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The probe absorption-dispersion spectrum of a double V-type four-level atom in a double-band photonic
crystal is investigated. In the model used, the double V-type transitions are, respectively, coupled by the free
vacuum modes and the photonic band gap modes, leading to the two possible types of quantum interference.
Three types of zero absorption �transparency� appear in this model. In the first type, there exist two zeroes at
the band edge frequencies in the case of isotropic photonic band gap. In the second type, a zero emerges at the
middle frequency of two upper levels in the case that the quantum interference takes place in both V-type
transitions. Finally, in the third type, a zero occurs at or around the middle frequency of two upper levels in the
case that the quantum interference takes place only in the V-type transitions coupled to the free vacuum modes.
Ultimately, the probe absorption-dispersion spectrum in the case of the single-band photonic band gap reser-
voirs compared to those of the double-band photonic band gap reservoirs. The results show that the dispersion
property of the system depends on the two types of the quantum interference and the density of states of the
photonic band gap reservoir.
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I. INTRODUCTION

It is well known that quantum and nonlinear optical phe-
nomena in atoms embedded in photonic band gap �PBG�
materials lead to the prediction of many interesting effects.
As examples, one can mention the localization of light and
the formation of atom-photon bound states �1�, transient las-
ing without inversion �2�, suppression and even complete
cancellation of spontaneous emission �3�, population trap-
ping in two-atom systems �4�, the phase dependent behavior
of the population dynamics �5�, etc. Recently, it has been
found that a modified reservoir with a rapidly varying den-
sity of modes �DOM� in a single-band structure �6� can in-
duce transparency and transient gain without population in-
version in an open � system. This transparency scheme does
not require any external driving field to induce atomic coher-
ence, which is an advantage over common electromagneti-
cally induced transparency �EIT�. Based on this, photon-
photon correlation and entanglement in a photonic crystal
�PC� doped with four-level atoms are also investigated �7�.

Meanwhile, great attention has recently been devoted to
the study of spontaneous emission spectrum of atoms em-
bedded in PBG materials. Of particular interest, the sponta-
neous emission of a three-level �-type atom with both tran-
sitions coupled to a single PBG reservoir has been
investigated by Jiang et al. �8�. The dynamics of a two-level
atom immersed in the modified radiation field of a PBG ma-
terial using non-Markovian stochastic Schrödinger equation
has been studied by Vega et al. �9�.

Recently, Zhang et al. �9� studied the effect of the fine
structure of the lower level on the spontaneous emission and
absorption-dispersion spectrum of a three-level and a four-
level atom embedded in a double-band PBG material �10�.

They found that the new features of four �two� transparency
with two �one� spontaneous emission peaks resulted from the
fine structure of the lower levels of the atom, in the case of
isotropic PBG modes.

Radeonychev et al. have investigated the response of a
three-level atomic system driven by a resonant coherent field
acting on a transition near the photonic band edge of a PBG
material �11�. Their analysis is based on the master equations
for elements of the density matrix in the semiclassical
dressed-state representation. They show that the strong fre-
quency dependence of the radiation mode density at the scale
of the driving-field Rabi frequency near the photonic band
edge leads to some essential and controllable changes in the
refractive index, as well as to EIT and LWI effects.

Mahi has studied the phenomenon of EIT when a four-
level atom is located in a PBG material �12�. Quantum inter-
ference is introduced by driving the two upper levels of the
atom with a strong pump laser field. The top level and one of
the ground levels are coupled by a weak probe laser field,
and absorption takes place between these two states. The
susceptibility due to the absorption for this transition has
been calculated by using the master equation method in lin-
ear response theory. Mahi showed that when resonance fre-
quencies lie within the band, the medium becomes transpar-
ent under the action of the strong pump laser field. When the
resonance frequencies lie at the band edge, the medium be-
comes nontransparent even under a strong pump laser field.
On the other hand, when the resonance frequencies lie within
the band gap, the medium becomes transparent even under a
weak pump laser field.

Focusing on the quantum interference of an atoms without
external driving fields, Zhu et al. �13� have reported the
quantum interference of spontaneous emission and probe ab-
sorption of an atom coupled to vacuum space reservoirs. If a
similar atomic system were coupled to a PBG reservoir
rather than with a vacuum-space reservoir, what would be
the resulting absorption spectrum near the edges of the pho-
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tonic band? Zhang et al. have reported the quantum interfer-
ence in the spontaneous emission spectrum of an atom em-
bedded in a double-band PC �14�.

While the absorption-dispersion spectra of atom embed-
ded in PBG have been mentioned in a few papers �15�, most
discussions are limited to the isotropic PBG case or the ex-
istence of defect modes and external coupling fields. In con-
trast, in this paper, we focus on the effects of the quantum
interference on the absorption-dispersion spectrum of a
double V-type four-level atom embedded in a double-band
PBG material. We assume that the double V-type transitions
are coupled, respectively, by the free vacuum modes and the
PBG modes, leading to the two possible types of quantum
interference. Most interestingly, it is shown that three types
of transparency can occur in our system. Furthermore, we
realize that the dispersion property of the system depends on
the two types of the quantum interference and the DOS of
the PBG reservoir. The effects of system parameters on the
interference are discussed in detail. The results are also com-
pared with those of the atomic system coupled to a free
vacuum reservoir. Moreover, the width of the band gap
adopted in this paper is of the same order as the natural
transition width. A photonic crystal with a narrow band gap
is easier to fabricate and thus the effects predicted here are
experimentally feasible. In Sec. II, the equations to describe
the probe absorption-dispersion spectrum of the four-level
atom in a photonic crystal are deduced. The general results
and analysis are presented in Sec. III. The major conclusions
are summarized in Sec. IV.

II. EQUATIONS FOR THE PROBE
ABSORPTION-DISPERSION SPECTRUM

We consider a double V-type four-level atom with the
upper levels labeled by �2� and �3�, and the lower levels la-
beled by �0� and �1�, as shown in Fig. 1. The V-type transi-
tions from the upper levels to the lower level �0� are coupled
by free vacuum modes ��k� and a weak probe field ��p�,
while the atom in the V-type transitions from the upper levels
to the lower level �1� are coupled by the modes of a modified
reservoir ��q�. The modified reservoir can be a double-band
isotropic PBG reservoir, the double-band anisotropic PBG
reservoir or the free vacuum reservoir, respectively. In Fig. 1,

���q� denotes the density of states �DOS� of the PBG modes
where �g1 and �g2 are the lower and upper frequencies of the
forbidden gap, respectively, � is the Rabi frequency of the
probe field, and � is the detuning of frequency of the probe
field from the middle of the upper levels.

The dispersion relations near the photonic band edges are
approximated by �16�

�q = �g1 − A1�q − q0�2, q � q0,

�q = �g2 + A2�q − q0�2, q � q0, �1�

�q = �g1 − A1��q� − q�0��2, �q� � � �q�0� ,

�q = �g1 + A2��q� − q�0��2, �q� � � �q�0� �2�

for isotropic and anisotropic dispersion relations, respec-
tively, where Ai��gi /q0 �i=1,2�, and �g1 and �g2 are the
lower and the upper frequencies of the forbidden gap, respec-
tively.

The four-level atom is initially prepared in the lower level
�0�. At time t=0, this atom starts to interact with a probe field
of frequency �p. The dynamics of the system can be de-
scribed by using the Schrödinger equation. Then the wave
function of the system at time t can be expressed in terms of
the state vectors as

���t�� = a0�t��0,�0	� + a2�t�e−i�2t�2,�0	� + a3�t�e−i�3t�3,�0	�

+ 

ke

ake�t��0,�ke	� + 

qe

aqe�t��1,�qe	� , �3�

where k and q denote the momentum vectors of the emitted
photons, e denotes the polarization of the emitted photons,
�2=�p−�20 and �3=�p−�30. The function aj�t� �j=0,2 ,3�
gives the probability amplitude to find the atom in the ex-
cited state �j� and the photon reservoir in the vacuum state.
On the other hand, ake�t� and aqe�t� give the probability am-
plitudes to find the atom on the lower states �0� and �1�,
respectively, and a single photon of polarization e and wave
vectors k and q in the photon reservoir, respectively.

The Hamiltonian describing the dynamics of this system
in the interaction picture and the rotating wave approxima-
tion can be presented as

HI = �

ke

gke
20e−i�kt�2��0�b̂ke + 


ke

gke
30e−i�k�t�3��0�b̂ke

+ 

qe

gqe
21e−i�qt�2��1�b̂qe + 


qe

gqe
31e−i�q�t�3��1�b̂qe

+ �2ei�2t�0��2� + �3ei�3t�0��3� + H.c. . �4�

Here �2 and �3 are the probe field Rabi frequencies, which
are considered real for convenience in our problem.
�k=�k−�20 ���k=�k−�30� represents the detuning of the ra-
diation mode frequency �k from the atomic transition fre-
quency �20 ��30�, and �q=�q−�21 ���q=�q−�31� represents
the detuning of the frequency of the radiation mode �q from
the atomic transition frequency �21 ��31�. g	e

ij is the fre-
quency dependent coupling constant between the atomic

FIG. 1. Schematic diagram of a double V-type four-level atom
in �a� a double-band isotropic PBG reservoir; �b� a double-band
anisotropic PBG reservoir.
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transition �i�→ �j� and the mode �	e	 of the radiation field.
More precisely

g	e
ij =

�ijdij



� 


2�0�	V
1/2

e�	e · d� ij , �5�

where d� ij is the atomic dipole moment unit vector for the
transition �i�→ �j�, e�	e is the polarization unit vector of the
radiation field, V is the sample volume, and �0 is the Cou-
lomb constant.

The probability amplitude equations can be obtained from
Eqs. �3� and �4� as follows:

iȧ0�t� = �2a2�t� + �3a3�t� , �6�

iȧ2�t� = 

ke

gke
20e−i��k−�2�take�t� + 


qe

gqe
21e−i��q−�2�taqe�t�

− �2a2�t� + �2a0�t� , �7�

iȧ3�t� = 

ke

gke
30e−i��k�−�3�take�t� + 


qe

gqe
31e−i��q�−�3�taqe�t�

− �3a3�t� + �3e−i�3ta0�t� , �8�

iȧke�t� = gk
02ei��k−�2�ta2�t� + gk

03ei��k�−�3�ta3�t� , �9�

iȧqe�t� = gq
12ei��q−�2�ta2�t� + gq

13ei��q�−�3�ta3�t� . �10�

We proceed by performing a formal time integration of
Eqs. �9� and �10�, and substitute the result into Eqs. �7� and
�8� to obtain the integral-differential equations

ȧ2�t� = i�2a2�t� − i�2a0�t� −
�20

2
a2�t� −



2
��20�30a3�t�

− �
0

t

a2�t��ei�2�t−t��K22�t − t��dt�

− �
0

t

a3�t��ei�2�t−t��K23�t − t��dt�, �11�

ȧ3�t� = i�3a3�t� − i�3a0�t� −


2
��20�30a2�t� −

�30

2
a3�t�

− �
0

t

a2�t��ei�3�t−t��K32�t − t��dt�

− �
0

t

a3�t��ei�3�t−t��K33�t − t��dt�. �12�

Because the reservoir with modes k is assumed to be Mar-
kovian �free vacuum reservoir�, we use the usual Weisskopf-
Wigner result �17�, i.e.,



ke

gke
i0gke

0je−i��k−�j0��t−t�� =
ij

2
��i0� j0��t − t�� , �13�

where ij =�ij +�1−�ij� �i , j=2,3�. Here  indicates
the quantum interference in transitions coupled to the
free vacuum modes, which can be defined as 

= �3/8����cos �20 cos �30+cos �20 cos �30�d� where
��i0 ,�i0 ,�i0	 �i=2,3� are the directional angles of the dipole

moment unit vector d� i0 in a coordinate system defined by the
unit victors �e�k1 ,e�k2 ,k�	, and d� is the solid angle. So

=1.0 when d�20d�30= ±1, and =0 when d�20d�30=0; other-
wise, 0��1.0. �i0 is effective decay rate for the transition
from the upper level �i� �i=2,3� to the lower level �0�.

The summations associated with the PBG reservoir modes
in Eqs. �11� and �12�, i.e., Kij�t− t��=
qegqe

i1 gqe
1je−i��q−�j1��t−t��

�i , j=2,3� can be expressed in the following forms �16�:

Kij�t − t�� =
pij

2
��i1

3/2� j1
3/2� ei��g2

j �t−t��−�/4�

���t − t��
+

ei��g1
j �t−t��+�/4�

���t − t��
 ,

�14�

Kij�t − t�� =
pij

2
��i1� j1� ei��g2

j �t−t��+�/4�

�4��t − t��3
+

ei��g1
j �t−t��−�/4�

�4��t − t��3  ,

�15�

for the isotropic and anisotropic PBG reservoirs, respec-
tively, with pij =�ij + p�1−�ij�. Here p represents the quantum
interference in transitions coupled to the modified reservoir
and, as above, 0� p�1.0. �gi

j =� j1−�gi=�gi− �−1� j0.5�32

�i=1,2 and j=2,3� where �gi=0.5��31+�21�−�gi. The defi-
nitions of the parameters are

�i1
3/2 =

1

2��0

�i1
2 di1

2 �gi
3/2

3
c3 , �16�

�i1 =
1

2��0

�i1
2 di1

2 �gi
1/2

3
c3 . �17�

The aim here is to investigate the absorption-dispersion
properties of our system for a weak probe laser field. The
linear susceptibility can be given by �18�

���� = − 4�N� �d02�2

�2
a0�t → ��a2

*�t → ��

+
�d03�2

�3
a0�t → ��a3

*�t → ��� , �18�

where �=�p−0.5��20+�30�=�3+0.5�32=�2−0.5�32 and N
is the atomic density. We assume that the interaction between
the probe laser and the atom is very weak ��2 ,�3�� ,�� so
that a0�t��1 for all times. With the use of the Laplace trans-
form we can obtain from Eqs. �11� and �12�,

sã2�s� = − i
�2D�s� − �3B�s�

A�s�D�s� − B�s�C�s�
, �19�

sã3�s� = − i
− �2C�s� + �3A�s�
A�s�D�s� − B�s�C�s�

, �20�

where

A�s� = s − i�2 + K̃22�s − i�2� + �20/2, �21�
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B�s� = K̃23�s − i�3� + ��20�30/2, �22�

C�s� = K̃32�s − i�2� + ��20�30/2, �23�

D�s� = s − i�3 + K̃33�s − i�3� + �30/2. �24�

Here ãi�s�=L�ai�t��, K̃ij�s�=L�Kij�t�� �i , j=2,3�, s is the
Laplace variable, and

K̃ij�s� =
pij

2
��i1

3/2� j1
3/2� i

�is + �g1
j

+
1

�is + �g2
j  , �25�

K̃ij�s� =
pij

2
��i1� j1�− i�is + �g1

j + �is + �g2
j � , �26�

for the double-band isotropic and anisotropic PBG reser-
voirs, respectively, with pij =�ij + p�1−�ij�. The long time
behavior of the probability amplitudes a2�t→�� and
a3�t→�� can be obtained from Eqs. �19� and �20� by using
the final value theorem as follows:

a2�t → �� = − i
�2D�0� − �3B�0�

A�0�D�0� − B�0�C�0�
, �27�

a3�t → �� = − i
− �2C�0� + �3A�0�

A�0�D�0� − B�0�C�0�
. �28�

We use Eq. �18� obtained above, and calculate the
absorption-dispersion spectrum for several parameters of the
system.

III. RESULTS AND DISCUSSION

Figures 1�a� and 1�b� show a double V-type four-level
atom in a double-band isotropic and anisotropic PBG, re-
spectively. In this model, the double V-type transitions are,
respectively, coupled by the free vacuum reservoir and a
modified reservoir, leading to the two possible types of quan-
tum interference. The first is ascribed to the atomic transi-
tions coupled to the free vacuum modes, which is shown by
 in Eqs. �22� and �23�, and the second arises from the
atomic transitions coupled to the modified reservoir modes
which is shown by p in Eqs. �25� and �26�. In order to in-
vestigate the effects of the two types of the quantum inter-
ference on the probe absorption spectrum, we plot the imagi-
nary part of the linear susceptibility �Eq. �18�� as a function
of detuning �. As far as we know, there are no reports on the
effects of the two types of quantum interference on the ab-
sorption spectrum of an atom embedded in a PBG material.

In the following part, we study the case where an atom is
initially prepared in the lower level �0� and embedded in a
double-band PC. In Figs. 2�a�–2�c�, the absorption spectra
are shown for the cases of the transitions �3�→ �1� and
�2�→ �1� coupled to the isotropic PBG reservoir, anisotropic
PBG reservoir, and free-space vacuum reservoir, respec-
tively. Here, symmetric values of parameters �i.e., the same
detuning �g1=−�g2=1.0, the same coupling constants
�21=�31=1.0, �21=�31=1.0, �21=�31=1.0, and �20=�30

=1.0� for the double V-type structure are employed. The
plots at the positions N=1,2 ,3 ,4 correspond to �=1, p=1�,
�=1, p=0�, �=0, p=1�, and �=0, p=0�, respectively. For
convenience, we use the symbol p to represent the two
types of quantum interference. So p= �ij	 with �i , j=1,0�
represents = i and p= j. From Fig. 2, we realize that there
are three types of zero absorption. The first type that appears
only in the case of the double-band isotropic PBG �Fig. 2�a��
includes two zeros at the band edge. Because of very high
DOS at the isotropic photonic band edges, the population of
the upper levels transfers very effectively to the lower level
�1�. Consequently, the medium becomes transparent to the
probe field at these frequencies and the zeros of type �1�
appear in the absorption spectrum. This fact is reflected by
the singularities in the Laplace transform of the delayed
Green’s function �Eq. �25��.

The second type, occurring at �=0.0, appears only in si-
multaneous presence of the two kinds of quantum interfer-
ence �p= �11	�. This zero exists in all the three cases of the
double-band isotropic PBG reservoir, the double-band aniso-
tropic PBG reservoir, and the free vacuum reservoir �the
plots at the position N=1 in Figs. 2�a�–2�c��. The investiga-
tion of the spontaneous emission spectrum of this system
shows there is a black dark line at central frequency of the
two upper levels in the case of p= �11	 �14�. This dark line
indicates that the quantum interference in both V-type tran-
sitions is destructive. Therefore, the population is trapped in
the upper levels and hence the medium becomes transparent
at �=0.0 �the zero of type �2��.

Finally, in the third type there is a zero absorption at
�=0.0 for p= �10	 in the cases of the double-band isotropic
and anisotropic PBG reservoirs �the plots at the position
N=2 in Figs. 2�a� and 2�b��; whereas, at the same condition
this zero absorption vanishes in case of the free vacuum res-
ervoir �Fig. 2�c��. This means that the quantum interference
in transitions �3�→ �0� and �2�→ �0� is not completely de-
structive. Consequently, some population transfers to the

FIG. 2. The steady-state absorption spectrum �−Im������	 �in
arbitrary units� in the cases of �a� the double-band isotropic PBG
reservoir and �21=�31=1.0; �b� the double-band anisotropic PBG
reservoir and �21=�31=1.0; �c� the free vacuum reservoir and
�21=�31=1.0. The parameters used are �g1=−�g2=1.0, �20=�30

=1.0, a0�0�=1.0, and �32=1.0. All parameters in this paper are in
units of �20.
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lower level �0� and absorbs the probe field at �=0.0. How-
ever, this quantum interference is completely destructive in
the cases of the double-band isotropic and anisotropic PBG.
It seems that this destructiveness is due to the presence of the
PBG reservoir.

Since both kinds of the quantum interference are respon-
sible for the zero absorption of type �2�, its position must be
independent of the width and the location of the PBG. On the
other hand, we expect the place of the zero absorption of
type �3� depends on the width and the location of the PBG.
In order to investigate these assumptions, in Fig. 3, the ab-
sorption spectra are shown for different values of the detun-
ing of the atomic transitions �3�→ �1� and �2�→ �1� from the
band gap edges �Fig. 3�, and the absorption spectra are com-
pared in the cases of the double-band and single-band PBG
reservoirs �Fig. 4�.

Figure 3 shows that the zero absorption of type �2� occurs
at �=0.0 irrespective of the values of �g1 and �g2, while the
zero of type �3� appears at or around �=0.0 only in the case
that at least one of the atomic transition frequencies from the
upper levels to the lower level �1� �namely �31,�21� lies
within the PBG; otherwise, this zero absorption suppresses.

Furthermore, the zero absorption occurs at �=0.0 for
symmetric values of �g1, �g2 ��g1=−�g2� �the plots at the
position M =1 in Fig. 3�b��, whereas it appears around
�=0.0 for asymmetric values of �g1, �g2 ��g1�−�g2� �the
plots at the positions M =2,3 in Fig. 3�b��. Similar results are
found in Ref. �19�. In their paper, Zhou et al. have investi-
gated the quantum interference in probe absorption of a
V-type three-level atom in the free space reservoir. They

showed that in the case of quantum interference, zero absorp-
tion appears at the middle frequency of the upper levels if the
spontaneous decay rates of the two upper levels were equal,
otherwise the zero absorption occurs around the middle fre-
quency of the upper levels. In our case, the total spontaneous
decay rates of the upper levels depend on the detuning of the
atomic transitions �3�→ �1� and �2�→ �1� from the band gap
edges. In asymmetric cases of �g1�−�g2, the total spontane-
ous decay rates of the upper levels are not equal. Thus, the
zero absorption of type �3� appears around �=0.0.

For more discussion, we plot the absorption spectra in the
cases of the double-band and the single-band PBG. For com-
parison, we assume that in both cases �21 and �31 lie within
the same band. In Fig. 4 the absorption spectra are shown for
�a� p= �11	 and �b� p= �10	, respectively, in the cases of
the single-band �solid lines� and double-band �dashed lines�
isotropic �left� and anisotropic �right� PBG reservoirs. Figure
4�a� shows that the zero absorption of type �2� appears again
for the parameter used at �=0.0 when p= �11	 in all cases
of the single-band and double-band isotropic and anisotropic
PBG. The zero absorption of type �3� vanishes in the same
condition when p= �10	 �Fig. 4�b��. Nevertheless, zero ab-
sorptions due to the singularities in the Laplace transform of
the delayed Green’s function are present in both cases of the
single-band and the double-band isotropic PBG.

The discussion above indicates that the zero absorption of
type �2� is the consequence of the quantum interference in
both V-type transitions �namely ��3�→ �0�, �2�→ �0�� and
��3�→ �1�, �2�→ �1���. On the other hand, we speculate the
combined effects of the quantum interference in the V-type

FIG. 3. The steady-state absorption spectra �−Im������	 �in arbitrary units� for different detuning of the atomic transitions �3�→ �1� and
�2�→ �1� from the band gap edges. �a� The case of p= �11	; �b� the case of p= �10	, for the double-band isotropic �left� and anisotropic
�right� PBG. The other parameters used are the same as Fig. 2.
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transitions coupled to the free space reservoir �namely
�3�→ �0�, �2�→ �0�� and the DOS of the PBG reservoir are
responsible for the zero absorption of type �3�, but further
studies are needed to clarify the physical nature of the zero
absorption of this type.

Further dissection of Fig. 4 shows that, unlike the isotro-
pic case, the absorption spectra in the case of the single-band
anisotropic PBG are remarkably different from those of the
double-band anisotropic PBG. These similarities and differ-
ences are reflected in the dispersion spectra, too �see Fig. 5�.

FIG. 4. The steady-state absorption spectrum
�−Im������	 �in arbitrary units� in the cases of �a�
p= �11	 and �b� p=10, respectively, for the
single-band and double-band isotropic �left� and
anisotropic �right� PBG. The parameters used are
�g1=4.0, �g2=2.0 �for the double-band PBG� and
�g=2.0 �for the single-band PBG�. The other pa-
rameters used are the same as Fig. 2.

FIG. 5. The steady-state dispersion �Re������	 �in arbitrary units� for �a� the double-band PBG, and �b� the single-band PBG reservoir,
in the cases of isotropic �left� and anisotropic �right� PBG. The parameters used are �g1=3.0, �g2=1.0, �for the double-band PBG� and �g

=2.0 �for the single-band PBG�. The other parameters used are the same as Fig. 2.
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To show this, we consider the dispersion property of the
model used, and assume �21 and �31 are located in the upper
band. In Figs. 5�a� and 5�b�, the dispersion spectra are shown
in the cases of the double-band and single-band isotropic
�left� and anisotropic �right� PBG for �p= �11	� �thick solid
lines�, �p= �10	� �thin solid lines�, �p= �01	� �thick dashed
lines�, and �p= �00	� �thin dashed lines�, respectively. As in
the absorption property, we see that the dispersion property
in the case of the single-band isotropic PBG is very similar
to those of the double-band isotropic PBG. But the situation
is different for anisotropic PBG due to the DOS of the
single-band PBG reservoir.

It is seen that the dispersion curves are smooth anywhere
in the case of the single-band anisotropic PBG for
p= �10	, p= �01	, and p= �00	, respectively �see Fig.
5�b��. However, the dispersion curve varies very sharply near
�=0.0 for p= �11	. The quantum interference in both
V-type transitions and the DOS of the single-band photonic
crystal reservoir are responsible for this behavior. Since the
slope of dispersion curve around �=0.0 is negative, it can
lead to the superluminal propagation of light if both kinds of
the quantum interference take place.

IV. CONCLUSION

In this paper, we treated absorption-dispersion properties
of a double V-type four-level atom embedded in a double-
band photonic crystal. We assumed that the double V-type
transitions are coupled, respectively, by the free vacuum
modes and the PBG modes, leading to the two possible types
of quantum interference. The results show that three types of
zero absorption �transparency� appear in this model. In the

first type, there exist two zeros at the band edge frequencies
in the case of the isotropic PBG. In the second type, a zero
emerges at the middle frequency of the two upper levels in
the case that the quantum interference takes place in both
V-type transitions. This zero absorption is independent of the
PBG position. Finally, when the quantum interference takes
place only in the V-type transitions coupled to the free
vacuum modes, a zero occurs at or around the middle fre-
quency of the two upper levels as the third type. It is shown
that the first type originates from the two singularities in the
Laplace transform of the delayed Green’s function, which is
equivalent to the DOS of the isotropic PBG modes. The
quantum interference in both V-type transitions is respon-
sible for the second type. Ultimately, the third type is due to
the quantum interference in the V-type transitions coupled to
the free space reservoir and the DOS of the PBG. The results
show that the dispersion property of the model used depends
on the quantum interference and the DOS of the PBG reser-
voir. It is shown that the dispersion property of the system
�the slope of the dispersion curve� depends on the two types
of the quantum interference and the DOS of the PBG reser-
voir. Specially, the slope of the dispersion curve can be very
negative in the case of the single-band anisotropic PBG res-
ervoir, if the two types of quantum interference take place.

Such coherent phenomena are similar to those in general
EIT systems but here the atomic coherence is established by
the quantum interference and the modified reservoir. This
kind of system may have many advantages over ordinary
EIT systems and promises to be applicable for a wide variety
of quantum optical or nonlinear optical phenomena. In this
respect, the application in connection with lasing without
inversion and potential use in logic elements for optical com-
puters and optical commutators can be mentioned.

�1� S. John, Phys. Rev. Lett. 58, 2486 �1987�; S. John and J.
Wang, ibid. 64, 2418 �1990�; S. John and T. Quang, ibid. 74,
3419 �1995�; S. Y. Zhu, Y. Yang, H. Chen, H. Zheng, and M. S.
Zubairy, ibid. 84, 2136 �2000�.

�2� D. G. Angelakis, E. Paspalakis, and P. L. Knight, Phys. Rev. A
61, 055802 �2000�.

�3� E. Yablonovitch, Phys. Rev. Lett. 58, 2059 �1987�; S. John and
T. Quang, Phys. Rev. A 50, 1764 �1994�; A. G. Kofman, G.
Kurizki, and B. Sherman, J. Mod. Opt. 41, 353 �1994�.

�4� S. Bay, P. Lambropoulos, and K. Mølmer, Phys. Rev. A 55,
1485 �1997�.

�5� T. Quang, M. Woldeyohannes, S. John, and G. S. Agarwal,
Phys. Rev. Lett. 79, 5238 �1997�.

�6� E. Paspalakis, N. J. Kylstra, and P. L. Knight, Phys. Rev. A 60,
R33 �1999�; C. G. Du, Z. F. Hu, C. F. Hou, and S. Q. Li, Chin.
Phys. Lett. 19, 338 �2002�; C. G. Du, C. F. Hou, Z. F. Hu, and
S. Q. Li, Phys. Lett. A 307, 196 �2003�.

�7� D. Petrosyan and G. Kurizki, Phys. Rev. A 64, 023810 �2001�.
�8� X. Jiang, Y. Jiang, Y. Wang, and X. Sun, Phys. Rev. A 73,

033802 �2006�.
�9� I. de Vega, D. Alonso, and P. Gaspard, Phys. Rev. A 71,

023812 �2005�.

�10� G. Q. Liu, J. Wang, and H. Z. Zhang, Chin. Phys. 14, 102
�2005�: J. Wang, D. Yang, and H. Z. Zhang, ibid. 14, 323
�2005�: Q. B. Wen, J. Wang, and H. Z. Zhang, ibid. 13, 1407
�2004�.

�11� Y. V. Radeonychev, M. Eroukhimova, R. Vilaseca, and O. Ko-
charovskaya, Laser Phys. 14, 402 �2004�.

�12� M. R. Singh, Phys. Rev. A 70, 033813 �2004�.
�13� S. Y. Zhu, R. C. F. Chan, and C. P. Lee, Phys. Rev. A 52, 710

�1995�.
�14� H. Z. Zhang, S. H. Tang, P. Dong, and J. He, Phys. Rev. A 65,

063802 �2002�; H. Z. Zhang, S. H. Tang, P. Dong, and J. He, J.
Opt. B: Quantum Semiclassical Opt. 4, 300 �2002�.

�15� C. Du, Z. Hu, and S. Li, J. Opt. B: Quantum Semiclassical
Opt. 6, 263 �2004�; S. Roshan Entezar and H. Tajalli, J. Phys.
B 39, 2959 �2006�.

�16� M. Woldeyohannes and S. John, Phys. Rev. A 60, 5046
�1999�.

�17� P. Lambropoulos, G. M. Nikolopoulos, T. R. Nielsen, and S.
Bay, Rep. Prog. Phys. 63, 455 �2000�.

�18� M. O. Scully and M. S. Zubairy, Quantum Optics �Cambridge
University Press, Cambridge, 1997�, Chap. 7.

�19� P. Zhou and S. Swain, Phys. Rev. Lett. 78, 832 �1997�.

QUANTUM INTERFERENCE IN ABSORPTION AND… PHYSICAL REVIEW A 75, 023816 �2007�

023816-7


