−1γ31, η=0.1, θ=18mrad.
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To deal with the properties of such an SW driven system, we start
with its steady optical response. In the limit of a weak field, we can
analytically solve the Liouville equation in the steady state and derive
the off-diagonal density matrix element:

ρ31 =
Ωp γ′21γ′41−Ω2

d

� �
γ′31 γ′21γ′41−Ω2

dÞ−γ′41Ω
2
c xð Þ;� ð1Þ

where γ′21=Δp−Δc− iγ21, γ′31=Δp− iγ31, and γ′41=Δp−Δc+
Δd− iγ41, with γi1 (i=2,3, 4) being the decoherence rate of the
respective atomic coherence ρi1, and Δp=ω21−ωp, Δc=ω23−ωc,
and Δd=ω42−ωd are detunings of the three fields from the
corresponding transitions.

Unlike in typical double-dark resonances system where a TW
coupling field is applied, the coupling here is in the SW pattern as
generated from the retroreflection on a mirror of reflectivity Rm. Then
the resulting squared coupling Rabi frequency, which varies period-
ically along the x axis, can be written as

Ω2
c xð Þ = Ω2

0 1 +
ffiffiffiffiffiffi
Rm

p� �2
cos

2
kcxð Þ + 1−

ffiffiffiffiffiffi
Rm

p� �2
sin2 kcxð Þ

� �
; ð2Þ

where kc denotes the wave vector of the coupling field. It is obvious
that Ωc

2(x) has a spatial periodicity of a=λc/2, which may be changed
into a=λc/[2 cos(θ/2)] via slightly misaligning the forward and
backward coupling fields by an angle θ.

The periodical Rabi frequency induces space-dependent linear
susceptibilityχp and refractive index np for the probe, which are given
by

χp Δp; x
� �

= 3πN
γ31 γ′21γ′41−Ω2

d

� �
γ′31 γ′21γ′41−Ω2

dÞ−γ′41Ω
2
c xð Þ;� ð3Þ

np Δp; x
� �

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 + χp Δp; x

� �r
; ð4Þ

where N = N0 λp =2π
� �3

, N0 is the atomic density. With the complex

refractivity np(Δp,x) in hand, we further obtain the 2×2 unimodular
transfer matrix M(Δp) describing the probe propagation through a
single period of length a. Then, the translational invariance of the
periodic medium is fulfilled by imposing the Bloch condition on the
photonic eigenstates, i.e.

Eþ x + að Þ
E− x + að Þ

� 	
= M Δp

� � Eþ xð Þ
E− xð Þ

� 	
= eiκaEþ xð Þ

eiκaE− xð Þ

 !
; ð5Þ

where E+ and E− denote the amplitudes of the forward and backward
electric fields of the probe, respectively. κ=κ ′+ iκ″ is the complex
Bloch wave vector, which represents the PBG structure, and can be
derived from the solutions of equation e2iκa−Tr[M(Δp)]eiκa+1=0
with detM=1 [13]. Noting that both κ and−κ are the solutions of the
equation, one obtains

κa = F cos−1
Tr M Δp

� �h i
2

2
4

3
5: ð6Þ

The Bloch wave vector describes the photonic band structure for a
probe in infinite periods. Yet we concentrate on the propagation
through a sample of finite length. For a sample of length l=Nawith N
being the number of the SW periods, the total transfer matrix can be
expressed as MN=MN, and the reflection and transmission ampli-
tudes for the probe are given by

r ΔPð Þ = MN 12ð Þ ΔPð Þ
MN 22ð Þ ΔPð Þ =

M12 sin Nκað Þ
M22 sin Nκað Þ− sin N−1ð Þκa½ � ;

t ΔPð Þ = 1
MN 22ð Þ ΔPð Þ =

sin κað Þ
M22 sin Nκað Þ− sin N−1ð Þκa½ � ;

ð7Þ

withMN(ij) being the matrix elements ofMN. Then we can easily obtain
the reflectivity R(ΔP)=|r(ΔP)|2 and the transmissivity T(ΔP)=|t(ΔP)|2.

By utilizing Eq. (7) and the Fourier transformmethod [15], one can
study the propagation dynamics of an incident probe pulse. Here, we
assume that the input probe has Gaussian profiles in the time and
frequency domains as

EIt tð Þ = E0te
− t−t0ð Þ2 =δ2t ;

EIf Δp

� �
= E0f e

− Δp−Δp0ð Þ2 =δ2p ; ð8Þ

where E0f =
ffiffiffi
π

p
δtE0t ,δp=2/δt, t0 and δt (Δp0 and δp) denote the center

and width of the input probe pulse in the time (frequency) domain.
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Fig. 3. Photonic band gap structure near the first Brillouin zone boundary in terms of the Bloch wave vector, and the probe reflectivity and transmissivity spectra for a 1.0cm long
sample (atomic density is N=1.0×1012cm−3). Other parameters are the same as in Fig. 2.

Fig. 4. Photonic band gap structure for different control intensities with Ωd=1.0γ31

(black solid), Ωd=2.0γ31 (red dashed), and Ωd=3.0γ31 (blue dotted). Other
parameters are the same as in Fig. 2.
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Then the reflected and the transmitted Fourier components can
be derived from ERf(Δp)=EIf(Δp)⋅r(Δp) and ETf(Δp)=EIf(Δp)⋅ t(Δp),
so that we obtain the reflected and transmitted probe pulse in the time
domain via inverse Fourier transform given by

ERt tð Þ = ∫ERf Δp

� �
ei Δp−Δp0ð Þtd Δp

� �
;

ETt tð Þ = ∫ETf Δp

� �
ei Δp−Δp0ð Þtd Δp

� �
:

ð9Þ

3. Results and discussions

3.1. Double PBGs

As shown by Lukin et al. [22], in a generic four-level system the
coherent perturbation leads to the splitting of the single dark state and
the emergency of double-dark resonances, which indicates a pair of
EIT windows for the probe field. Generally, this effect is induced by a
microwave driving a magnetic dipole transition or by optical fields
driving a two-photon transition in order to get a neglectable
decoherence rate for perfect double-dark resonances or complete
transparency. However, the probability of a magnetic dipole transition
or a two-photon transition is very small, hence it restricts the
manipulation of the double-dark resonances. Here we consider the
171Yb (I=1/2) cold atoms [23], where the states |1〉, |2〉, |3〉 and |4〉
respectively correspond to |1S0,F=1/2,mF=−1/2〉, |1S0,F=1/2,mF=
1/2〉, |1P1,F=1/2,mF=−1/2〉 and |3P1,F=1/2,mF=1/2〉. The decoher-
ence rates are γ31=Γ3/2=14.0MHz and γ41=Γ4/2=91.0kHz. Clearly,
|2〉↔ |4〉 is one-photon transition and γ41≪γ31. Therefore, the control
fieldΩd can lead to a pair of EITwindows with a complete transparency

at the two frequenciesΔF = 2Δc−ΔdF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

d + 4Ω2
d

q� �
= 2,whichcanbe

derived from the vanishing probe susceptibility of Eq. (3). In the
present scheme, as a result of the SWcouplingfield, the probe absorption
and dispersion are modified spatially along the x axis with the
same periodicity as the SW. It is worth mentioning that an imperfect
SW coupling with unequal forward and backward components is
applied so that double EIT windows are established everywhere, even
at the nodes of the SW (see Fig. 2). We here define a parameter
η = 1−
ffiffiffiffiffiffi
Rm

p� 

= 1 +

ffiffiffiffiffiffi
Rm

p� 

to describe the degree of imperfectness of

the SW. As can be seen in Fig. 2, the nodes of the SW correspond to the
narrow EIT windows with a steep dispersion, while the antinodes
correspond to thewide EITwindowswith aflat dispersion. Therefore, the
probe field propagates as in a one-dimensional multilayer periodic
structure which has two transparent regions. Consequently double PBGs
are expected to occur at the Brillouin zone boundary π/a.

The resulting PBGs structure is shown in terms of the Bloch wave
vector and the reflection and transmission spectra (see Fig. 3). We
obtain a pair of PBGs which opened up in the frequency ranges where
κ′=π/a and κ″≠0. Within the gaps, κ″≠0 corresponds to the
reflection rather than the absorption and the probe reflectivity is over
95%. The left edges of the double PBGs, where the reflectivity is zero,

image of Fig.�3
image of Fig.�4


Fig. 5. Photonic band gap structure for different positive control detunings, (a) Δd=0, (b) Δd=1.0γ31, (c) Δd=5.0γ31, and (d) Δd=10.0γ31. Other parameters are the same as in
Fig. 2. The black solid line and red dashed line correspond to the reflectivity and transmissivity, respectively.
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are determined by the two dark resonances which occur at ΔF =

2Δc−ΔdF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

d + 4Ω2
d

q� �
= 2. Beside the left band edges, there are

twonarrowtransmission regions of theprobe.Due toΔd=−1, the right
EITwindow in the nodes of the SW is narrower than the left as a result of
the interacting double-dark resonances as shown in Fig. 2. Thus the
more absorption and the less transmission are in the right transmission
region.
3.2. Tunable double PBGs

One of the significant characters of the dynamically induced double
PBGs is the tunability. As referred in the previous discussion, the left
Fig. 6. Photonic band gap structure for different negative control detunings, (a) Δd=0, (b) Δ
as in Fig. 2. The black solid line and red dashed line correspond to the reflectivity and trans
band edges depend on ΔF = 2Δc−ΔdF
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Δ2

d + 4Ω2
d

q� �
= 2. Hence the

gap positions can be tuned by changing Δ±. In the following, we keep
the SW on resonance, i.e. Δc=0, and tune the PBGs structures via the
changing parameters of the control field, including Rabi frequency Ωd

and detuning Δd.
When increasing the value of Ωd, |Δ±| increase consequently.

Therefore the double PBGs move oppositely to large detunings with
the widths and reflectivities being almost unchanged, and moreover,
the transmissivity of the left (right) transmission region becomes low
(high) due to the increase (decrease) of the probe absorption in the
corresponding EIT window, as shown in Fig. 4.

As Δd increase from zero to the large positive detuning, the right
PBG shifts to zero from the positive detuning with broadened width,
d=−2.0γ31, (c) Δd=−5.0γ31, and (d) Δd=−10.0γ31. Other parameters are the same
missivity, respectively.
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Fig. 7. Photonic band gap structure for different intensities of the standing-wave with
Ω0=15γ31 (black solid), Ω0=20γ31 (red dashed), and Ω0=25γ31 (blue dotted). Other
parameters are the same as in Fig. 2.
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while the left PBG becomes far away to the negative detuning with a
narrowedwidth and then vanishes whenΔd is large enough, as shown
in Fig. 5. By numerical analysis, one obtains that Δ+=0 and Δ−=−∞
Fig. 8. Pulse dynamics of an incident (black—solid) probe impinging upon a 1.0cm long sam
centers of the incident pulsed are δp=0.04γ31, and (a) Δp0=−2.05γ31, (b) Δp0=−1.9γ31, (
(red dashed) and transmitted (blue dotted) intensities are scaled to the peak intensity of t
in the limit of Δd→+∞, and moreover, the right (left) EIT window
gets wider (narrower). Finally, the double-dark resonance system
turns into a Λ-configuration with a single resonance for a large Δd as if
there is no interaction of Ωd, hence double PBGs turn to a single one.
These lead to the above evolution of the PBGs structure. Furthermore,
the transmissivity is enhanced (reduced) as a result of the broadening
(narrowing) of the EIT window.

If Δd is decreased from zero to the negative detuning, as Fig. 6
shows, the edges andwidths of the double PBGs, and the transmitivity
of the two transmission regions vary contrary to the case shown in
Fig. 5.

Though the Rabi frequency of the coupling field Ω0 plays no role in
tuning the positions of PBGs, it can affect the gap widths. It is obvious
that a large value of Ω0 correspond to the wide EIT windows at the
nodes of the SW. Therefore, both of the double PBGs can be broadened
by increasing Ω0, and the corresponding transmissivity is enhanced
(see Fig. 7).
3.3. Control of light–pulse propagation

As we know, the PBG in the complex photonic structures has the
ability to manipulate the flow of light. Then we concentrate on the all-
optical control of the light–pulse propagation via the coherently
induced double PBGs. Fig. 8 shows the reflected and transmitted
intensities of an incident probe pulse impinging upon a double PBGs
structure in Fig. 6(a). When most of the frequency components are
inside the transmission regions, the probe pulse propagates through
the atoms in the form of slow light with a large time delay, and the
loss and broadening for the probe is due to the narrow transmission
ple with the photonic band gap structure shown in Fig. 4(a). The frequency widths and
c) Δp0=−1.5γ31, (d)Δp0=1.95γ31, (e)Δp0=2.1γ31, and (f) Δp0=2.5γ31. The reflected
he incident probe pulse.
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and group-velocity dispersion in the EIT windows (Fig. 8(a),(d)). If
the center frequency of the probe lies near the band edge, i.e. only the
partial frequency components fall into the PBGs, the pulse splits into
two, one of which is reflected and the other is transmitted. Both are
broadened as a result of the decrease of the frequency components,
and moreover, the latter experiences subluminal propagation owing to
EIT (Fig. 8(b),(e)). While all frequency components of the probe move
into the PBGs, the pulse is reflected with little attenuation or
distortion (Fig. 8(c),(f)).

4. Conclusion

In summary, by numerical calculations and qualitative analyses,
we have investigated the optical response of an SW dressed double-
dark-resonance atomic system. Owing to the periodically modulated
refractive index induced by the intensity pattern of the SW, double
fully developed PBGs open up within the two EIT windows. The
dynamically induced PBGs structure, i.e. the widths and positions, can
be controlled via tuning the Rabi frequency of the SW and the
transparency points which depend on the control field. Furthermore,
the double PBGs scheme is more appealing than the single PBG
scheme in real applications, because it allows the synchronous
manipulation of the propagation for two weak light pulses with
distinct frequencies. Such a scheme provides an avenue to devise
novel photonic devices, e.g. double-channel all-optical routing and
switching, in optical network and information processing. The double
PBGs may also be exploited to achieve the deterministic quantum
logic [24] and the enhancement of nonlinear interactions between
light pulses [25].
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