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We study the relationship between electromagnetically-induced transparency (EIT) and Autler–Townes (AT) splitting
in a cascade three-level Doppler-broadened system. By comparing the absorption spectrum with the fluorescence excitation
spectrum, it is found that for a Doppler-broadened system, EIT resonance cannot be explained as the result of quantum in-
terference, unlike the case of a homogeneously broadened system. Instead, the macroscopic polarization interference plays
an important role in determining the spectra of EIT and AT splitting, which can be explained within the same framework
when being detected by the absorption spectra.
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1. Introduction
To study the important phenomenon of electromagnetically-

induced transparency (EIT),[1–11] people usually use the theo-
retical model of a three-level system, which is also employed
in analysis of Autler–Townes (AT) splitting.[12] Physically,
the two effects of EIT and AT splitting are very similar that,
dressed states are induced by the so-called coupling or pump
field, and then probed through a transition to or from a third
level. Furthermore, when a probe field is tuned to the zero-
field resonance frequency, both phenomena of EIT and AT
splitting can give rise to transparency in an absorption profile.

Recently, the relationship between EIT and AT splitting
has been reconsidered by many authors. It is found that de-
pending on the strength of the coupling field, the linear ab-
sorption can be expressed either as the difference between
two Lorentzian profiles centered at zero frequency with one
broad and the other narrow or as the sum of two well-separated
Lorentzian profiles with similar widths.[13,14] Using this the-
ory, Anisimov et al.[15] introduced a method based on Akaikes
information criterion to describe the transition from AT split-
ting to EIT as the pump power decreases. Relevant experimen-
tal tests were performed by Giner et al.[16] In this paper we
shall study the relationship between EIT and AT splitting in a
Doppler-broadened system by comparing the absorption spec-
trum with the fluorescence excitation spectrum. The motiva-
tion for this study is that the absorption spectrum shows a tran-

sition from AT splitting to EIT, while the fluorescence excita-
tion spectrum exhibits simply the AT effect. As is well known,
quantum interference is a characteristic of a single atom. How-
ever, in a Doppler-broadened system there are thousands of
atoms with different velocities, so the role of quantum inter-
ference in EIT is not clear in this system. It is found that for
the Doppler-broadened system the macroscopic effect is more
crucial in comparison with the quantum interference. More-
over, it requires to consider the destructive polarization inter-
ference between atoms of different velocities.

It is worth mentioning that the problem of EIT in
Doppler-broadened systems is not new and has been stud-
ied extensively both theoretically and experimentally. For
example, Gea-Banacloche et al.[17] discussed the conditions
for obtaining EIT with a weak coupling field in a Doppler-
broadened cascaded system. Shepherd et al.[18] studied the
wave-number-ratio dependence of the EIT resonance. The
narrowing of this resonance in a Doppler-broadened medium
has been studied by Javan and co-workers.[19,20] On the ex-
perimental side, the subnatural linewidth for probe absorption
in an EIT medium has been observed by Iftiquar.[21] On the
other hand, fluorescence excitation spectroscopy has been em-
ployed widely to study the AT effect. For example, Ahmed and
Lyyra[22] analyzed theoretically the AT splitting in a Doppler-
broadened three-level cascade system. Relevant experiments
have been performed in a three-level Na2 open molecular cas-
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cade system, where, for moderate Rabi frequencies, the flu-
orescence line shape from the uppermost level in the system
depends strongly on the wave-number ratio of the two laser
fields.[23]

2. Model and method
2.1. Basic equations

Let us consider a closed cascade three-level system
(Fig. 1), where the states between |0〉 and |1〉 and between
|1〉 and |2〉 are coupled by dipolar transitions with resonant
frequencies ω̄1 and ω̄2 and dipole moment matrix elements µ1

and µ2, respectively. A strong coupling field (beam 2) of fre-
quency ω2 resonantly couples the transition from |1〉 to |2〉,
while a weak probe field (beam 1) of frequency ω1 is applied
on the transition |0〉− |1〉. The effective Hamiltonian is

H = h̄∆1|1〉〈1|+ h̄(∆1 +∆2)|2〉〈2|

− [µ1E1|1〉〈0|+µ2E2|2〉〈1|+H.c], (1)

where ∆i = ω̄i−ωi is the detuning, and E1 and E2 are the com-
plex incident laser fields of the probe and coupling fields, re-
spectively. The density matrix equations with relaxation terms
included are given by

dρ

dt
=− i

h̄
[H,ρ]+

(
dρ

dt

)
relax

, (2)

from which we obtain the following equations:

dρ10

dt
= −(i∆1 +Γ10)ρ10 + iΩ ∗2 ρ20 + iΩ1(ρ00−ρ11),

dρ20

dt
= −[i(∆1 +∆2)+Γ20]ρ20 + iΩ2ρ10− iΩ1ρ21,

dρ21

dt
= −(i∆2 +Γ12)ρ21− iΩ ∗1 ρ20− iΩ2(ρ22−ρ11),

dρ00

dt
= iΩ ∗1 ρ10− iΩ1ρ01 + γ1ρ11,

dρ11

dt
= −iΩ ∗1 ρ10 + iΩ1ρ01− iΩ2ρ12 + iΩ ∗2 ρ21

+γ2ρ22− γ1ρ11,

dρ22

dt
= iΩ2ρ12− iΩ ∗2 ρ21− γ2ρ22. (3)

Here Ωi = µiEi/h̄ are the coupling coefficients, Γi j is the trans-
verse relaxation rate between states |i〉 and | j〉, and γ1 (γ2) is
the relaxation rate from |1〉 to |0〉 (|2〉 to |1〉). Here, we have
the relation Γi j = (γi + γ j)/2.

In the EIT resonance experiment, the absorption of the
probe beam is related to the off-diagonal matrix element ρ10.
On the other hand, in the fluorescence excitation spectroscopy,
the intensity of the fluorescence is proportional to the popula-
tion ρ22. We first calculate ρ10 and ρ20 to the first order in Ω1

but to all orders in Ω2. By setting dρ10/dt = dρ20/dt = 0 and
using the conditions: ρ

(0)
00 = 1 and ρ

(0)
11 = 0, we obtain

ρ
(1)
10 =

iΩ1[i(∆1 +∆2)+Γ20]

(i∆1 +Γ10)[i(∆1 +∆2)+Γ20]+ |Ω2|2
,

ρ
(1)
20 =

−Ω1Ω2

(i∆1 +Γ10)[i(∆1 +∆2)+Γ20]+ |Ω2|2
. (4)

We then calculate ρ22 to the second order in Ω1. By setting
dρ21/dt = dρ12/dt = dρ11/dt = dρ22/dt = 0, we obtain

ρ
(2)
22 =

2|Ω1|2|Ω2|2

γ1[2Γ12|Ω2|2 + γ2(∆ 2
2 +Γ 2

12)]

×Re
[

2Γ12[i(∆1 +∆2)+Γ20]− γ1(i∆2−Γ12)

(i∆1 +Γ10)[i(∆1 +∆2)+Γ20]+ |Ω2|2

]
. (5)

|2>

|1>

|0>

ω1

ω2

Fig. 1. Energy-level diagram for EIT resonance and fluorescence exci-
tation spectroscopy in a cascade three-level system.

As mentioned in Ref. [24], the polarization P1 = Nµ1ρ10

which is responsible for the EIT resonance can be decomposed
into linear and nonlinear parts, i.e.,

P1 = Pl
1 +Pnl

1 . (6)

Here,

Pl
1 =

iNµ1Ω1

i∆1 +Γ10
,

Pnl
1 =

−iNµ1Ω1|Ω2|2

(i∆1 +Γ10)[i(∆1 +∆2)+Γ20]+ |Ω2|2

× 1
i∆1 +Γ10

. (7)

The EIT resonance reflects mainly the characteristic of the
nonlinear polarization Pnl

1 . Specifically, there are three poles
for Pnl

1 . Let us consider the case of ∆2 = 0. In the limit of
Γ10 � Γ20 and |Ω2|2 � Γ10Γ20, we have Im(Pnl

1 ) > 0 when
∆1 is at the resonance of the dressed state, which occur at
∆1 = ±|Ω2|. As a result, the probe beam undergoes ab-
sorption. By contrast, for the resonance at ∆1 = 0, we have
Im(Pnl

1 ) < 0, therefore the probe beam exhibits amplification.
Physically, ρ20 is established through a two-photon transition
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from |0〉 to |2〉, so it requires absorption of a photon from the
probe beam at a frequency ∆1 =±|Ω2| detuned from the one-
photon resonance. On the other hand, after the two-photon co-
herence ρ20 is induced, scattering of the coupling beam leads
to the stimulated emission of a photon at the frequency of the
probe beam. This stimulated emission will suppress the linear
absorption of the probe field, and thus induce transparency.

2.2. Population and polarization in Doppler-broadened
systems

Considering a Doppler-broadened system, the total popu-
lation and polarization are given by

ρ
T
22 = N

∫
∞

−∞

d𝑣 W (𝑣)ρ
(2)
22 (𝑣),

PT
1 = N

∫
∞

−∞

d𝑣 W (𝑣)P1(𝑣), (8)

respectively. Here, 𝑣 is the atomic velocity, W (𝑣) =

(1/
√

πu)e−(v/u)2
with u =

√
2KT/m, m is the mass of an

atom, K the Boltzmann’s constant, and T the absolute temper-
ature, while ρ

(2)
22 (𝑣) and P1(𝑣) are given by Eqs. (5) and (6),

respectively, with ∆i replaced by the Doppler-shift frequency
detuning ∆ d

i = ∆i +𝑘i ·𝑣, and 𝑘i is the wave vector of the i-th
beam.

Let us consider the case in which the probe and cou-
pling fields are counterpropagating. By setting 𝑘1 =−k1𝑧 and
𝑘2 = k2𝑧, we have ∆ d

1 = ∆1−k1v and ∆ d
2 = ∆2+k1ζ2v, where

ζ2 = k2/k1 is the ratio between the magnitudes of the two wave
vectors. Now, we express ρ

(2)
22 (𝑣) in Eq. (8) as a function of v

explicitly. In the case of ζ2 6= 1, we have

ρ
(2)
22 (v) =

F(v)
ζ2k1

Re
{

i
[

2Γ12

γ1ζ2
(v− ∆̃20)+

v+ ∆̃12

1−ζ2

]
×H(v)

}
. (9)

Here,

F(v) =
2|Ω1|2|Ω2|2/(γ2k3

1)

(v+ ∆̃12)(v+ ∆̃ ∗12)+2Γ12|Ω2|2/(γ2ζ 2
2 k2

1)
,

H(v) =
1

(v− ∆̃10)(v− ∆̃20)− Ω̃ 2
2
, (10)

with ∆̃10 = (∆1 − iΓ10)/k1, ∆̃20 = (∆1 + ∆2 − iΓ20)/[k1(1−
ζ2)], ∆̃12 = (∆2 + iΓ12)/(k1ζ2), and Ω̃ 2

2 = |Ω2|2/[k2
1(1−ζ2)].

On the other hand, when ζ2 = 1, we have

ρ
(2)
22 (v) = F(v)Re

[(
2Γ12

k1γ1
− v+ ∆̃12

∆1 +∆2− iΓ20

)
× i

v− ṽd

]
, (11)

where

ṽd = ∆̃10−
|Ω2|2/k1

∆1 +∆2− iΓ20
. (12)

Now, let us consider the polarization, which according to
Eq. (6) can be expressed as P1(v) = Pl

1(v)+Pnl
1 (v). Here, the

linear polarization is given by

Pl
1(v) =−

ηΩ1

v− ṽ10
, (13)

with η = Nµ1/k1 and ṽ10 = ∆̃10. On the other hand, the non-
linear polarization for ζ2 6= 1 is given by

Pnl
1 (v) =−ηΩ1Ω̃ 2

2
v− ṽ10

H(v). (14)

While, for ζ2 = 1 we have

Pnl
1 (v) =− ηΩ1|Ω2|2/k1

(∆1 +∆2− iΓ20)(v− ṽ10)(v− ṽd)
. (15)

2.3. Dressed-state model

Let us first consider the case of ζ2 6= 1. We study the
pole structure of H(v), which appears in Eqs. (9) and (14). By
solving the equation

(v− ∆̃10)(v− ∆̃20)− Ω̃
2
2 = 0, (16)

we obtain

H(v) =
1

(v− ṽ+)(v− ṽ−)
, (17)

where

ṽ± = (1/2)(∆̃10 + ∆̃20)

±(1/2)
√
(∆̃10− ∆̃20)2 +4Ω̃ 2

2 . (18)

These poles are related to the resonance with the dressed
state.[25] Physically, as a result of the Doppler frequency shift,
the atoms with velocities v± will be in resonance with the
dressed states, where v± are the real parts of ṽ±. When ζ2 < 1,
the velocities v+ and v− originate from the resonances of the
dressed states |+〉 and |−〉, respectively. By contrast, we have
both v+ and v− from the same dressed states when ζ2 > 1.[25]

One consequence is that there is a gap within which no v±
exists when ζ2 > 1. Now, we consider the case of ζ2 = 1. Ac-
cording to Eqs. (11) and (15) the poles of ρ

(2)
22 (v) and Pnl

1 (v)

appear at ṽd. Here again, ṽd corresponds to the transition to
the dressed state.[24] Specifically, atoms with velocity vd will
be in resonance with the dressed state through Doppler fre-
quency shift, where vd is the real part of ṽd. By contrast to the
case of ζ2 6= 1, there exists only one resonant velocity here.

Let us now consider the pole structure of the common
factor F(v) appearing in Eqs. (9) and (11). By solving

(v+ ∆̃12)(v+ ∆̃
∗
12)+

2Γ12

γ2ζ 2
2 k2

1
|Ω2|2 = 0, (19)
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we obtain

F(v) =
2|Ω1|2|Ω2|2

γ2k3
1(v− ṽ12)(v− ṽ∗12)

. (20)

Here,

ṽ12 =
1

k1ζ2

[
−∆2 + iΓ12

√
1+2

|Ω2|2
Γ12γ2

]
. (21)

This pole corresponds to the case that atoms are in resonance
with the transition from |1〉 to |2〉 through Doppler frequency
shift.

Now, we consider the pole structure of the nonlinear po-
larization Pnl

1 (v). Comparing Eq. (14) with Eq. (9) for ζ2 6= 1
and Eq. (15) with Eq. (11) for ζ2 = 1, it is found that the poles
ṽ12 and ṽ∗12 originating from the factor F(v) in ρ

(2)
22 (v) are re-

placed by ṽ10, which corresponds to the transition from |0〉 to
|1〉. We note that the values of ṽ10, ṽ12, ṽ±, and ṽd vary as we
scan the probe beam, and the integral in Eq. (8) consists mainly
of the contributions of atoms with velocities corresponding to
these poles.

3. Numerical results
In this section, we shall investigate the absorption and

fluorescence excitation spectra in a Doppler-broadened sys-
tem. For comparison, we first present the spectra in a ho-
mogeneously broadened system. Figure 2 presents the imagi-
nary part of the polarization P1 and the population ρ

(2)
22 versus

∆1 with ∆2/Γ10 = 0, Γ20/Γ10 = 0.1, and Ω2/Γ10 = 0.5 (solid
curve), 2 (dashed curve), and 5 (dotted curve). For strong cou-
pling field, both spectra exhibit AT splitting. The spectrum
becomes different when the coupling field is weak. Specifi-
cally, the absorption spectrum shows a transparency window
which is explained as the result of the Fano-type quantum in-
terference (solid curve in Fig. 2(a)). By contrast, the window
is absent in the fluorescence excitation spectrum (solid curve
in Fig. 2(b)).

Let us now consider a Doppler-broadened system with
parameters Γ10/k1u = 0.02 and Γ20/Γ10 = 0.1. Figures 3–5
present the imaginary part of the polarization PT

1 and the pop-
ulation ρT

22 versus ∆1 with ζ2 = 1.2, 1, and 0.8, respectively.
The other parameters are ∆2/Γ10 = 0 and Ω2/Γ10 = 0.5 (solid
curve), 2 (dashed curve), and 5 (dotted curve) for Figs. 3 and 4,
and Ω2/Γ10 = 20 (solid curve), 50 (dashed curve), and 80 (dot-
ted curve) for Fig. 5. These figures indicate that in a Doppler-
broadened system the EIT resonance and AT splitting depend
not only on the strength of the coupling field but also on the
ratio between the magnitudes of the wave vectors ζ2.

Let us first consider the case of ζ2 = 1.2, as shown in
Fig. 3. By contrast to the homogeneously broadened case,

here both absorption and fluorescence excitation spectra ex-
hibit window when the coupling field is weak (solid curves
in Fig. 3). Furthermore, both spectra show similar charac-
teristics of AT splitting. Specifically, corresponding to the
case of fluorescence excitation spectra, there are two absorp-
tion peaks at the edges of the EIT window. The only dif-
ference between them is that the absorption spectrum has a
Doppler-broadened background, while the fluorescence exci-
tation spectrum is background-free.
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Fig. 2. (color online) (a) Imaginary part of P1 and (b) ρ
(2)
22 versus ∆1

with ∆2/Γ10 = 0, Γ20/Γ10 = 0.1, and Ω2/Γ10 = 0.5 (solid curve), 2
(dashed curve), and 5 (dotted curve). The maxima of Im[P1] in (a) and
ρ
(2)
22 in (b) are normalized to 1.
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1

Fig. 3. (color online) (a) Imaginary part of PT
1 and (b) ρT

22 versus ∆1
with ζ2 = 1.2, ∆2/Γ10 = 0, and Ω2/Γ10 = 0.5 (solid curve), 2 (dashed
curve), and 5 (dotted curve). The maxima of Im[PT

1 ] in (a) and ρT
22 in

(b) are normalized to 1.
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Fig. 4. (color online) (a) Imaginary part of PT
1 and (b) ρT

22 versus ∆1
with ζ2 = 1, ∆2/Γ10 = 0, and Ω2/Γ10 = 0.5 (solid curve), 2 (dashed
curve), and 5 (dotted curve). The maxima of Im[PT

1 ] in panel (a) and
ρT

22 in panel (b) are normalized to 1.
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Fig. 5. (color online) (a) Imaginary part of PT
1 and (b) ρT

22 versus ∆1
with ζ2 = 0.8, ∆2/Γ10 = 0, and Ω2/Γ10 = 20 (solid curve), 50 (dashed
curve), and 80 (dotted curve). The maxima of Im[PT

1 ] in panel (a) and
ρT

22 in panel (b) are normalized to 1.

The absorption spectrum behaves quite differently when
ζ2 = 1 (Fig. 4(a)). Although the transparency window is still
Doppler-free, no doublet structure appears in the absorption
spectrum. On the other hand, the fluorescence excitation spec-
trum shows a single peak when the coupling field is weak
(solid curve in Fig. 4(b)). As the strength of coupling field in-
creases, the spectrum becomes broader. In addition, a window
appears at the center of the spectrum. The width of the win-
dow increases with the increase of the coupling field strength.

Moreover, there is no indication of AT splitting in the fluores-
cence excitation spectrum.

Finally, let us consider the case of ζ2 = 0.8 (Fig. 5). In
general, both the absorption and fluorescence excitation spec-
tra are similar to those in the homogeneously broadened sys-
tem. For example, in the weak coupling field regime the ab-
sorption spectrum shows a transparency window, which does
not appear in the fluorescence excitation spectrum; while in
the strong coupling field regime, both spectra exhibit AT split-
ting. On the other hand, these spectra are no longer Doppler-
free. Therefore, to obtain the doublet structure, a much higher
coupling field is required.

4. Macroscopic effects in EIT resonance and flu-
orescence excitation spectrum
The wave-number-ration dependence of the absorption

and fluorescence excitation spectra can be explained by the
dressed-state model. The solid curves in Fig. 6 present the
resonant velocities of the transitions from |0〉 to the dressed
states as a function of the frequency detuning ∆1/Γ10 with
∆2/Γ10 = 0, Ω2/Γ10 = 5, and ζ2 = 1.2, 1, and ζ3 = 0.8. We
also present the resonant velocity of the transition from |0〉 to

∆1/Γ10

(b)

(a)2

0

-2

v
+
/
u

 ↼
v
1
0
/
u

↽

(c)

2
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d
/
u
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v
1
0
/
u
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v
1
0
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u

↽

-20 -10-10 100

-4 4-2 0 2

-20 -10-10 100

Fig. 6. (color online) Resonant velocities of the transitions from |0〉 to
the dressed states (solid curve) and v10/u (dotted curve) versus ∆1/Γ10
with ∆2/Γ10 = 0, Ω2/Γ10 = 5, and (a) ζ2 = 1.2, (b) ζ2 = 1, and (c)
ζ3 = 0.8.
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the |1〉 (dashed curves). Let us first consider the case of ζ2 > 1.
According to Eq. (18) there is no solution for v± in the regime
|∆10 − ∆20| < 2|Ω2|/k1

√
ζ2−1, leading to a gap shown in

Fig. 6(a). The gap is given by |∆1| < 2
√

ζ2−1|Ω2|/ζ2 in
the case of ∆2 = 0. Now, we consider the case of ζ2 = 1
(Fig. 6(b)). In this case, there is only one resonant velocity
vd, which approaches ±∞ as ∆1 +∆2→ 0 (see Eq. (12)). Fi-
nally, v± exists for any value of ∆1 when ζ2 < 1 as shown in
Fig. 6(c).

In a Doppler-broadened system, although the total pop-
ulation and polarization are given by the integration over the
whole velocity distribution, the main contributions originate
from the atoms with resonant velocities, shown as poles of
P1(v) and ρ

(2)
22 (v). There are two types of poles, i.e., ṽ± and ṽd,

corresponding to the transition from |0〉 to the dressed states,
and ṽ10 and ṽ12, corresponding to the resonant transitions from
|0〉 to |1〉 and |1〉 to |2〉, respectively. Since the atoms are ini-
tially on the state |0〉, the contribution from the pole ṽ12 can
usually be neglected. Figures 7 and 8 present the velocity de-
pendence of the eigenenergy of the lower dressed state ε−, the
imaginary part of Pnl

1 , and the population ρ
(2)
22 with Ω2/Γ10 =

5 and ∆2/Γ10 = 0, for ζ2 = 1.2, and ζ2 = 1, respectively. In
Fig. 7, ∆1/Γ10 = 3 (solid curve), 3.7 (dashed curve), 4 (dot-
ted curve), and 5 (dash-dotted curve); in Fig. 8, ∆1/Γ10 = 0
(solid curve), 1 (dashed curve), 2 (dotted curve), and 4 (dash-
dotted curve). The resonant velocities correspond to the cross-
ing points of the curves ε−(v) with the line y = 0 (thin solid
lines in Figs. 7(a) and 8(a)). As shown in the figures, the main
difference between Im[Pnl

1 (v)] and ρ
(2)
22 (v) is that for the for-

mer case, there exists contribution from the pole ṽ10 which can
lead to the stimulated emission of a photon at the frequency of
the probe beam, thus inducing destructive polarization inter-
ference between two types of poles.

Let us consider the case of ζ2 > 1. We first analyze the
resonant condition for ρT

22 and Im[PT
1 ]. Due to the presence

of the factor H(v) in the integration (8), the resonance occurs
as v+ = v− (see Eq. (17)). Accordingly, from Eq. (18) we ob-
tain the resonant frequency 2

√
ζ2−1|Ω2|. Based on this char-

acteristics, the absorption and fluorescence excitation spectra
shown in Fig. 3 can be understood. First, the windows in both
spectra correspond to the gap where no v± exists. The ampli-
tudes of Im[Pnl

1 (v)] and ρ
(2)
22 (v) then increase sharply as ∆1 is

tuned to the resonant frequency (dashed curve in Figs. 7(b) and
7(c)). Since ε−(v) is relatively flat near the point v = v+ = v−
(dashed curve in Fig. 7(a)), atoms in a relatively wide region
of velocity will contribute to the signal. After that, the sig-
nals decrease as ∆1 is detuned so that the separation between
v+ and v− increases. Here, we see two peaks in the velocity
dependence of Im[Pnl

1 ] and ρ
(2)
22 ) corresponding to the poles

ṽ+ and ṽ−. Now, we discuss the role of the pole at ṽ10 in the
nonlinear polarization given by Eq. (14), which induces am-

plification of the probe beam. Within the gap, since no atom
can be in resonance with the dressed state the stimulated emis-
sion of photons will suppress the linear absorption, leading to
a transparent window in the Doppler profile. The amplitude
of Im[PT

1 ] then increases sharply as ∆1 is tuned to the resonant
frequency 2

√
ζ2−1|Ω2|.
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Fig. 7. (color online) Velocity dependence of (a) ε−, (b) imaginary
part of Pnl

1 , and (c) ρ
(2)
22 with ζ2 = 1.2, Ω2/Γ10 = 5, ∆2/Γ10 = 0, and

∆1/Γ10 = 3 (solid curve), 3.7 (dashed curve), 4 (dotted curve), and 5
(dash-dotted curve). The resonant velocities v± correspond to the cross-
ing points of the curves ε−(v) with a line y= 0 (thin solid line) shown in
panel (a). In panel (b) the maximum of Im[Pnl

1 ] with ∆1/Γ10 = 5 is nor-

malized to 1; while in panel (c) the maximum of ρ
(2)
22 with ∆1/Γ10 = 4

is normalized to 1.

Comparing Figs. 6(a) and 6(b), the main difference be-
tween the cases of ζ2 > 1 and ζ2 = 1 is that the ∆1 dependence
of the resonant velocity exhibits no gap for the later case. Let
us first analyze the absorption spectrum when ζ2 = 1. As
shown in Fig. 8(b), when ∆1/Γ10 = 0, no atom in the Doppler
profile can be in resonance with the dressed state. On the
other hand, due to the pole at ṽ10, Im[Pnl

1 (v)] exhibits a single
dip (solid curve), thus inducing transparency in the absorption
spectrum. As ∆1 is tuned away from the resonance, atoms with
velocity vd will be in resonance with one of the dressed states.
As a result, the destructive interference between contributions
from the poles ṽ10 and ṽd causes the signal of Im[PT

1 ] to de-
crease. Finally, when ∆1 is far away from the resonance we
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have vd ' v10 (see Fig. 6(b)), leading to almost complete can-
cellation of the contributions from the two poles (dash-dotted
curve in Fig. 8(b)). Comparing to the case of ζ2 > 1, since no
gap appears in the ∆1 dependence of the resonant velocity, the
spectrum of ζ2 = 1 exhibits no absorption peaks correspond-
ing to the AT splitting.
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Fig. 8. (color online) Velocity dependence of (a) ε−, (b) imaginary
part of Pnl

1 , and (c) ρ
(2)
22 with ζ2 = 1, Ω2/Γ10 = 5, ∆2/Γ10 = 0, and

∆1/Γ10 = 0 (solid curve), 1 (dashed curve), 2 (dotted curve), and 4
(dash-dotted curve). The resonant velocity vd corresponds to the cross-
ing points of the curves ε−(v) with a line y= 0 (thin solid line) shown in
panel (a). In panel (b) the maximum of Im[Pnl

1 ] with ∆1/Γ10 = 4 is nor-

malized to 1; while in panel (c) the maximum of ρ
(2)
22 with ∆1/Γ10 = 2

is normalized to 1.

Now, let us consider the fluorescence excitation spec-
trum. First, ρ

(2)
22 (v) is small when ∆1/Γ10 ' 0 (solid curve

in Fig. 8(c)) because no atom in the Doppler profile can be in
resonance with the dressed state. The pole ṽd then makes con-
tribution to the population as ∆1 is detuned so that the resonant
velocity vd is within the Doppler profile. Now, we examine the
velocity dependence of the eigenenergy ε− shown in Fig. 8(a).
The slope of ε−(v) at v = vd, which corresponds to the cross-
ing point of the curve ε−(v) with the line y = 0, is relatively
flat when the detuning ∆1 is small (dashed curve). In this case
atoms in a relatively wide region of velocity will contribute to
the signal (dashed curve in Fig. 8(c)). The slope at v = vd be-
comes sharp as ∆1 is tuned far away from the resonance (dash-

dotted curve in Fig. 8(a)), causing the narrower velocity region
of the involved atoms (dash-dotted curve in Fig. 8(c)). Another
important thing is that, as shown in Fig. 6(b), vd approaches
the center of the Doppler profile as |∆1| increases. As a result,
we see the maximum of Im[Pnl

1 (v)] increases as ∆1 is moved
away from the resonance (dash-dotted curve in Fig. 8(b)).
However, for the population we actually see the decline of the
maximum of ρ

(2)
22 (v) (dash-dotted curve in Fig. 8(c)). This is

due to the factor (v+ ∆̃12)/(∆1 +∆2− iΓ20) in Eq. (11). With
these characteristics the fluorescence excitation spectrum with
Ω2/Γ10 = 5 (dotted curve in Fig. 4(b)) can then be understood.
We should emphasize that although this spectrum exhibits a
similar doublet structure, it is nothing to do with the AT split-
ting. Furthermore, the two peaks can be overlapped for small
Ω2, leading to the disappearance of the doublet structure (solid
curve in Fig. 4(b)).

Finally, the absorption and fluorescence excitation spectra
are relatively easy to understand for the case of ζ2 < 1 (Fig. 5).
Since within the Doppler profile there are always atoms of ve-
locities v = v+ and v = v− which are in resonance with the
dressed state, as shown in Fig. 6(c), the spectrum exhibits a
characteristic of Doppler broadening.

5. Discussion and conclusion
Traditionally, EIT is explained as the result of quantum

Fano interference. The requirement for this explanation is
based on the fact that when the coupling field is very weak
so the AT doublet structure becomes overlapped, a sharp trans-
mission window is still observable. One way to clarify the role
of quantum interference is to compare the absorption spec-
trum with the fluorescence excitation spectrum. For the ho-
mogeneously broadened case, both spectra exhibit AT splitting
when the strong coupling field is strong. However, when the
coupling field is weak the absorption spectrum shows a sharp
window, which is absent in the fluorescence excitation spec-
trum (Fig. 2). Now, let us consider the Doppler-broadened
system. Although the absorption spectrum depends strongly
on the wave-number ratio ζ2, the transparency window exists
in all cases (Figs. 3(a), 4(a), 5(a)). It may imply that the quan-
tum interference plays a similar role to that in the case of ho-
mogeneously broadened system. However, by comparing the
fluorescence excitation spectra in the Doppler-broadened sys-
tem with those in the homogeneously broadened system, it is
found that for the former case, instead of quantum interfer-
ence, here the macroscopic effect plays a more crucial role.
Specifically, for the case of ζ2 > 1 (Fig. 3) both absorption and
fluorescence excitation spectra show window when the cou-
pling field is weak. This window is related to the existence
of a gap within which no atoms can be in resonance with the
dressed states through Doppler frequency shifting (Fig. 6(a)).
Similar to the case of ζ2 > 1, the transparency window in the
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case of ζ2 = 1 (Fig. 4(a)) is due to fact that vd approaches ±∞

as ∆1→ 0, so no atoms in the Doppler profile can be in reso-
nance with the dressed state (Fig. 6(b)). On the other hand, no
gap exists in this case. As a result, we see no indication of AT
splitting in both the absorption and the fluorescence excitation
spectra when ζ2 = 1.

In conclusion, we have studied the relationship between
the EIT resonance and the AT splitting in a cascade three-
level Doppler-broadened system, and have pointed out the
importance of the polarization interference in the Doppler-
broadened system. Previously, we have studied resonant stim-
ulated Raman gain and loss spectroscopy in the Λ -type three-
level system and found that in the presence of a coupling
field the probe beam can exhibit either gain or loss, depend-
ing on the frequencies of the incident beams.[24] In the cas-
caded three-level system, the gain originates from the stimu-
lated emission due to the scattering of the coupling field by the
two-photon coherence. By contrast, the loss is due to the tran-
sition from the ground state to the dressed state. In a Doppler-
broadened system, gain and loss can exist simultaneously, re-
sulting in destructive polarization interference between atoms
of different velocities, as shown in Figs. 7(b) and 8(b). Here,
when we use the absorption spectrum instead of the fluores-
cence excitation spectrum to detect the AT splitting, the two
phenomena of EIT and AT splitting can be explained within
the same framework.
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