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The dynamic evolution of atomic spontaneous emission in one-dimensional photonic crystals �1DPC� is
investigated by using mode functions for the 1DPC. Our attention is focused on the non-Markovian processes
in the first several optical cycles of the spontaneous emission decay. The integral-differential dynamic equation
is directly solved by numerical calculation without using the Markovian approximation. The interference of the
multireflected fields plays an important role in the non-Markovian processes. Due to the interference of the
fields successive arrived at the atom due to the reflection at the interfaces, the decay rate shows a series of
pulselike peaks. If the interference is constructive, the spontaneous decay is enhanced, while if the interference
is destructive, the spontaneous decay is suppressed. The steady decay rate is approximately equal to the
vacuum decay rate, when the atomic transition frequency corresponds to an allowed normal mode of the 1DPC.
The spontaneous emission decay is suppressed if the atomic transition frequency is within the forbidden gap of
the 1DPC.
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I. INTRODUCTION

Spontaneous emission �SE� from an excited atom is a ba-
sic problem in quantum electrodynamics. According to the
Weisskopf-Wigner theory, the spontaneous decay in the free
space1 is
exp�−�0t�, with the constant decay rate of �0. The exponen-
tial decay law is a result of the Markovian approximation
and is applicable after a long time compared with one optical
period at the transition frequency. In the early stage of the
spontaneous emission, however, there exist quantum Zeno
effects or anti-Zeno effects, depending on the measure-
ment.2,3 The decay is not according to the exponential law.
Consequently suppressed or accelerated decay can be
achieved by frequent measurements. The nonexponential de-
cay was as well as predicated under different theoretical
models.4,5

The behavior of SE decay will be changed if the atom is
put into different environments since there are different den-
sities of modes which determine the SE decay rate. In 1987,
Yablonovitch and John suggested the concept of photonic
crystals,6 which are wavelength-scale, periodic dielectric
structures. In the photonic crystals, the optical modes exhibit
a band-gap structure. If the frequency of the mode is located
in the gap, the propagation is forbidden. Thus, the SE of an
atom embedded in the photonic crystals is quite different
from the SE in the vacuum7–12 and depends on the structure
of the photonic crystals.

The microcavity is an important structure for device ap-
plication. The SE decay of atoms in the microcavity, particu-
larly the planar microcavity, has been extensively
studied.13–21 A complete set of orthonormal-mode functions
was derived for a sandwich structure of dielectric slabs,14

and the SE decay rate for a two-level atom in the structure
was investigated under the Markovian approximation. The
effect of the multireflected fields in the Fabry-Perot �F-P�

cavity on the SE rate was considered by Dutra and Knight.15

A complete set of cavity modes including the guided modes
was suggested.16 It was demonstrated that a large amount of
light is emitted into the guided modes. Based on the com-
plete set of the mode functions, the atom-location-dependent
SE intensity and the spectra for the F-P cavity were calcu-
lated with the nonperturbation theory.17,18 The second quan-
tization theory was extended to the field in the one-
dimensional photonic crystals via a quasinormal-mode
approach.19 The optical power and the fields radiated by an
oscillating dipole in layered structure were evaluated.20 Re-
cently, we have calculated the SE field of a two-level atom
embedded in one-dimensional photonic crystals �1DPC�,
composed alternately of left-handed and right-handed mate-
rial under the condition of impedance matching.21 Most of
the previous approaches for 1DPC were based on the Mar-
kovian approximation. In this paper, we consider the non-
Markovian process of the SE decay of a two-level atom em-
bedded in 1DPC. First, we define a complete set of optical
mode functions for the 1DPC by using the complex reflec-
tion coefficients and the complex transmission coefficients.
Next we construct a reservoir coupling spectrum with the
mode functions. From the reservoir coupling spectrum we
introduce a memory function for the non-Markovian process.
The integral-differential dynamic equation is directly solved
by numerical calculation. Our attention is focused on the
early evolution of the SE decay in the first several optical
cycles.

II. THE DYNAMIC EQUATION OF A TWO-LEVEL ATOM
IN 1DPC

The structure under consideration is schematically shown
in Fig. 1. The origin of the coordinator system is at the center
of the structure. The z-axis is normal to the interface of the
1DPC. The refractive index, permittivity, permeability, and
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thickness of layer A and layer B are indicated by
nA ,�A ,�A ,dA and nB ,�B ,�B ,dB, respectively. The middle
layer with thickness d0 is taken to be vacuum �n0=1�. Such a
structure can be regarded as a finite 1DPC containing a de-
fect layer, which is in fact a microcavity of multilayer mir-
rors. The two-level atom with dipole moment p is placed in
the middle layer, and its position is at ra= �0,0 ,za�.

The positive frequency part of the electric field operator at
the position of the atom is written as21

E�+��ra,t� = �
K+,�

U�K+,�,ra�ê+�KaK+�e−i�Kt

+ �
K−,�

U�K−,�,ra�ê−�KaK−�e−i�Kt, �1�

where �K= ��K /2�0V�1/2, with �K=c�K±�=cK. The first term
on the right-hand side of Eq. �1� represents the modes com-
ing from the left free space, and the second term refers to the
modes coming from the right free space. U�K+ ,� ,ra� and
U�K− ,� ,ra� are the mode functions, which are given by

U�K+,�,ra�ê+ = tL
�eiKzz−N−1�eiK+·r−iKzz−1ê�K+,��

+ rR
�eiK−·r+iKz�z−1+2d0�ê�K−,���/D�, �2�

U�K−,�,ra�ê− = tR
�e−iKzzN�eiK−·r+iKzz0ê�K−,��

+ rL
�eiKm+·r+iKz�2d0−z0�ê�K+,���/D�. �3�

The wave vectors K+ �from the left to the right� and K− �from
the right to the left�, corresponding to the forward and back-
ward propagations, respectively, are defined as

K± = �Kx,Ky, ± Kz�

= K�sin � cos �,sin � sin �, ± cos �� � � �0,	/2� ,

�4�

where � is the angle between K+ and the z axis. The super-
scription �=TE or TM indicates two transverse polarization
directions. The unit vectors of the two perpendicular polar-
izations are

�ê�K±,� = TE� = �sin �,− cos �,0� ,

ê�K±,� = TM� = �cos � cos �,cos � sin �, 
 sin �� .
�

�5�

aK+� and aK−� are the annihilation operator of the modes
U�K+ ,� ,ra� and U�K− ,� ,ra�, respectively. In Eqs. �2� and

�3�, tL
� �tR

�� denotes the transmission coefficient through the
left �right� part of the middle layer, and rR

� �rL
�� denotes the

reflective coefficient on the right �left� interface of the
middle layer. They are dependent on K±, �, and the structure
of the 1DPC. The factor D� originates from the multireflec-
tion in two interfaces of the middle layer, which is given by

D� = 1 − rL
�rR

�e2iKd0 cos �. �6�

The interaction Hamiltonian in the interaction picture is
given by

VI�t� = − p · E = �
K+,�

�gK+

� �ra��+aK+�ei��a−�K�t + H.C.�

+ �
K−,�

�gK−

� �ra��+aK−�ei��a−�K�t + H.C.� , �7�

where the coupling coefficients are

gK+

� �ra� = −
�K

�
�tL

�/D��eiK+·ra+iK�z−N−1+d0/2�cos �


 �p · ê�K+,�� + p · ê�K−,��rR
�e−iK�2za−d0�cos �� ,

�8�

gK−

� �ra� = −
�K

�
�tR

�/D��eiK−·ra+iK�d0/2−zN�cos �


 �p · ê�K−,�� + p · ê�K+,��rL
�eiK�2za+d0�cos �� ,

�9�

with �a the atomic transition frequency.
The state vector of the system can be expressed as

��I�t�	 = Ca�t��a,0	 + �
K+,�

CbK+��t��b,1K+�	

+ �
K−,�

CbK−��t��b,1K−�	 , �10�

where the state �a ,0	 indicates the atom in the excited state
and no photon, and �b ,1K±�	 indicates the atom in the ground
state with a photon of �K± ,��. We assume the atom is ini-
tially in the excited state and there is no photon, i.e., Ca�0�
=1 and CbK±��0�=0. From the Schrödinger equation we ob-
tain the atomic dynamical equations,

dCa�t�
dt

= − i �
K+,�

gK+

� �ra�CbK+��t�ei��a−�K�t

− i �
K−,�

gK−

� �ra�CbK−��t�ei��a−�K�t, �11�

dCbK+��t�

dt
= − i�gK+

� �ra��*e−i��a−�K�tCa�t� , �12�

dCbK−��t�

dt
= − i�gK−

� �ra��*e−i��a−�K�tCa�t� . �13�

The summarization over K+ and K− can be changed to the
integral

FIG. 1. Schematic view of the 1DPC structure.
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�
K±

→
V

�2	�3 
 dK± =
V

�2	�3

0

�

dK

0

	/2

d�

0

2	

d�K2 sin � .

�14�

Integrating Eqs. �12� and �13� over time, and substituting
them into �11�, we have

dCa�t�
dt

= −
V

�2	�3




0

t

dt�

0

�

dKK2

0

2	

d�

0

	/2

d� sin �


�
�=1

2

��gK+

� �ra��2 + �gK−

� �ra��2�eic�k−K��t−t��Ca�t�� ,

�15�

where k=�a /c and K=�K /c. Then Eq. �15� can be rewritten
as

dCa�t�
dt

= −
�0

2	



0

t

d�

0

�

d�Kf��K�ei��a−�K��t−��Ca��� ,

�16�

where �0= p2k3 / �3	�0�� is the decay rate in the free space,
and f��K� is the reservoir coupling spectrum, which is deter-
mined by the coupling of the atom to the field. In our model,
it is given by

f��K� =
V�K

2

�0�2	�2c3

0

	/2

d�

0

2	

d� sin �


�
�=1

2

��gK+

� �ra��2 + �gK−

� �ra��2� . �17�

Obviously, the integration of f��K� over frequency �K is
divergent, because f��K� is proportional to �K

3 when �K

→�. �Note that �gK±

� �ra��2 contains ��K�2, which contributes a
�K.� The problem originates from the coupling constants,
where all modes including infinitely high frequencies are
taken into account with the same weight. From the point of
physical view, there is an up-limitation on the frequency for
the interaction between the atom and the modes, which is
limited by the mass-energy relation, mec

2=�max. Taking into
account this limitation, we assume that the coupling of the
modes to the atom have a weight factor,2

w��K� =
1

�1 + ��K/�B�2�2 , �18�

where �B�c /aB is the nonrelativistic cutoff frequency,2 with
aB as the radius of the electron orbit. In general, �B has the
magnitude order of 1017�1018 Hz ��B��a�, depending on
the atom.

Multiplying the weight factor w��K� to the coupling co-
efficients gK+

� �ra� in Eq. �8� and gK−

� �ra� in Eq. �9�, we have
the modified coupling spectrum function

f��K� =
V�K

2

�0�2	�c3

1

�1 + ��K/�B�2�4

0

	/2

d� sin �


�
�=1

2

��gK+

� �ra��2 + �gK−

� �ra��2� . �19�

Substituting the coupling coefficients �8� and �9� into Eq.
�19�, the coupling spectrum function can be written as

f��K� = fv��K�fm��K� , �20�

where

fv��K� =
��K/�a�3

�1 + ��K/�B�2�4 �21�

is the coupling spectrum function of free space. For the
atomic dipole moment along the x axis, p= p�1,0 ,0�, we
have

fm��K� = �3/8�

0

	/2

d� sin ��
1 − �rL
TE�2

�DTE�2
�1 + rR

TEei��K/c��d0−2za�cos ��2 +
1 − �rR

TE�2

�DTE�2
�1 + rL

TEei��K/c��d0+2za�cos ��2�
+ cos2 �
1 − �rL

TM�2

�DTM�2
�1 + rR

TMei��K/c��d0−2za�cos ��2 +
1 − �rR

TM�2

�DTM�2
�1 + rL

TMei�K/c�d0+2za�cos ��2�� , �22�

where the reflection coefficients rTE and rTM can be calcu-
lated layer by layer. The recursion relation is

ri =
ri→i+1 + ri+1eik�i+1�d�i+1� cos ��i+1�

1 + ri→i+1ri+1eik�i+1�d�i+1� cos ��i+1�
, �23�

where ri→i+1 is the Fresnel reflective coefficient on the inter-
face between the ith layer and the �i+1�-th layer, and

rA→B
TE =

1 − �AB�AB

1 + �AB�AB
, �24�

rA→B
TM =

�AB − �AB

�AB + �AB
, �25�

where
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�AB =
cos �B

cos �A
, �26�

�AB =
nB/nA

�B/�A
=

��B
��B/��A

��A

�B/�A
. �27�

If we let x= t−�, and define

F�x� =
1

	



0

�

d�Ke−i��K−�a�xf��K� =
ei�ax

	



0

�

d�Ke−i�Kxf��K� ,

�28�

we get the dynamic equation of the SE decay,

dCa�t�
dt

= −
�0

2



0

t

dxF�x�Ca�t − x� . �29�

From Eq. �29� we see that F�x� has the meaning of
“memory” function in the non-Markovian processes. Its ex-
tension in the time domain measures the memory time.
Equations �28� implies that F�x� is related to the inverse
Fourier transform of the spectrum function f��K�. The wider
the spectrum �white noise� is, the shorter the memory time.

We rewrite Eq. �29� in the form

dCa�t�
dt

= −
�̃�t�

2
Ca�t� , �30�

where

�̃�t� =
�0

Ca�t�
0

t

dxF�x�Ca�t − x� . �31�

The time-dependent instantaneous decay rate can be obtained
from

��t� = Re��̃�t�� . �32�

If we let the contribution of all the modes the same �the
Weisskopf-Wigner approximation�, i.e., �K=�a and �B→�
�white noise�, we have f��K�� fm��a� and

F�x� =
ei�ax

	



0

�

d�Ke−i�Kxfm��a� = fm��a�ei�ax���x� − P
i	

x
� .

�33�

The first term of the memory function F�x� in Eq. �33� is
proportional to ��x�, that is to say, there is no memory time.
Substitute Eq. �34� into �31� we find the decay rate is re-
duced to ��t�= fm��a��0=constant, the result of the Markov-
ian approximation. The second term is related to the Lamb
shift.

Since f��K� is convergent, it is possible to solve the dy-
namic equation �29� numerically. Here we would like to em-
phasize that although the structure is one-dimensional, the
emission is still in three dimensions �all directions�. By nu-
merically integrating Eq. �29�, we can get the time-
dependent instantaneous decay rate and the evolution of the
atom.

III. NON-MARKOVIAN PROCESSES OF SPONTANEOUS
DECAY IN FREE SPACE

First, we consider the non-Markovian spontaneous emis-
sion decay of an atom in free space.2 The reservoir coupling
spectrum for the free space is simply given by f��K�
= fv��K�. The decay rates are shown in Fig. 2 for �a�
�B /�a=10, �b� �B /�a=100, and �c� �B /�a=1000, respec-
tively. The general behavior of the decay is that ��t� in-
creases initially from zero to a maximum, and approaches
finally to a steady decay of ��t���0f��a�. Here we would
like to emphasize that the time to reach steady state �constant
decay rate �0� is almost the same for any �B, which is about
one optical cycle.

In order to investigate how the reservoir coupling spec-
trum affects the SE decay, we suppose that in the early stage
of the decay �in the first several optical cycles�, Ca�t� is a
slowly varying function, so that in Eq. �31� Ca�t−x��Ca�t�,
then

�̃�t� = �0

0

t

dxF�x� . �34�

Substituting �28� into �34� we have

FIG. 2. SE decay rates in free space for �a� �B /�a=10, �b�
�B /�a=100, and �c� �B /�a=1000, respectively.
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�̃�t� =
�0

	



0

t

dx

0

�

d�Ke−i��K−�a�xf��K�

=
�0

	



0

�

d�Kf��K�
sin���K − �a�t/2�

��K − �a�/2
e−i��K−�a�t/2.

�35�

Due to the sinc function �sin���K−�a�t /2� / ��K−�a� /2� in
the integral, the main contribution of the reservoir coupling
spectrum comes from the frequency region of ���K

−�a�t /2��	. When t is small, a wide range of the reservoir
coupling spectrum has contribution to the SE decay.

IV. SPONTANEOUS DECAY IN 1DPC

If the atom is placed in 1DPC, it will interact with the
optical modes given by Eqs. �2� and �3�. The only difference
between the atom in the 1DPC and in the free space is the
reservoir coupling spectrum f��K�. All information of the
1DPC is contained in fm��K�, including the amplitude and
phase of the reflected field from all interfaces back to the
atom. The relative phase shifts from the atom to all interfaces
are important because they determine the interference of the
reflected fields at the atom. The memory function F�x� is
dependent on f��K�. From the dynamic equation �29� we see
that the atomic evolution is determined by F�x�. Due to the
change in F�x�, the atomic evolution in the 1DPC is quite
different from that in the free space.

Since the typical size of the 1DPC is of the magnitude of
wave length, the decay behavior in the early several optical
cycles will be significantly influenced. The value of �B only
influences the decay in the time interval 0� t�1/�B. The
behavior in t�1/�a is not sensitive to the value �B as long
as �B��a, so we choose �B /�a=100 in this paper �see
Fig. 2�.

First, we consider a 1DPC structure of
�B�A�B�A�B�A�0�A�B�A�B�A�B� with

�A = 4.0, �A = 1.0, �B = 2.0, �B = 1.0,

d0 = 0.5�a, nAdA = nBdB = 0.25�a �36�

where �a=2	c /�a. The middle defect layer takes the role of
a half-wave-length microcavity. Such a structure supports a
normal defect mode of frequency �a. We assume the atom is
placed at the center of the middle layer, the distance from the
atom to the first interface is �a /4, and the time of the re-
flected field back to the atom after the first normal reflection
is t=�0 /2, a half of the optical cycle, which corresponds to a
phase shift of 	. In addition to the “half-wave loss” on the
interfaces, the total phase shifts from the interfaces back to
the atom are 2	 multiplied by integers, so that the reflected
field has a constructive interference with the forward field,
which results in a sudden enhancement of the interaction of
the atom with the field and accelerates the decay with a
pulselike peak in ��t�, as shown in Fig. 3. The second pulse-
like peak occurs when t=2
 ��0 /2�. It is the arrival time that
the field reflected twice from the first interface. With time
increases, a number of pulselike peaks appear in the decay

rate at t=n�0 /2 �n=1,2 ,3�. It should be noted that for other
frequencies different from �a, the time t=�0 /2 is not a half
of the optical cycle. Since all modes with different frequen-
cies and different directions have interaction with the atom,
the coupling of the atom to the field is very complicated. The
complicated interaction leads to the oscillations of ��t�
around the peaks at t=n�0 /2. The evolution of �Ca�t��2 is
shown in Fig. 4. We see that there are corresponding sudden
changes at the time t=n�0 /2.

In the early stage of the SE decay, the dynamic evolution
of �Ca�t��2 in the 1DPC is almost the same as in the free
space. With time t increasing, their evolution behaviors be-
come different. As we have discussed in the last section, the
temporal evolution is dependent on the memory function
F�x�, which is determined by the reservoir coupling spectrum
f��K�. We have plotted the difference of the reservoir cou-
pling spectra �f��K�= f��K�− fv��K� in Fig. 5. The inset in
Fig. 5 is the reservoir coupling spectrum fv��K� for the free
space.

As mentioned in the last section, the frequency region
which takes effect on the evolution is within ���K−�a��

FIG. 3. SE decay rate in 1DPC with �A=4.0, �A=1.0, �B=2.0,
�B=1.0, d0=0.5�a, and nAdA=nBdB=0.25�a.

FIG. 4. Comparison of the evolutions of �Ca�t��2 in the 1DPC
and in the free space.
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�2	 / t. The main contribution comes from the normal
modes around the frequency �a. When t is small, almost the
whole spectrum of f��K� has influence on the evolution.
From Eq. �28� we see when t→0, the memory function
F�x�→F�0�= �1/	��0

�d�Kf��K�, which is simply propor-
tional to the area under the curve of the reservoir coupling
spectrum f��K�. Because �f��K� is an oscillatory function
around 0 and �f��K�� fv��K�, as shown in Fig. 5, the area
under the curve of f��K� is approximately equal to the area
under the curve of fv��K�. Thus, the evolution in the 1DPC
and the evolution in the free space are almost the same in the
very early stage of t��0.

It is found that in the frequency interval of ���K−�a��
�10/�0, the curves f��K� and fv��K� have a larger differ-
ence, which leads to the change of the evolution in the time
domain at about t�0.1�0. Since the typical size of the 1DPC
is about �a=2	c /�a, the geometry structure of the 1DPC
influences significantly the spectrum of f��K� at around �a.
When t increases from zero to the magnitude around �0, the
effective frequency region is in an interval around �a �from
0.1�a to 200�a�, where f��K� and fv��K� are quite different.
Consequently, the evolution in the 1DPC becomes different
from that in the free space. There is pulselike evolution be-
havior at t=n�0 /2. When t→�, the SE approaches to a
steady decay, with the decay rate approaching �0f��a���0

=constant.
Next we consider a 1DPC which has the same structure as

in Fig. 3, but the parameters are changed to the following,

�A = 2.0, �A = 1.0, �B = 1.5, �B = 1.0,

d0 = 0.25�a, nAdA = nBdB = 0.25�a. �37�

In this case the middle layer has a thickness of a quarter-
wave length. Thus, the structure is approximately regarded as
a periodic structure. The frequency �a now is at the center of
the band gap of the 1DPC, so that the interference of the
reflection field is destructive. The evolution behavior of ��t�
is shown in Fig. 6. The reflected field comes to the atom at
t=�0 /4 after the first normal reflection, which corresponds to

a phase shift of 	 /2. In addition to the “half-wave loss” on
the interfaces, the total phase shift of the field reflected from
the interfaces back to the atom is an integral times of 3	 /2.
When t=�0 /4, only the field reflected by the first interface
comes to the atom. Due to the phase shift of 3	 /2, the su-
perposition of the first arrival reflected field with the forward
field causes to a sudden change in ��t� at t=�0 /4. However,
the superposition by more and more arrival fields with phase
difference n�3	 /2� will cause the destructive interference.
The destructive interference tends to suppress the interaction
of the field with the atom. Thus, the peaks at t=n�0 /4 are
different from those in Fig. 3.

It should be noted that in the present structure the optical
thicknesses of all layers, including the middle layer, are the
same. It can be approximately considered as a periodic struc-
ture. In the periodic media, as we know, a band gap for the
modes is formed. The band gap is the result of the interfer-
ence of the Bragg-reflected waves. In the periodic structure
the phase shifts between two successive scattering points are
the same. The special relation of the phase shifts may lead to
the constructive interference or destructive interference, de-
pending on the frequency of the multireflected waves. The
constructive interference corresponds to the case that the fre-
quency is within the passband. In this case the related field is
an extended Bloch wave. However, for the destructive inter-
ference, the frequency is located in the gap region and the
field is an evanescent wave. If the periodic structure is infi-
nitely extended, then the evanescent wave in the frequency
gap is completely suppressed, and the corresponding mode is
completely forbidden. Since the present structure is almost
periodic, the band-gap effect of the periodic structure be-
comes more evident. For the modes with certain wave-vector
direction, the frequency may fall into the forbidden gap, but
it may fall into the allowed band for another wave-vector
direction. The coherent superposition of the multireflected
fields may enhance or suppress the SE decay depending on
the frequency and the wave-vector direction of the modes.

The corresponding evolution of �Ca�t��2 is shown in Fig.
7. In the very early stage, the evolutions in the 1DPC and in

FIG. 5. The difference of the reservoir coupling spectra
�f��K�= f��K�− fv��K�. Insert: The reservoir coupling spectrum for
the free space fv��K�.

FIG. 6. SE decay rate in 1DPC with �A=2.0, �A=1.0, �B=1.5,
�B=1.0, d0=�a /4, and nAdA=nBdB=�a /4.
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the free space are almost the same. With time increasing,
they have different behaviors. When t→�, the SE ap-
proaches to a steady decay with the decay rate approximately
equal to �0f��a��0.54�0, about half of the vacuum decay
rate. This is different from the case in Fig. 3. In the structure
of Fig. 3, the middle layer is a half-wave defect which sup-
ports a normal defect mode of frequency �a. The spontane-
ous emitted energy can be released through the defect mode
to the out space. However, for the structure of Fig. 6, the
frequency �a is in the forbidden gap. There is no normal
mode to bridge the atom to the out space to release the spon-
taneous emitted energy. It is the forbidden gap of the photo-
nic crystal that suppresses the spontaneous emission. Al-
though the normal mode of frequency �a is forbidden in the
1DPC, there are still other modes with different direction and
different frequency interacting with the atom. So the sponta-
neous emission is not completely inhibited.

Now we consider the case that the atomic transition fre-
quency �a is located in the passband of the 1DPC. The pa-
rameters are taken as

�A = 4.0, �A = 1.0, �B = 2.0, �B = 1.0,

n0d0 = �a/2, nAdA = nBdB = �a/2. �38�

Instead of the quarter-wave stack as in the above two cases,
here the 1DPC is a half-wave stack. Hence, the frequency �a
is located in the center of the second passband. The evolution
of the decay rate is shown in Fig. 8, and the evolution of
�Ca�t��2 is shown in Fig. 9. We have also seen the pulselike
behavior of the decay at the time t=n�0 /2. Since such a
structure is almost a periodic structure, the band-gap struc-
ture exists for all directions, although the gap frequency in-
terval may vary with the direction. The SE decay is therefore
influenced by the band-gap effect. The coherent superposi-
tion of the multireflected fields with different frequencies and
different directions may result in the constructive interfer-
ence or destructive interference. For example, at t=�0 /2, the

normal reflected field from the first interface makes a posi-
tive contribution to the decay. But at t=3�0 /2, the normal
reflected field from the second interface makes an opposite
contribution to the SE decay, which drives the atom from the
lower level back to the higher level, as shown by the nega-
tive peak of the decay rate at t=3�0 /2, due to the suitable
phase coherence of the atom with the field. Since the fre-
quency �a is in the passband, the steady decay rate is larger
than that in Fig. 6. At t→�, the decay rate is approximately
equal to �0f��a��0.95�0.

In Fig. 10, we show the SE decay rate for d0=�a /8, a very
thin middle layer. The other parameters are the same as in
Fig. 3. The corresponding evolution of �Ca�t��2 is shown in
Fig. 11. It is found that the SE decay rate has a large sudden
change with ��t� /�0, dropping to −300 at t=�0 /8. In addi-
tion to the half-wave loss on the first interface, the total
phase shift is 5	 /4. A larger change of �Ca�t��2 is found at
this time. The effect of the interference of the multireflected

FIG. 8. SE decay rate in 1DPC with �A=4.0, �A=1.0, �B=2.0,
�B=1.0, d0=�a /2, and nAdA=nBdB=�a /2.

FIG. 9. Comparison of the evolutions of �Ca�t��2 in the 1DPC
corresponding to Fig. 8 �solid line� and in the free space �dashed
line�. �a� In the very early stage, the evolutions are almost the same.
�b� The difference of the evolutions in the 1DPC and in the free
space.

FIG. 7. Comparison of the evolutions of �Ca�t��2 in the 1DPC
corresponding to Fig. 6 �solid line� and in the free space �dashed
line�. �a� In the very early stage, the evolutions are almost the same.
�b� The difference of the evolutions in the 1DPC and in the free
space.
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fields on the SE decay becomes more evident when the
middle layer becomes thin.

In Figs. 12 and 13 we show, respectively, the SE decay
and the evolution of �Ca�t��2 for the case that the 1DPC is the
same as in Fig. 3, but the atom is moved to za=3�a /16 from
za=0. Now the atom is not located at the center of the middle
layer. It is located at the position with a distance �a /16 from
the atom to the first interface on the right, and a distance
7�a /16 to the first interface on the left. From the figures we
see that the first large change of the decay rate occurs at t
=�0 /8, the time that the reflected field comes back to the
atom from the first interface on the right side. The second
large change of the decay rate occurs at t=5�0 /8, the time
that the reflected field comes back to the atom from the sec-
ond interface on the right side. The third large change of the
decay rate occurs at t=7�0 /8, the time that the reflected field
comes back to the atom from the first interface on the left
side.

V. CONCLUSION

In this paper, we have studied the non-Markovian pro-
cesses in the spontaneous decay of the two-level atom em-

bedded in different 1DPCs. The atomic spontaneous decay
is dependent on the interaction of the atom with the field.
The total field which drives the atom is a coherent superpo-
sition of the multireflected fields. The interference of the
multireflected field plays an important role. The field re-
flected back to the atom can result in constructive interfer-
ence or destructive interference depending on the structure of
the 1DPCs. The SE decay can be enhanced or suppressed
with different interference properties. If the interference is
constructive, the SE decay is enhanced, while if interference
is destructive, the SE decay is suppressed. The steady decay
rate after a long time is dependent on the structure of the
1DPC. If the atomic transition frequency corresponds to an
allowed normal mode, the steady decay rate is approximately
equal to the vacuum decay rate. If the atomic transition
frequency is within the forbidden gap, the SE decay is sup-
pressed.

The dynamic non-Markovian processes can be described
by a memory function which is dependent on the reservoir
coupling spectrum, which is depends on the property of the
environment surrounding the atom. In the 1DPCs, the reser-
voir coupling spectrum is different from that in the vacuum

FIG. 12. The SE decay rate in 1DPC with �A=4.0, �A=1.0,
�B=2.0, �B=1.0, d0=�a /2, z0=3�a /16, and nAdA=nBdB=�a /4.

FIG. 13. The evolutions of �Ca�t��2 in the 1DPC corresponding
to Fig. 12.

FIG. 10. The SE decay rate in 1DPC with �A=4.0, �A=1.0,
�B=2.0, �B=1.0, d0=�a /8, and nAdA=nBdB=�a /4.

FIG. 11. The evolutions of �Ca�t��2 in the 1DPC corresponding
to Fig. 10.
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due to the multireflection. The reservoir coupling spectrum
for the 1DPCs oscillates around the reservoir coupling spec-
trum for the vacuum and leads to some sudden changes on
the smooth curve of the memory function in the time do-
main. The complex memory function governs the dynamic
evolution of the atomic spontaneous emission decay.
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