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Abstract

The effect of spontaneously generated coherence (SGC) on the pump–probe response of a nearly degenerate K
system is investigated by taking into account the dephasing of the low-frequency coherence. It is found, in the case of

small dephasing, that instead of electromagnetically induced transparency (EIT) at resonance, electromagnetically

induced absorption (EIA) can occur due to the effect of SGC. We also study the effect of relative phase between the two

applied fields and find that EIA and EIT can transform mutually by adjusting the relative phase.

� 2003 Elsevier B.V. All rights reserved.
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1. Introduction

It is now well understood how the decay of a

system with closely lying states induced by inter-

action with a common bath leads to one new type

of coherence, generally called as spontaneously
generated coherence (SGC). Recently, there is

much interest in the study of this kind of coherence.

It can be created by the interference of spontaneous

emission of either a single excited level to two

closely lying atomic levels (K-type atom) [1] or two

closely lying atomic levels to a common atomic

level (V-type atom) [2]. In a ladder-type system, it
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can be also created in a nearly spaced atomic levels

case [3,4]. The existence of such coherence effect

depends on the nonorthogonality of the two di-

poles transition matrix elements. Xia et al. [5] car-

ried out the first experimental investigation of

constructive and destructive interference effects in
spontaneous emission. This experiment showed

some interesting effects induced by SGC. The ef-

fects of SGC on absorption and dispersion, popu-

lation inversion and lasing without inversion, or

resonance fluorescent spectrum etc., have been

extensively investigated recently [6–14].

Menon and Agarwal [6] investigated the effect of

SGC on a K-type system with nearly degenerate
lower levels and found that such coherence preserves

both electromagnetically induced transparency

(EIT) [15] and coherent population trapping (CPT)
ed.
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Fig. 1. K-type three-level atomic system. 2gð2GÞ denotes the

Rabi frequency of the probe field (pump field); 2c1 and 2c2 are
the decay rates, whereas collisional phase decay of the j2i $ j3i
polarization occurs at rate 2cc; D1;D2 are the detunings of both

fields.
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[16] phenomena. But the system considered did not

include the dephasing between the two ground

states. In practice, the dephasing is present in real-

istic systems [17]. Tao et al. [18] found, due to the

dephasing between the two ground states, the most

effective enhancement of Kerr nonlinearity occurs.
How does the dephasing alter the property of the

medium? Some years ago, Friedmann et al. [19] in-

vestigated the properties of the gain, the refractive

index and the noise for a degenerate K system in-

teracting with a single pump and weak probe and

found that they have the same linear dependence on

the rate of the collisional relaxation rate between the

two lower lying states due to the collisional transfer
of population between the ground states leading to a

deviation from exact CPT, so that there is a strong

correlation between gain without inversion, en-

hanced refractive index and noise in these systems.

In this paper we investigate the effect of SGC on

the pump–probe response of a nearly degenerate K
system by taking into account the dephasing of the

low-frequency coherence which is setting very
small, and find that the presence of SGC will de-

stroy the linear dependence of the absorption in

this system on the collisional relaxation rate;

moreover, under optimal SGC the absorption

property of the medium can be significantly al-

tered. Electromagnetically induced absorption

(EIA) can occur instead of EIT at two photon

resonance. The effect of relative phase between the
two applied fields is also investigated and it is

found that adjusting the relative phase can make

EIT and EIA transform mutually.

The organization of this paper is as follows: In

Section 2, we present the density-matrix equations

for the atomic model. In Section 3, we show the

effects of SGC on the absorption and dispersion

line shapes. In Section 4, we discuss the effect of
relative phase between the two applied fields. In

Section 5, we develop an analysis which explains

the numerical results of Sections 3 and 4. Finally,

some conclusions are shown in Section 6.
2. Model and equations

Considering a closed K-type medium with ex-

cited state j1iand closely lying lower states, j2i and
j3i, as illustrated in Fig. 1. Since the dipole mo-
ments are not orthogonal, we have to consider an

arrangement where each field acts only on one

transition. The excited state j1i decays to j3i and

j2i with decay rates 2c1 and 2c2, respectively. A
coherent probe field with Rabi frequency 2g drives

the transition between states j3i and j1i, and a

pump field with Rabi frequency 2G is applied to

the transition j1i and j2i. Under the rotating wave
approximation the density-matrix equation can be

derived as,

dq11=dt ¼ �2ðc1 þ c2Þq11 þ igq31 þ iGq21

� iG�q12 � ig�q13; ð1aÞ
dq22=dt ¼ 2c2q11 � iGq21 þ iG�q12; ð1bÞ
dq33=dt ¼ 2c1q11 � igq31 þ ig�q13; ð1cÞ
dq12=dt ¼ �ðc1 þ c2 þ cc þ iD2Þq12

þ igq32 � iGðq11 � q22Þ; ð1dÞ

dq13=dt ¼ �ðc1 þ c2 þ iD1Þq13 þ iGq23

� igðq11 � q33Þ; ð1eÞ

dq23=dt ¼ �½cc þ iðD1 � D2Þ�q23

þ 2p
ffiffiffiffiffiffiffiffi
c1c2

p
q11 þ iG�q13 � igq21; ð1fÞ

with the closure relation q11 þ q22 þ q33 ¼ 1. Here

D1ð¼ x13 � xgÞ and D2ð¼ x12 � xG) are the fre-

quency detunings of the two laser fields from their
corresponding transitions. �hxijði; j ¼ 1; 2; 3) is the

energy separation between states jii and jji, and
xg ðxGÞ is the frequency of the probe (pump) field.

Note that we have included in Eq. (1) a collision-

induced perturbation 2cc of the energy of level j2i
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leading to a dephasing of the polarizations of

j1i $ j2i and j2i $ j3i, but we have neglected the

collisional dephasing of the j1i $ j3i polarization.
Fleischhauer and Scully [20] pointed out that this

is a good approximation as long as under suitable
conditions. The term p

ffiffiffiffiffiffiffiffi
c1c2

p
in Eq. (1f) represents

the effect of SGC resulting from the cross-coupling

between the transitions j1i ! j2i and j1i ! j3i. It
should be noted that only for nearly degenerated

lower levels are the effects of generated coherence

between j2i and j3i important, as for larger ener-

gy-levels separation the rapid oscillations in q23

will average out any such effects. The parameter p
denotes the alignment of the two transition matrix

elements determining the strength of the interfer-

ence in spontaneous emission and is defined as

p ¼~u12 �~u13=j~u12 �~u13j ¼ cos h, where h is the angle

between the two induced dipole moments ~u12 and
~u13. The Rabi frequencies are connected to the p
parameter by the relation G ¼ G0

ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

p
¼

G0 sin h and g ¼ g0
ffiffiffiffiffiffiffiffiffiffiffiffiffi
1� p2

p
¼ g0 sin h, G0 and g0

are the Rabi frequencies corresponding to zero

SGC. The parameter p plays an important role in

the creation of coherence and has significant effect

on the dynamics of systems, which we will show

subsequently. The steady-state solutions can then

be found by setting all the time derivatives in Eq.

(1) to zero and reducing it to a set of coupled 9� 9

algebraic equations after splitting into real and
imaginary parts. In numerical calculations, we will

use computation package Maple and choose the

parameters to be dimensionless units by scaling

with c (and c ¼ 1).
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Fig. 2. Energy absorption from probe Imq13 (a) and dispersion

plots for Req13 (b) as function of probe detuning for different

parameter p with cc ¼ 0. The solid line, dashed line and dash

dotted line correspond to p ¼ 0:99, 0.9, 0.0, respectively. The

other parameters are set as G ¼ g ¼ 10 sin hc, c1 ¼ c2 ¼ c,
D2 ¼ 0.
3. Effect of spontaneously generated coherence on

dynamics

It is well known that when the probe absorption

spectrum is characterized by a deep dip at reso-

nance, the phenomenon is called EIT. However,

when the absorption spectrum is characterized by

a sharp peak at resonance, the phenomenon is

called EIA [21,22]. Generally, EIA cannot be

generated in conventional three-level atomic sys-
tem. While by taking into account the dephasing

of the low-frequency coherence we will show EIA

can occur in such a system under optimal SGC.
Firstly considering the ideal K system, that is,

the collision-induced dephasing cc ¼ 0. Setting

parameters G ¼ g ¼ 10 sin hc, c1 ¼ c2 ¼ c and the

pump field is in resonance D2 ¼ 0, we give out the

energy absorption from probe Imq13 and disper-

sion plots for Req13 as function of probe detuning
for different parameter p, shown in Fig. 2(a) and

(b), respectively. The solid line, dashed line and

dash dotted line correspond to p ¼ 0:99, 0.9, 0.0,
respectively. Fig. 2(a) shows that EIT is preserved

regardless of the variance of p which is identical to

that in [6]. Moreover the stronger the SGC, the

narrower the transparency window is. When

p ¼ 0:99, the line-width is close to zero. Therefore
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it is very favorable for realization of efficient EIT-

based nonlinear transformations and light storage.

Fig. 2(b) shows that near the resonance domain of

probe field, dispersion curve becomes much stee-

per as the parameter p increases. The combination

of zero absorption and steep positive dispersion
variance can lead to a dramatic slowing down of

light and consequently large time delay [23].

In practice the dephasing of the low-frequency

coherence exists in all realistic systems, though it is

trivial (cc � c1; c2) [17]. Setting cc ¼ 0:05c and the

other parameters same as in Fig. 2, we get the

energy absorption from probe Imq13 for several

different parameter p, shown in Fig. 3. Fig. 3
shows that, EIT can still occur in absence of the

effect of SGC (p ¼ 0:0). The behavior of the system
for small values of p is similar to that for p ¼ 0:0.
However, in the case of large value p, such as

p ¼ 0:9, the inclusion of SGC obviously destroys

EIT and obvious absorption at zero detuning ap-

pears. By increasing the p parameter to 0.99, the

response of the system to the probe field can be
completely altered, a sharp absorption peak cen-

ters at zero detuning (i.e. EIA) occurs. The authors

of [21,22] proposed a simple theoretical model for

EIA, which is in a four-state N-figuration system

(K-type plus an auxiliary level transition driven by

a control field) and found that the appearance of

EIA is the consequence of coherence transfer from
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Fig. 3. Energy absorption from probe Imq13 as function of

probe detuning for different parameter p with cc ¼ 0:05c. The
solid line, dashed line and dash dotted line correspond to

p ¼ 0:99, 0.9, 0.0, respectively. The other parameters are the

same as in Fig. 2.
the excited levels to the lower ones via spontane-

ous emission, while here in the nearly degenerate K
type system, the physical origin for generating EIA
is obviously the existence of SGC.

Now we vary the collision-induced relaxation

rate and investigate the changes in absorption (or

gain) correspondingly. In Fig. 4, we plot the varying

curves of absorption Imq13 at D1 ¼ 0 vs. the colli-

sional relaxation rate cc. Firstly if the SGC is ab-

sent, from cure 1 we can see that the variance of

Imq13 vs. cc is linear which is similar to that in [19].
However if taking the SGC into account (taking

p ¼ 0:99 for example), the result is completely al-

tered. Curve 2 shows that the variance trend of

absorption vs. relaxation rate changes into nonlin-

ear. Under condition that the collisional relaxation

rate is zero, regardless of SGC, the absorption is

always zero showing exact EIT preserved. With not

toomuch relaxation rate, no SGC, the absorption is
near to zero and the system shows good EIT; but

when SGC is included and set optimal p ¼ 0:99, a
larger absorption occurs according to the same re-

laxation rate and EIT is destroyed significantly.
4. Effect of relative phase between the two coherent

fields

The usual EIT experiments with well-separated

ground levels in a K system do not depend on the
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relative phase between the two applied fields.

However, in the case of closely spaced levels, SGC

makes the system quite sensitive to the relative

phase between the two applied fields [6,7,24]. The p
dependent terms are always accompanied by a

phase dependent term expð�iUÞ where U denotes
the relative phase between the two laser fields.

Menon and Agarwal [6] pointed out that EIT is

preserved regardless of what the relative phase is.

But this is correct only in the limit when the re-

laxation of the low-frequency coherence vanishes.

Adopting the same parameters as those in Fig. 3,

we get two energy absorption cures from probe

Imq13 as function of probe detuning for two dif-
ferent relative phases U with p ¼ 0:99, shown in

Fig. 4. From this figure, we find that under optimal

SGC, when U is p, the system takes on good EIT;

while for U is zero or 2p, EIA appears. This acts

like an optical switch. Tuning the relative phase

between the two applied fields from p to zero, the

medium becomes from EIT to EIA, vice versa.
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Fig. 5. Energy absorption from probe Imq13 as function of

probe detuning for different relative phase U with p ¼ 0:99. The

solid line and dashed line correspond to U ¼ 0p (or 2p) and

U ¼ p, respectively. The other parameters are the same as in

Fig. 2.
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Fig. 6. Trapping population q�� as function of probe detuning

for different parameter p with cc ¼ 0:0. The solid line, dashed

line and dash dotted line correspond to p ¼ 0:99, 0.9, 0.0, re-

spectively. The other parameters are the same as in Fig. 2.
5. Physical explanation of above numerical results

We now demonstrate how to understand the

numerical results in above two sections by ana-

lyzing the original density matrix Eq. (1) in a field-

dependent basis given by

j1i; jþi ¼ Gj2i þ gj3i
F

; j�i ¼ gj2i � Gj3i
F

; ð2Þ

here F ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
G2 þ g2

p
. We assume the CPT condi-

tion D1 ¼ D2 throughout this section. Note that

basis (2) is different from the dressed state basis

which involving mixing of j1i and jþi states. For
understanding the numerical results, basis (2)

turns out to be useful. In this basis, we can easily
get

qþþ ¼ ðG2q22 þ g2q33 þ Ggq23 þ Ggq32Þ=F 2; ð3aÞ

q�� ¼ ðg2q22 þ G2q33 � Ggq23 � Ggq32Þ=F 2; ð3bÞ

with the relation q11 þ qþþ þ q�� ¼ 1. Here

qþþ ðq��Þ is the population of the bright (dark)

state. It is well known that that all atoms populated

in the dark sate (that is q�� ¼ 1, called as CPT)
corresponds to ideal EIT. While when atoms are

partly populated in the dark state (that is q�� < 1)

EIT is destroyed. So we can give out the reasonable

explanation of phenomena by investigating the

variance of population q��. Adopting the para-
meters in Figs. 2, 3 and 5, respectively, we get the

trapping population q�� and population q11 in the

excited state as function of the probe detuning

shown in Figs. 6–8 correspondingly. Fig. 6 shows
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Fig. 7. Trapping population q�� (a) and population q11 (b) as

function of probe detuning for different parameter p with

cc ¼ 0:05c. The solid line, dashed line and dash dotted line

correspond to p ¼ 0:99, 0.9, 0.0, respectively. The other pa-

rameters are the same as in Fig. 2.
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that CPT is preserved which is identical to that in

[6], which leads to ideal EIT. From Fig. 7(a) we can

see that q�� closes to 1 when p ¼ 0:0 (in the ab-

sence of SGC), so the system can still take on good
EIT. While p is large enough, the population in

state q�� will obviously decrease. For the case

p ¼ 0:99, q�� closes to 0.5, that is, only one half of

all atoms is trapped, and simultaneously q11 is

smaller than 0.05 (shown in Fig. 7(b)). In this case,

CPT is destroyed, so instead of EIT, EIA occurs.

Considering the relative phase between the two

fields, similar things appear. Tuning the relative
phase from zero to p, q�� changes from approxi-

mate 0.5 to near 1, that is, EIA changes into EIT

(see Fig. 8).
6. Conclusions

In this paper, we investigated the effect of SGC

on the pump–probe response of a nearly degen-

erate K system. Taking into account the dephasing
of the low-frequency coherence, under optimal

SGC, we found that EIA can occur instead of EIT

at resonance. The effect of relative phase between

the two applied fields was also given. Tuning the

relative phase from p to zero, the medium becomes

from EIT to EIA, vice versa. A simple physical

explanation from a viewpoint of population trap-

ping was given. These results could be experi-
mentally observed provided that the dipole

elements from the two optical transitions in the K
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system are nonorthogonal. In fact such nonor-

thogonality has been obtained from the mixing of

the levels arising from internal fields [5,25].
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