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The spontaneous emission spectrum from a four-level atom in a double-band photonic crystal has been investigated.

‘We use the model which assumes three atomic transitions. One of the transitions interacts with the free vacuum modes,

and the other two transitions couple to the modes of the isotropic photonic band gap (PBG), the anisotropic PBG and

another free vacuum. The effects of the fine structure of the lower levels on the spontaneous emission spectrum of an

atom are investigated in detail in the three cases. New features of four (two) transparencies with two (one) spontaneous

emission peaks, resulting from the fine structure of the lower levels of an atom, are predicted in the case of isotropic

PBG modes.
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1. Introduction

The system of vacuum-induced interference or
additionally driven by external coherent laser fields
is widely studied, and the interference effects in
such a system lead to many remarkable phenom-
ena, including very narrow absorption and fluores-
cence spectra,! ¢ population trapping in a degen-
erate system,[”® fluorescence quenching in the free
space,[*910] phase dependent line shapes,1112 las-
ing without inversion,[*®! and others.#23 Tt is well
known that the spontaneous emission and probe ab-
sorption of an atom depends not only on the properties
of the excited atomic system but also on the nature of
the surrounding environment.[?4+2% From the point of
view of the surrounding environment of atoms, pho-
tonic band gap (PBG) structures have been shown
to have different density of states (DOS) compared
with a free-space vacuum field.?4=27 The study of
quantum and nonlinear optical phenomena for arch-
types of atoms embedded in such PBG materials leads
to the prediction of many interesting effects: for ex-

[28,29]

ample, localization of light, photon—atom bound

< [24,25,28,30]
)

state suppression and even complete can-

cellation of spontaneous emission, 132 enhancement

n,[33—36]

of spontaneous emissio electro-magnetically

induced transparency and other phenomena.l37—45] In

the studies of an atom embedded in a photonic crys-
tal, most papers reported on the population invo-

25,28,34] 514

lution and distribution in upper levels
the spectral components in the spontaneous emis-
sion fields[®3=36] of an atom. Of particular inter-
est, Knight and his co-workers!®”38] have investigated
transparency phenomena of an atom in the A-type
model where one transition interacts with free vac-
uum modes and another interacts with modes near
the edges of photonic band gap. Focusing on the quan-
tum interference of an atom without external driving
coherent laser fields, Zhu [ and Zhou and Swain!®
independently reported the quantum interference in
spontaneous emission spectrum and in probe absorp-
tion spectrum of an atom coupled to vacuum space
reservoirs. In our previous papers,*6=%8] we stud-
ied the quantum interference in spontaneous emis-
sion spectrum of an atom embedded in a double-band
photonic crystal. There is only one lower level in
the above studies. From the point of view of prac-
tice, the ground state levels of an atom have acquired
a superfine energy-level structure, leading to greater
versatility. In this paper, we adopt the model of a

four-level atom with a superfine energy-level struc-
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ture in a double-band photonic crystal. We assume
that the transitions from the only one upper level to
the one lower level is coupled to free vacuum modes,
and the transitions from upper level to the two lower
levels (fine structure) are coupled to the modes which
are isotropic PBG, anisotropic PBG and free vacuum.
The spontaneous emission spectrum along both the
transition coupled to free vacuum modes and that cou-
pled to PBG modes are investigated. In Sec. 2, we
derive the equations for describing the spontaneous
emission spectrum of the four-level atom in a pho-
tonic crystal. The general calculated results and the
analysis of them are presented in Sec. 3. The major

conclusions are summarized in Sec. 4.
2.Equations for the spontaneous

emission spectrum

Consider a four-level atom with upper level |3)
and lower levels |2), |0) and |1), as shown in Fig.1.
We assume that the transition from the upper level
|3) to the lower level |1) is coupled by the free vacuum
mode (wy), and those to the lower levels |2) and |0)
are coupled by the double-band isotropic PBG mode,

anisotropic PBG mode and free vacuum mode. The

Fig.1. Schematic diagram of the four-level atom in
isotropic double-photonic-band structure. p(wy) de-
notes the density of state of the PBG modes. w2
and w.; are the upper and lower frequencies of the
It is assumed that the
transitions from the upper level |3) to the lower levels
|0) and |2) are coupled by PBG modes wy,. The tran-
sition from the upper level |3) to the lower level |1)
&) is the de-
tuning of frequency of spontaneous emission field from
the middle of the forbidden gap. A denotes the split

width of the lower state levels.

forbidden gap, respectively.

is coupled by free vacuum modes w) .

dispersion relations near the photonic band edges are

Vol. 14
approximated by!?4]
wp = wer — A1(k —ko)?, k< ko,
W :wc2+A2(k_k0)27 k>k07 (]‘)
wk:wcl—Al\(k—kg)P, |k| < |k0|,

Wi = Wea + AQ‘(k - k0)|27 ‘k| > |k0|’ (2)

for the isotropic dispersion relation and anisotropic
dispersion relation, respectively. Here A, ~ wc,/k2
(n =1,2). we and we are the upper and lower fre-
quencies at the edges of the forbidden gap, respec-
tively. The Hamiltonian describing the dynamics of
this system in an interaction picture and the rotating

wave approximation can be written as

Hy =if (g3} bfbse¥x't — C.C.)
Ae
+ih Z(giga:ebg'bgei“iot
ke

+ g2a bl bseltt — C.C), (3)

where b and b; (i=0, 1, 2, 3) are respectively cre-
ation and annihilation operators for an atom in level
i; ai_ (axe) is the creation (annihilation) operator for
the Ath vacuum mode with frequency wy; a)f, (ake)
is the creation (annihilation) operator for the kth
PBG mode with frequency wy; g5 is the frequency-
dependent coupling constant between the atomic tran-
sition |3) — |1) and the free vacuum mode wy; and
gz]e (j=0, 2) is another coupling constant between the
atomic transition |3) — |7) and PBG mode wg. More

precisely, we have

9ot =(w31dz1/h) (] (2c0wa V) ere - dat,
930 =(ws;ds;/h)(h/(2e0wi V) *ene - dsj,
(1 =0,2), (4)
/“L?))\l = W) — W31,

py =wp—ws; (j=0,2),

where d3, and d3g are the atomic dipole moment unit
vectors for the transitions |3)—|2) and |3)—|0), respec-
tively; exe and eg. (e=1, 2) are the polarization unit
vectors of the radiation fields from the double V-type
transitions, and V is the sample volume. The state
vector of the system in the interaction picture can be

written as

[W(1)) =As(t)e ¥ 4[3,{0}) + D Arael1, {Ae})
Ae

+ ) Aoke|0, {ke}) + ) Aoie|2, {ke}), (5)
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where the amplitude A;Af (=0, 1, 2, 3) represents
the probability of an atom appearing in level i. Sub-
stituting Eqgs.(3) and (5) into Schrddinger equation,

we obtain
31
C].(A3( )e /’LP t) . _ .31
S e
e
. 30
—1) giee™" A1)
ke
. 32
—i) giZe HE Ay (1),
ke
dA t . )
ld)\e( ) — igiiel/‘tiltAg,(t)e_l“ilt,
t
dA t :
(:ikte( ) 1g3061“’“ A3(t)e*1l‘21t,
dAsp.(t )
Zkt( ) 1932e1uk A3(t)e*w21t. (6)

Formally integrating and eliminating Aj.(t), Aoge(t)
and Asg(t) from Eq.(6), we obtain

d(As(t)e 't ¢ a1y
d(Ag(t)e™> 7) 3(2; ):_/ G (t — ) Ag(t))dt!
0
t
B / GE(t — t')e 1t Ag(t)dt!
0

t
- [ G-ty a(e)ar,
0
(7)

where
A —1
Gy (t—t') Zgiigii K=t
kj 35 _ )
Gay(t =) ngzgkz !0 (=0,2), (8)

are the delayed Green functions which can be derived

in the following forms:[24]

. i[835c2(t—t")—m /4]
GH(t—1t) % ﬁgfﬂgf{ﬁ
eildajer (t=t) /4]
Tt —t') }
i N1 eildsje2 (t—t")+m/4]
33(t — ') =§va3jasj{w

ei[(;sjcl(tft’)fﬂ'/ll]
am(t —t')3 }’

Gyt —t) :E\/'YSj'YBj(S(t -t) (j=0,2)
1
:§v7317315(t —t),

for isotropic PBG, anisotropic PBG and free space
=0,2) is the

Gaa(t — ')

reservoirs, respectively. 0sjc1 (03jc2) (J

difference between the upper level and the lower (up-
per) edge of the forbidden gap. The definitions of the

parameters are

3/2
ﬂ3/2 1 ijdgg 62/
21eg  3hed
w72
Ouns — 1 wsjdgj c2
3 T orey 3hed
2 ijdgj .
= =0,2
R R v (1 =0,2),
2 wgld?ﬂ
= . 10
31 meg 3hcd (10)

The spontaneous spectrum S(w)) for the Ath mode
of spontaneous emission field is the Fourier transform
ofl!]
(E=(t+7)ET(1))tm00
=(¥ (1) > af ance  F e N W(1)), . (11)
AN

Substituting Eq.(5) into Eq.(11), we have
(E~(t+7)E™ (1))t

+oo
= / elw)TdWAD(WA)

< [ Ylanodn(de,  (12)

(E=(t+7)ET(t)) 500

+oo
:/ elwdeUJkD(wk)

— 00

x / S (A (6) Aoke(50) + Ay (00) A (00)]A2,
) (13)

for the spontaneous emissions along the transitions
from the upper level |3) to the lower level |1), and to
the lower levels |2) and |0), respectively. Here D(wy,)
(D(wy)) is the DOS of the radiation field, which can

be derived as?4

1.0
D(wk) ~ /7‘-‘}.1‘: — Q(Wk - wc2)
1.0
+ 76(“&1 - Wk)a

Vwer — wi
D(wi) ~Vwg, — wez O(wk, — wea)
+ Vwer — w O(wer — wi),
D(wy) ~1.0,
D(wy) ~1.0, (14)

for isotropic PBG, anisotropic PBG and free space

reservoirs, respectively, with © being the Heaviside
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step function. From Egs.(6), (7), (12) and (13), we

have

Swx) =D(w)[Ps A3 (s — —ip3!)As(s — —ipd)],
Swi) =D (wi)[Pso A3 (s — —ip3?)Az(s = —iu’)
+ Py A5 (s — —ipi?) Ag(s — —ip}?)], (15)
for the spontaneous emission spectra along the tran-
sitions from the upper level |3) to the lower level |1),

and to the lower levels |2) and |0), respectively. Here
the definitions of Ps; (j=0, 1, 2) are

3/2
Ps; :/33]/ )
Ps; =as;,
P3; =35, (16)

for isotropic PBG, anisotropic PBG and free vacuum
modes respectively. As(s) is the Laplace transform
of A3(t). Taking the Laplace transform of Eq.(7), we

obtain

B = —=—20 1)
s+ Ga3(s) + G33(s) + G33(s)

Here, C:";:(.)A)j(s) (=0, 1, 2) is the Laplace transform
of the delayed Green function in Eq.(9), which can be

derived in the following forms:

O R vt |
Gl (s) :% azjaz;|—i/is + 83je1 + /15 + 03jea),
G53(s) :% V3735 (1=0,2),

Gat (s) Z%\/W, (18)

for isotropic PBG, anisotropic PBG and free space
reservoirs, respectively. The definitions of the detun-

ing parameters are

1
030c1 =031 — §A7

1
03201 =0301 + §A7

63062 :63061 - 6C2617
53262 :532(21 - 5c2c17 (19)

where d3cn, (=0, 2, n=1, 2) is the difference between
the upper level and the lower edge (n = 1) or the up-
per edge (n = 2) of the forbidden gap. The calculation
of a spontaneous emission spectrum can be performed
based on Egs.(15), (17) and (18).

3. Results and discussion

In order to investigate the effects of the splitting
of lower levels on the spontaneous emission spectra in
the PBG and free vacuum reservoirs, we plot the spon-
taneous emission spectra as functions of detuning &y
in the three cases, as shown in Fig.2. From Figs.2(b)
and (c), we see that the spontaneous emission peak
corresponds to the resonant transition from the upper
level |3) to the lower level |1). This is to be expected
and understandable, as the splitting will change the
transitions coupled to the anisotropic PBG and free

vacuum reservoirs. However, for the case of isotropic
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Fig.2. The absorption spectrum S(8,) (in arbitrary
units) for the transition from the upper level |3) to the
lower level |1) as a function of detuning 8 of sponta-
neous emission field (a) for double-band isotropic PBG
reservoir with B30 = B32 = 1.0, (b) for double-band
anisotropic PBG reservoir with a2, = a2, = 1.0, (c)
for free vacuum reservoirs with v39 = 32 = 1.0. The
other parameters used are .2.1 = 1.0, d3.1 = 0.5,
A = 3.0, A3(0) = 1.0. All parameters in this paper

are in units of y31.
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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 unex-
pected peaks appear besides the peaks corresponding
to the resonant transition. In order to study what
parameters have effect on this new feature, we plot
in Figs.3(a), (b) and (c) the spontaneous emission
spectra for different splitting width A in the cases
of isotropic PBG modes, anisotropic PBG modes and

free vacuum modes.

2.0
1.6
—~ 1.2
~<
&
“ o8
0.4
0.0
10 -6 2 2 6 10
Sx
1.2
{b)
<
&
0
0.10
=
o
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-20 _10 o 10 20

3%

Fig.3. The absorption spectrum S(8,) (in arbitrary
units) for the transition from the upper level |3) to the
lower level |1) as a function of detuning &y of sponta-
neous emission field for different splitting width of the
lower state levels; (a) for double-band isotropic PBG
reservoir, (b) for double-band anisotropic PBG reser-
voir, (c) for free vacuum reservoir. A = 0.0 (thick
solid lines), A = 3.0 (dashed lines), A = 6.0 (thin
solid lines). The other parameters used are the same

as those in Fig.2.

From Fig.3 we see that the splitting of the lower
levels has no effect on the spontaneous emission spec-
trum in the case of the free vacuum modes. The split-
ting expands the width of spontaneous emission spec-
trum as the splitting width becomes larger in the case
of anisotropic PBG modes, and has a complicated ef-
fect on spontaneous emission in the case of isotropic
PBG modes. In order to investigate the effect of split-
ting width of lower levels on the spontaneous emission
in the cases of isotropic and anisotropic PBG modes,
we plot the spontaneous emission spectra for different
widths of forbidden gap as shown in Fig.4, and the
different detuning of the upper level from the lower
edge of the forbidden gap, as shown in Fig.5. From
Figs.2(a), 3(a), 4(a) and 5(a), it can be seen that
the detunings for the additional peaks in the case of

isotropic PBG modes are covered in two ranges: from

%(A — 6c2c1) to %(A + 56261) and fI‘OHl 7%(A — 56261)
to —§(A + dc201), and are unconcerned with other pa-
rameters. As a result, the four (two) transparencies
with two (one) spontaneous emission peaks appear in
the case of isotropic PBG modes. The origin for this
feature can be traced back to Eqgs.(15), (17) and (18).
From these equations, the forms of Laplace transform
of the delayed Green function involved in the sponta-

neous emission spectrum include the following items:

i 1.0
+

1 1
\/5k + 5(5c2cl - A) \/5k - 5(5c2cl + A)

and

i 1.0
+

1 1
\/6k - 7(5c2c1 - A) \/5k + 5(5C261 + A)

2

The above items show clearly that the splitting of
the lower levels induces additional singularities of the
Laplace transform of the delayed Green function for

isotropic PBG modes. These additional singularities

1 1 1
occur at 5(A—55261), 5(A+56261), —5(4—5&51) and
1
- §(A+5c2c1)- This shows conclusively that the spon-
taneous emission peaks resulting 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.4. The absorption spectrum S(éy) (in arbitrary
units) for the transition from the upper level |3) to
the lower level |1) as a function of detuning &) of
spontaneous emission field for different forbidden gap
widths; (a) for double-band isotropic PBG reservoir,

(b) for double-band anisotropic PBG reservoir. d2.1 =
1
565251, dc2¢1 = 0.5 (thick solid lines), dc2c1 = 2.0

(dashed lines), d.2.1 = 4.0 (thin solid lines). The other
parameters used are the same as those in Fig.2.

The spontaneous emission spectra discussed
above is for the transition from the upper level |3) to
the lower level |1). In order to compare it with those
for the transitions from the upper level |3) to the lower
levels |2) and |0), we plot the spontaneous emission
spectra for these transitions, as shown in Fig.6, which
shows that the detuning for the additional peaks in
the cases that the isotropic PBG modes are different

from that discussed above. They cover the ranges from

1 1 1
A — 565201 to A+ 565201 and from —A — 556261 to

—A+ %56261. The origin for this feature can be traced
back to Egs.(15), (17) and (18). But, the forms of
Laplace transform of the delayed Green function in-
volved in the spontaneous emission spectrum are given

as

i 1.0
+

1 1
\/619 + §6c2c1 - A \/(Sk - 556261 - A

3%

Fig.5. The absorption spectrum S(8y) (in arbitrary
units) for the transition from the upper level |3) to the
lower level |1) as a function of detuning &y of spon-
taneous emission field for different detunings of the
upper level |3) from the lower edge of the forbidden
gap; (a) for double-band isotropic PBG reservoir, (b)
for double-band anisotropic PBG reservoir. 83,1 = 0.5
(thick solid lines), §3.1 = 2.0 (dashed lines), §3.1 = 4.0
(thin solid lines). The other parameters used are the

same as those in Fig.2.

and

i 1.0

+
1 1
\/5k+25c2cl +A \/5k - 5602c1 +A

Therefore, these additional singularities occur at A —
%5c2c1, A+ %5&51, —A - %5c2c1 and —A + 15(;2c1-
The spontaneous emission peaks resulting 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
The physical origin is that the DOS of the

isotropic PBG radiation field has a sudden change at

modes.

the edges of the forbidden gap. Furthermore, compar-
ing the solid and dotted lines in Fig.6, we see that the
transition from the upper level |3) to the lower level
|1) reduces the intensity of spontaneous emission in
the transitions from the upper level |3) to the lower
levels |0) and |2).
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Fig.6. The absorption spectra S(d)) (in arbitrary units) for transitions from the upper level |3) to the lower

levels |2) and |0) as functions of detuning &) of spontaneous emission field; (a) for double-band isotropic PBG

reservoir, (b) for double-band anisotropic PBG reservoir, (c) for free vacuum reservoir and A = 10.0. vy3; = 0.0

(thin solid lines), v31 = 1.0 (thick solid lines). The other parameters used are the same as that in Fig.2.

4. Conclusion

The spontaneous emission spectra of a four-level
atom embedded in a double-band photonic crystal
have been discussed. A transition from the one up-
per level to one of the three lower levels was assumed
to interact with free vacuum modes, and the two tran-
sitions from the upper level to the two other lower lev-
els were assumed to interact separately with isotropic
PBG modes, anisotropic PBG modes and free vac-
uum modes. The spontaneous emission spectra for the
transitions coupled to the free vacuum modes and the

PBG modes are compared with each other. The effect

of splittings of the two lower levels on the spontaneous
emission spectra of an atom are investigated in detail
in three cases. In the case of free vacuum modes, the
splitting width has not any effect on the spontaneous
emission spectra. The splitting of the lower levels can
expand the width of spontaneous emission spectra as
the splitting width is large in the case of anisotropic
PBG modes. It induces the four (two) transparencies
with two (one) spontaneous emission peaks in the case
of isotropic PBG modes. This new features result from
the DOS of the isotropic PBG radiation field having
a sudden change at the edges of the forbidden gap.
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