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The two models of three-level (one upper level and two lower levels, or two upper levels and one lower level) atom

embedded in a double-band photonic crystal are adopted. The atomic transitions from the upper levels to the lower

levels are assumed to be coupled by the same reservoir which are respectively the isotropic photonic band gap (PBG)

modes, the anisotropic PBG modes and the free vacuum modes. The effects of the fine structure of the atomic ground

state levels in the model with one upper level and two lower levels, and the quantum interferences in the model with

two upper levels and one lower level on the spontaneous emission spectrum of an atom are investigated in detail. Most

interestingly, it is shown that new spontaneous emission lines are produced from the fine splitting of atomic ground

state levels in the isotropic PBG case. The quantum interferences induce additional narrow spontaneous lines near the

transition from the empty upper level to the lower level.

Keywords: photonic band gap, quantum interference, spontaneous emission spectrum

PACC: 3200, 3270, 4250

1. Introduction

More recently, the study of the spontaneous emis-
sion of an atom in the free vacuum reservoirs has
attracted considerable attention. The interests in
this subject stem from many remarkable phenom-
ena resulting from quantum interference in sponta-
neous emission: for example, very narrow absorption
and fluorescence spectra,!=¢l population trapping in
a degenerate system, 8] fluorescence quenching in the
free space,[®9:1% phase-dependent line shapes,!11:12]
lasing without inversion,[’3] and others.l"*=23] Tt is
well known that the spontaneous emission depends
not only on the properties of the excited atomic
system but also on the nature of the surrounding
environment—also called reservoirs.?425 The envi-
ronment includes the types of both Markov environ-
ment, for example free vacuum modes (reservoirs),
and non-Markov environment. The spontaneous emis-
sion spectrum of an atom coupled to a non-Markov
environment will obviously exhibit different proper-
ties compared to that of one coupled to a Markov
environment. Photonic band gap (PBG) structures

have been shown to have a density of states (DOS)

of emission field different from that of free-space vac-
uum field.24=271 The study of quantum and nonlin-
ear optical phenomena for archetypes of atoms em-
bedded in such PBG materials leads to the prediction
of many interesting effects: for example, localization
of light,[?8:291 photon—atom bound states,[24:25:28,30]
suppression and even complete cancellation of spon-
taneous emission,[31’32] enhancement of spontaneous

[83-37] ¢lectro-magnetically induced trans-

[38—46]

emission,
parency and other phenomena.

As far as we know, for an atom embedded in a
photonic crystal most studies reported to date have
focused on the population involution and distribution
in upper levels2425:28] and the spectral components
in spontaneous emission fields.[33—36] Knight and his
co-workers have investigated transparency and coher-
ent phenomena in photonic crystals in the A-type
model where one transition interacts with free vac-
uum modes and the other interacts with modes near
the PBG’s edges.[38:3% Focusing on the quantum inter-
ference of an atom without externally driving coherent
laser field, Zhou and Swain,? and Zhul®! have inde-
pendently reported the quantum interference in spon-

taneous emission spectrum and in probe absorption
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spectrum of an atom coupled to vacuum space reser-
voirs. In our previous papers,[*7=%9 we have studied
in detail the spontaneous emission spectrum of the
V-type three-level and the double V-type four-level
atoms in a double-band photonic crystal for the first
time. In the papers, we assumed that the atomic tran-
sitions from the two upper levels to the two lower lev-
els were coupled synchronously by PBG modes and by
free vacuum modes. As a result, the ground state lev-
els of an atom have acquired a superfine energy level
structure, leading to greater versatility from the point
of view of practice. Furthermore, it is recognized as
an universal feature that atomic transitions from the
upper levels to the lower ground state levels are con-
fined to coupling by the same reservoir. In this paper,
we adopt two types of models of a three-level atom in
a double-band photonic crystal described respectively
by isotropic and anisotropic dispersion relations at the
band edges. One includes one upper level and two
lower levels, the other includes two upper levels and
one lower level. The atomic transitions from the up-
per levels to the lower levels are restricted to coupling
by the same reservoir without loss of generality, which
we assume in turn to be the isotropic PBG modes, the
anisotropic PBG modes and the free vacuum modes.
The effects of the fine structure of the ground state lev-
els on the spontaneous emission spectrum of an atom
are studied in the first model. The quantum interfer-
ences in the three cases are analysed and compared
with each other in the second model. In Section 2, we
derive the equations for describing the spontaneous
emission spectrum of the three-level atom in a pho-
tonic crystal in the case of the two models. The gen-
eral calculations and analyses are presented in Section
3. The major conclusions are summarized in Section
4.

2.Equations for the spontaneous
emission spectrum in the two

models

Consider a three-level atom with upper level |2)
and lower levels |1) and |0) as shown in Fig.1(a) as the
first model, or a three-level atom with upper levels |3)
and |2) and lower level |0) as shown in Fig.1(b) as the
second model. We assume that the transitions from
the two upper levels to the lower levels are coupled
by the same reservoir, which are respectively isotropic
PBG modes, anisotropic PBG modes and free vacuum

modes. The dispersion relations near the photonic

band edges are approximated by[?4

Wi :wcl_Al(k_k0)2a k<k07
Wi :w62+A2(I€—k0)2, k>k0, (1)
- =
wk:wcl—A1|(k — k0)|2, |,<3|<|]{30|7
- = =
wi =wez + A2|(K — Ko)f*,  |K]>[Kol (2)

for isotropic dispersion relation and anisotropic dis-
persion relation, respectively. Here A, ~ wen/k2
(n=1,2). we and wey are the upper and lower fre-
quencies at the edges of the forbidden gap, respec-

tively. The Hamiltonian describing the dynamics of

p(wi) y
We2 173
we1 r— [2) I\
(a) 1)
0 a Y

(b)

vg
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Fig.1. Schematic diagram of the three-level atom in
double photonic band structure. p(wy) denotes the
density of states of the isotropic PBG modes. wc2 and
we1 are the upper and lower frequencies of the forbid-
den gap, respectively. §; is the detuning of frequency
of radiation field (wy) in the middle of the forbidden
gap. It is assumed that the transitions from the upper
levels |3) and |2) to the lower levels |1) and |0) are
coupled by the same reservoir. (a) For the case of one
upper level and two lower levels. A denotes the width
between the lower two levels. (b) For the case of two
upper levels and one lower level.
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this system in the interaction picture and the rotating

wave approximation can be written as
H: =h ( 20 +b+b i,uiot
L IkeOgeYo 02€
ke

. 21
+ giéazeb;rbw“‘k t+C.C),
H;=h (gi%af bi bt
ke

+ 2% bboel#t 4 C.C.)

3)

for the first model and the second model, respectively.
Where C.C. denotes conjugate for the other two items
in the bracket; and b}, b; (=0,1,2,3) are creation and
annihilation operators for an atom in level i, respec-
tively; a;, (ake) is the creation (annihilation) operator
for the kth PBG mode with frequency wy; gg (7=2,3,
n=0,1) is the frequency-dependent coupling constant

between the atomic transitions |j)-|n). More precisely,
gz = (@sndsn/B)(h/ 2200k V) /2@ ke - d o,

iu";cn = Wk — Wjn,
(1=2,3,n=0,1), (4)
where d;,, (j=2,3, n=0,1) is the atomic dipole moment
unit vector for the transition |j)-|n). ek (e=1,2) is the
polarization unit vector of the radiation field, and V

is the sample volume. The state vector of the system

in the interaction picture can be written as

|9(t)) =A2(1)[2,{0})
+ ) Asgel1, {ke})

+ 5 Aok [0, {ke}),
ke

|@(t)) =As(t)[3,{0}) + A2(1)|2,{0})
+ 3" Aokelo, {ke}) (5)
ke

for the first model and the second model, respectively.
Substituting Eq.(3) and Eq.(5) into the Schrédinger

equation, we obtain

dAQ(t) . —ig2t
o 3 e A
. 120
—1) 7 g2 Ay (1),
ke
dAie(t . i 2t
Pl _ gt ea)
dAgre(t . .
Wowelt) _ _sgaoei’ ao(0), (6)

Vol. 14
dA3(t) . —ip30
a@ 1; gide ™kt Agke (t),
dAz(t) . —ip2®
a 1;92&3 e Agke(t),
dAgre(t . . 30 . ip2°
%0 = —igpoee T Ag(t) — igiee s Ay (t), (7)

for the first model and the second model, respec-
tively. Formally integrating and eliminating Ajx.(t)
and Aoge(t) from Eq.(6) and Eq.(7), we obtain

dAs(t ¢
dA () _ _ / GEL(t — ') Ag(¢')dt!
t
- [ et -ty an(eyar, ®)
0
dA;(t t
3(t) _ —/ GR(t — ') As(t")dt!
t
- / GEO(t — t)el“s2t Ay (t')dt!,
0
dA(t t
2(t) _ —/ GEO(t — ') Ap(t')dt!
t
— / GEO(t — t')e1ws2t Aq(t)dt!, (9)
0

for the first model and the second model, respectively,

where
H s dn ’
Gi'(t—t) =D _gligice™ ™ 70
ke

(,1=2,3,n=0,1) (10)

is the delayed Green functions which can be trans-

formed into the following forms:[24

cildine2 (t—t')—m /4]
G- ) = A

ei[élncl(tft’)+7r/4]
w(t—t) }

n , n ei[élncz(tft’)+7r/4]
O N s
ei[élncl(t—t')—w/4] }

Var(t—t)% )’
G‘I;ln(t - t,) :nfln\/ 7]n71n5(t - tl)a
(5,1=2,3,n=0,1) (11)

for isotropic PBG, anisotropic PBG and free space

reservoirs, respectively. The definitions of the param-

eters are
3/2 1/2
ﬂ3/2 _ 1 w?nd?nwcé Qi = 1 w‘?nd‘?nwcé
7 4mey  3hed I Amey 3he3 ]
1 wi,d3,
Yin = e (j;l:2:3:n:05 1) (12)

weg 3hed
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In Eq.(11), nfl” = & + np(1 — d;1), where §;; is
3

the delta function, and 7} = 3 [ (cos ¢k, cos ok, +
T

Here {SO‘,;:'n,i ]nﬂejn} (J:2535
n=0,1) is the directional angles of the dipole mo-

k k
cos v3,, cos vs, )df2.

ment unit vectors dj, in a coordinate system de-
fined by the unit vectors {eg1,ex2, k}, and df? is the
solid angle element. It is seen that n;; = 1.0 when
d;, - dj, = %1, and n; = 0 when dj, - d;,, = 0.
Otherwise, 0 < 17 < 1.0. Therefore, the parame-
The
parameter nir= 77 is the coherent coupling coeffi-
[n) and [2) — |n)
When the dipole moments

ters nk? = nk» = 1.0 are independent of -
cient of the transitions between |3) —
coupled to the reservoir.
of the transitions from the two upper levels to one of
the two lower levels are orthogonal, 75 = 0, imply-
ing that there is no quantum interference between the
transitions. When the dipole moments of the transi-
tions are parallel or anti-parallel, 7% = 1.0, implying
that the quantum interference is maximal between the
transitions. There are also two types of quantum in-
terferences in this system similar to that mentioned in
our previous papers.[47=4]

The spontaneous spectrum S(wy) of the atom is

the Fourier transform of [3]
(E=(t+7)ET(#))i500
)| S atawer e )

k,k! t—o0

(13)

Substituting Eq.(5) into Eq.(13), we have
(E=t+7)ET(1)i500

=) Abke(00) Aoke(00)e™*™
ke

+ ) Afie(00) Arge(c0)e T
ke

+oo
= / elwde(A)kD(wk)

— 00

x / 3 [ Afue() Aoke(o0)

+ Alke(oo)Alke(oo)]d‘Q’ (14)

(E(t+7)ET(®#)) 500

= Z Appe (00

+oo .
= / e“*T dwy, D(wy,)

AOke (oo)elwk‘r

x / S g (00) doke(c0)dR  (15)

for the first model and the second model, respectively.
Here D(wy) is DOS of the radiation field, which can

be derived as[24

1.0

D(wk) N\/ﬁ @(wk — UJCQ)
1.0
+ ———O0(wa — wi)

VWel — Wi
D(wi) ~Vw — wea O(wy — wea)
+ Vwer — wr O(wer — wi)
D(wg) ~1.0 (16)
for isotropic PBG, anisotropic PBG and free space
reservoirs, respectively, where O is the Heaviside step

function. From Egs.(4), (6), (7), (12), (14) and (15),

we have

Swr) =D(wy)[Pao A3 (s — —ipi°) As(s — —ipi0)
+ P21Z§(5 - _i#il)gﬂs — —ipp")],
S(wr) =D(wi)[Pao A3 (s — —ip’) Az(s — —ipii)
+ PaoAz(s = —ipp’) Ay (s — —ipz}”)]

+ D(wi) v/ P3oPaony
x [A3(s — —ip®) Aa(s — —ipp’)
+ Ag(s = —ipp®) A3 (s — —ip")] (17)

for the first model and the second model, respectively.
Here the definitions of P;, (j=2,3, n=0,1) are

Pjn = Iszn’
Pjn = Qjn,
Pjn = Vjn (18)

for isotropic PBG, anisotropic PBG and free vacuum
Aj(s) (j=2,3) is the Laplace transform of
A;(t). Taking the Laplace transform of Eq.(8) and
Eq.(9), we obtain

modes.

~ Ay(0)
A = G + e (49
for the first model, and
Aa(s) = M, (s)A3(0) — M>(s)A2(0)
s M (s)My — My(s)Ms(s)
ot — M1()42(0) — My()45(0)
A2(0 = 1002) = 3 () Ma(s) = Ma(s) Mas)” )
where
Mi(s)=s+ G 2(s),
Msy(s) = G’zcg( )s
Ms(s) = GES(s — iwsa),
M4(S) =S — IUJ32 + G22( iUJ32) (21)
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for the second model. Here w3y = w31 —wsy; is the fre-
quency difference between the upper two levels, A5(0)
and A3(0) are the initial values of As(t) and As(t) re-
spectively, and éfl”(s) (4,1=2,3, n=0,1) is the Laplace
transform of the delayed Green function in Eq.(11),
which can be derived in the forms of

~ i 1.0

Gy i [Pl 1 ,
it ( ) n]l gn Fin \/1-9 + 5lncl \/15 + 6lnc2

GF(8) =0 /i {—11/i8 + Oine1 + V/iS + Srnea}
gl T’]l jntin Incl Inc2 [

G;Cln(s) :Uflnv YinYin,
(7,1=2,3,n=0,1) (22)

for isotropic PBG, anisotropic PBG and free space
reservoirs, respectively. Here the definitions of the de-

tuning parameters are

j1 j0
g =y, + A

2n __ . .3n
My =pyp t w3z,
3n 1

1233 :5k - 550201 - 53nc27
1
03ncz =03c2 + §A§
1
52ncl :52c1 - §Aa

63'ncl :631152 + 6c2cl;

52nc2 :521151 - 6c2cla
(j=2,3,n=0,1) (23)

where 3.2 and do.; are the differences between the up-
per levels 3 and 2 from the upper and the lower edges
of the band gap, respectively. §; is the detuning of
frequency of radiation field (wj) from the middle of
the forbidden gap. d.2.1 and A denote the width of
the forbidden gap and splitting width of the lower two
levels, respectively. The amplitudes Asg and Asg rep-
resent the initial probability of an atom occurring in
the upper levels |2) and |3) respectively. The calcu-
lation of the spontaneous emission spectrum can be
performed based on Eqgs.(17) and (19)—(21), using the
parameters defined in Egs.(16), (18), (22) and (23).
It is seen that there is no quantum interference in
the first model, whereas the coherent parameter nky
(n=0,1) in the second model is embodied not only in
the Laplace transforms of the delayed Green functions,
but also in the third and fourth terms (cross terms) of
Eq.(17). The remarkable spontaneous emission spec-
trum features resulting from the splitting width (A) of
ground state level and the interferences are discussed

in the following section.

3. Results and discussion

3.1. Effects of splitting of lower levels on the

spontaneous emission spectrum

For more realistic simulation of an atom, its

ground state has a super fine structure with splitting
width A.

splitting on the spontaneous emission spectrum in the

In order to investigate the effects of the

PBG and free vacuum reservoirs, we adopt the first
model as shown in Fig.1(a). We plot the spontaneous
emission spectrum as a function of detuning d in the
three cases as shown in Fig.2. From Figs.2(b) and

2(c), we see that the spontaneous emission peaks
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Fig.2. The spontaneous emission spectrum S(§) (in
arbitrary units) as a function of detuning §; in the
case of Fig.l (a). (a) For double-band isotropic
PBG reservoir, 321=1.0, A=2.0. (b) For double-band
anisotropic PBG reservoir, a2, =1.0, A=2.0. (c) For
free vacuum reservoir, y21=1.0, A=10.0. The other
parameters used are Agg=1.0, d.0.1 = 1.0, d3.1 = 0.5.
All parameters from Figs.2-5 are in units of (29, a%o
and <2 for isotropic PBG modes, anisotropic PBG
modes and free vacuum modes, respectively.
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correspond to the resonant transitions from the up-
per level to the lower two levels. This is expected and
understandable for the splitting changes the resonant
positions of the atomic transitions in both cases of the
anisotropic PBG and free vacuum reservoirs. How-
ever, for the case of isotropic PBG reservoir (Fig.2(a)),
the effect of the splitting width A on the spontaneous
emission spectrum is quite different. It is seen that
additional and unexpected peaks appear besides the
peaks corresponding to the resonant transitions from
the upper level to the lower levels. In order to investi-
gate this new feature in the isotropic PBG reservoir,
we plot the spontaneous emission spectra for differ-
ent splitting widths A as shown in Fig.3, for differ-
ent widths of forbidden gaps as shown in Fig.4 and
different detuning of the upper level from the lower
edge of the forbidden gap as shown in Fig.5. From
Fig 2(a) and Figs.3-5, it is seen that the detuning

for these additional peaks covers two ranges: from

1 1 1
A — 556251 to A+ 566251 and from —A — 556261 to

1
—A+ 565%1, and is unconcerned with other param-

eters. The origin for this feature can be traced back
to Egs.(16), (17), (19), and (22). From these equa-
tions, the forms of Laplace transform of the delayed
Green function involved in the spontaneous emission

spectrum include the following items:

i 1.0
1 * 1
\/6k + 5(6c2cl - A) \/619 - 5(6c2cl + A)
and
i 1.0

_|_
1 1
\/6k - 5(60201 - A) \/6k + 5(50201 + A)

The above items show clearly that the splitting of the
atomic ground state induces additional singularities of
Laplace transform of the delayed Green function for
isotropic PBG modes. These additional singularities

1 1
occur at A — 555201, A+ 555251, —A — ~dc201 and

2

—A+ l56261. It shows conclusively that the peaks re-
sulting from the splitting of the atomic ground state
stem from the contribution of the splitting to the
Laplace transform of the delayed Green function of
the isotropic PBG modes.
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Fig.3. The spontaneous emission spectrum S(8;) (in arbi-
trary units) as a function of detuning 8 for different split-
ting widths of the ground state levels in the case of double-
band isotropic PBG reservoir. A20=1.0, 821=1.0, §.2.1 = 1.0,
b2c1 = 0.5, and A=0.0, 3.0, 6.0 corresponding to thick solid
line, short dashed line and thin solid line, respectively.

Fig.4. The spontaneous emission spectrum S(d) (in ar-
bitrary units) as a function of detuning & for the dif-
ferent forbidden gap widths in the case of the isotropic
PBG reservoir. Az0=1.0, A=3.0, d,2,1=0.5, 2.0, 4.0 cor-
respond to thick solid line, short dashed line and thin

solid line, respectively, and da.1 = E(chcl.

o
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Fig.5. The spontaneous emission spectrum S(é;) (in arbi-
trary units) as a function of detuning 6y, for different detuning
of the upper level |2) from the lower edge of the forbidden gap
in the case of the isotropic PBG reservoir. A2¢0=1.0, A=3.0,
§c2c1 = 1.0, §2.,1=0.5, 2.0, 4.0 correspond to thick solid line,
short dashed line and thin solid line, respectively.
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3.2. Quantum interference in spontaneous

emission spectrum

In the first model, quantum interferences cannot
be considered because there is only one upper level.
In order to compare with the spontaneous emission
and investigate quantum interferences, we adopt the
We study first

the case where an atom is equally and synchronously

second model as shown in Fig.1(b).

pumped to the upper levels, employing symmetric

06 (2)
0.4
=
=
]
0.2
0.0
-8 -4 0 4 8
b
0.6/ (®)
0.4
=
=
]
0.2
0.0 —
-4 -2 0 2 4
b
0.6 ()
0.4
=
o
0
0.2
0.0
-20 -10 0 10 20
b
Fig.6. The spontaneous emission spectrum S(&)

(in arbitrary units) as a function of detuning Jk.
(a) Double-band isotropic PBG reservoir and 820 =
1.0, (b) double-band anisotropic PBG reservoir and
O‘%O = 1.0, (c) free vacuum reservoir and w3z =
10.0,v20 = 1.0.
Ag0=0.5, A30=0.5, dc2c1 = 1.0, d30c2 = 0.5, §20c1 =
—0.5 and 732 = 0 (for thin solid lines), 732 = 1.0 (for

The other parameters used are

thick solid lines). All parameters from Figs.6 and 7 are
in units of B30, ago and 43¢ for isotropic PBG modes,
anisotropic PBG modes and free vacuum modes, re-
spectively, except that 132 is dimensionless.
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3 (a)
2
-2
o
"
1
. _/’\
-3 -2 -1 0 1 2 3
Y
. (b)
. 2
-~
s
I
1
0 ——‘411 L[\\\
-3 -2 -1 0 1 2 3
6k
1.5
(c)
1.0
=
<
©n
0.5
0.0

-3 -2 -1 0 1 2 3

Fig.7. The spontaneous emission spectrum S(d;) (in
arbitrary units) as a function of detuning &;. (a)
Double-band isotropic PBG reservoir and 20 = 0.1,
(b) double-band anisotropic PBG reservoir and a2, =
0.1, (c) free vacuum reservoir and w3z = 1.0, y20 = 0.1.
The other parameters used are Ag0=0.0, A30=1.0,
bc2c1 = 0.5, 830c2 = 0.2, 62001 = —0.2, n32 = 0 (for
thin solid lines), n32 = 1.0 (for thick solid lines).

values of parameters for the two transitions. In
Figs.6(a), 6(b) and 6(c), the spontaneous emission
spectra are shown for the cases of isotropic PBG reser-
voir, anisotropic PBG reservoir, and free-space vac-
uum reservoir, respectively. It is seen that the quan-
tum interferences have weaker effects on the sponta-
neous emission spectrum in these cases. If an atom
is assumed to be initially pumped to level |3) with
asymmetric parameters for the two atomic transitions,
the ensuing emissions are seen to present a different
picture with prominent features as shown in Fig.7.
The quantum interferences induce a narrow spectral

line, positioning near the transition frequency from
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the empty upper level |2) to lower level |0). The origin
for this new narrow spectral line has been analysed in
detail in our previous paper.[”) It is that the quantum
interferences induce a population transfer from level
|3) to empty level |2) while the emission interferences
of population from upper levels to the lower level are
destructive. Hence, the narrow spectral lines are seen
to arise from a population transfer under destructive

emission interferences.
4. Conclusion

The two more realistic models have been adopted
in this paper. The models assume three-level atomic

transitions interacting with the same reservoir which

are in turn the isotropic PBG modes, the anisotropic
PBG modes and the free vacuum modes. The results
of spontaneous emission in the two models are com-
pared. The effects of the splitting of atomic ground
state levels and the quantum interferences on sponta-
neous emission spectra have been discussed in the two
model systems. In the case of isotropic PBG modes,
the splitting of the atomic ground state induces new
emission spectral lines because of its contribution to
Laplace transform of the delayed Green function. The
quantum interferences can induce a transfer of popu-
lation between the two upper levels, resulting in addi-
tional emission spectral lines under destructive emis-

sion interferences.
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