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Probe spectrum in photonic crystal
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The probe absorption spectrum of a four-level atom embedded in a double-band photonic crystal is dis-
cussed in this paper. The double V-type transitions from the two upper levels to the two lower levels
interact with the free vacuum modes and the photonic band gap (PBG) modes synchronously. We inves-
tigate the quantum interferences in the probe absorption spectrum. And the new features of transparency

are also predicted.

OCIS codes: 270.0270, 170.6280, 300.2530, 270.1670.

Quantum interference in spontaneous emission and in
probe absorption of an atom depends not only on the
properties of the excited atomic system but also on the
nature of the surrounding environment-?l. As photonic
band gap (PBG) structures show different density of state
(DOS) compared with the vacuum field™ 4, the study
of quantum and nonlinear optical phenomena of atoms
embedded in such PBG materials leads to many inter-
esting effects. Such as localization of light!>S], photon-
atom bound states [12%7 suppression and even com-
plete cancellation of spontaneous emission®?), enhance-
ment of spontaneous emission!'®, electro-magnetically
induced transparency and other phenomenal*! =13,

In this paper, the quantum interference in the probe
absorption spectrum of an atom embedded in a photonic
crystal is investigated based on a double V-type system
model. We assume that the transitions from the two up-
per levels to level |1) are synchronously coupled by the
free vacuum modes (wy) and a weak probe field (wp),
and to level |0) coupled by the double-band isotropic
(anistropic) PBG modes (wy,) or the free vacuum modes
as shown in Fig. 1. The Hamiltonian describing the dy-
namics of this system in the interaction picture and the
rotating wave approximation can be written as

Hr=n (931bfb3ei”13’1t + Qo1 b bocts b C’.C.)
0 Y (R b gl b )
03, (ol b bt + glal b hae P 1 0.01),

(1)

where b}, b; (i = 0,1,2,3) are respectively creation and
annihilation operators for an atom in level i; aie (axe) is
the creation (annihilation) operator for the Ath vacuum
mode with frequency wy; a;, (ak.) is the creation (anni-
hilation) operator for the kth PBG mode with frequency
wr; Q31 and Q91 are the Rabi frequencies of probe field
coupling respectively with the transitions from the up-
per two levels to the lower level |1); gﬁé (j = 2,3) is
the frequency-dependent coupling constant between the
atomic transition |j) —|1) and the free vacuum modes wy,
and gig (j = 2,3) is another coupling constant between
the atomic transition |j) —|0) and PBG modes wy. More
precisely,
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gle = (wjodjo/T) (h/2e0wi V)2 &k - djo

p’i)l = Wp — Wj1, (.7 =2, 3) . (2)
u = wn—wi, (5 =2,3)

wy =wp —wjo, (j=2,3)

Here dj; and djo (j = 2,3) are the atomic dipole mo-
ment unit vectors for the transitions |j) —|1) and |5} —10),
respectively. The state vector of the system in the inter-
action picture can be written as

Fig. 1. Schematic diagram of the four-level atom in isotropic
(a) and anistropic (b) double photonic band structure. p(ws)
denotes the density of state of the PBG modes. we2 and we1
are the upper and lower frequencies of the forbidden gap,
respectively. d, is the detuning of frequency of probe field
from the middle of the forbidden gap.
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[T (1)) = As(B)e " [3,{0}) + As(t)e 5 !
+A4,(t)|1,{0}) + Z)‘ Apy |1, {AD)
+Zk AOk |0’{k}>7 (3)

where the amplitude 4;Af (i = 0,1, 2, 3) represents the
probability of an atom occurring in the level ¢. The state
vector |3,{0}) describes the atom in its excited state |3)
and no photons present, whereas the state vector |0, {k})
describes |0) with a single photon in mode {k}. Substi-

12, {0})

tuting Eqs. (1) and (3) into Schrédinger equation, and
using the Laplace transforms!!], we have

%3(00) = S% (S)s*,[) = 75131 {)22%3

Az(00) = sA2(8)s50 = BB (4)

where

Y1 = —'L.Q31A1 (0)

Y = —i921A1( )

Dy = —ipg! + G33(3 - _Wp b+ G33(5 — —ipg')
Dy = q%‘3(5 — —ipg') + G23(5 - _Wp b

Dy = Gp(s — —iuf; )+ G32(5 - _Z/“Lp ")

Dy = —ipl' + Gy (s — —ipdl) + Gh,(s — —ipdl)

()

Here, G’fl(’\) (4,1 = 2,3) is the Laplace transform of the

delayed Green’s function which can be derived in the
forms of

Sk _ k1 3/2 3/2 ; 1
CN;jz(S) =M1z Bjo {\/wjéud + \/Zs%lm]

q.zl (5) = n,zl% v oo [ Z\/ZS + 011 + \/25 + 51162J
qiz(s) = 77% ?\/’Y]O'WO: (J',l =2,3)

Gi(s) =iz, (5,1=2,3)

(6)

for isotropic PBG, anisotropic PBG and free space reser-
voirs, respectively. Here the definitions of the detuning
parameters are

1y =3 +wss = 3! + 03100 + etz — G211

031c1 = 031c2 + e2e1

52102 = 62101 - 50201 ) (7)
031¢2 = W31 — We2

02101 = W21 — Wel

where 61 is the difference between the upper level j
(7 = 2,3) and the lower edge (I = 1) or the upper edge
(I = 2) of the forbidden gap. The calculation of a probe
absorption spectrum can be performed based on Egs.
(4), (5), and (6).

We study the case using symmetric values of param-
eters. In Fig. 2(a), the two peaks correspond to the
transitions of an atom from upper two levels |2) and |3)
to the lower level |1). Whereas, in Fig. 2(c), the two
transitions from upper levels to level |1) merge into only
one peak because of narrow width of the two upper levels.
There are three transparencies in the case of isotropic
PBG reservoir (Fig. 2(a)), but only one transparency in
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the case of anisotropic PBG (Fig. 2(b)) and free vacuum
reservoir (Fig. 2(c)). The transparency at the center of
dp = 0 in all the three cases is similar to that reported
by Zhou*!, and has been attributed to the two types
of quantum interference that exist simultaneously in the
system. It is further seen that the two transparencies at
symmetric sides of d, = 0 in Fig. 2(a) result from the
two singularities in the Laplace transform of the delayed
Green’s function as indicated in Eq. (6), which is equiv-
alent to the DOS of the isotropic PBG modes. It is also
clear that the interference effects on probe absorption
spectrum in the case of the isotropic PBG or anisotropic
PBG reservoir is weaker than that in the case of free-
space vacuum reservoir.

The probe absorption spectrum of a double V-type
four-level atom embedded in a double-band photonic
crystal has been discussed in this paper. In the case of
isotropic PBG reservoir, there are three transparencies
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Fig. 2. The absorption spectrum Im[x(d,)] as a function
of probe detuning J,, (a) for double-band isotropic PBG
reservoir and 30 = B20 = v21 = 1.0, (b) for double-band
anisotropic PBG reservoir and a3, = a3y = 21 = 1.0, (c)
for free vacuum reservoir and wzs = 30 = 20 = 21 = 1.0.
The other parameters used are dc2c1 = 3102 = —02101 = 1.0,
Axe(0) = A (0) = A2(0) = A3(0) = 0.0; A,(0) = 1.0.
N3 = 1% = 0.0 (short dash curves), 3y = n%, = 1.0 (solid
curves). All parameters in this paper are in units of y31 ex-
cept that 7)3’}2 and n§2 are dimensionless.
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on probe absorption spectrum. Whereas, only one trans-
parency in the cases of anisotropic PBG and free vacuum
reservoirs. And the interference effect in the case of PBG
reservoir is weaker than that in the case of free-space vac-
uum reservoir. The symmetric transparencies in the case
isotropic PBG result from the two singularities of DOS
of PBG modes.
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