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Abstract. We study the absorption spectra of a degenerate V-type atom, where a resonant driving field
and a probe field drive different branches of transitions and a dc field is applied to drive the transition
between two excited states. The effects of vacuum induced coherence (VIC) on the absorption spectra are
investigated. It is demonstrated that in some special cases the VIC can lead to the depression of absorption
and narrow resonance. The origin of these features are discussed. When the pump field and the dc field
have the same intensity, it is interesting to find that the whole absorption spectrum comes mainly from
the absorptions induced by the interferences among different transitions between dressed states.

PACS. 42.50.Gy Effects of atomic coherence on propagation, absorption, and amplification of light; electro-
magnetically induced transparency and absorption — 42.50.Hz Strong-field excitation of optical transitions
in quantum systems; multiphoton processes; dynamic Stark shift

1 Introduction

The properties of an atomic system can be changed sig-
nificantly when it is driven by a strong, resonant, coher-
ent field. Mollow first studied the physical properties of
a strongly driven two-level atomic system and discovered
new features in the emission spectrum [1]. These features
can be best understood through the dressed-atom model of
the system [2]. Mollow, in a later paper [3], calculated the
absorption spectrum of a weak probe field by a two-level
atom driven by an intense pump field and demonstrated
the possibility of amplification of the probe field. This
gain can also be understood in terms of dressed states [4].
Autler-Townes effect, in which the probe field detect the
transitions from one of the two states connected by the
pump field to the third state, leading to two absorption
resonances, is also related to dressed states. Various ex-
periments have confirmed the presence of such effect [5,6].

In recent years, absorption, dispersion and spon-
taneous emission processes subject to the quantum
interference among different decay channels have been of
considerable interests. In most of early works, the usual
denominations of this new type of quantum interference
include vacuum induced coherence (VIC) and spontaneous
generated coherence (SGC). For definiteness, in our paper
we use the former denomination, namely, VIC. The VIC
can lead to many remarkable phenomena, such as fluo-
rescence quenching and spectral line narrowing [7], phase-
dependent line shapes [8], constant population of the dark
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state [9], etc. In the studying of the spectra of a basic V
system to a probe field, the VIC is also responsible for
many novel effects. Zhou et al. considered the absorption
spectrum of a V system in which the probe field detect
both the two branches of transitions. It is demonstrated
that some effects, such as narrow resonances, transparency
and emission without population inversion, have their ori-
gin in the phenomenon of the VIC [10]. Dong et al. stud-
ied the absorption properties of a driven V-type system.
It is found that difference strengths of the VIC can result
in different line shapes for emission peaks and absorp-
tion peaks [11]. In another scheme, where pump field and
probe field drive separately different branches of transi-
tions in a V system. It is shown that the VIC leads to
emission feature instead of the usual absorption feature in
the Autler-Townes doublet [12].

In this paper, we study the absorption spectrum of a
degenerate V-type system. In this system the two upper
levels are coupled by a dc field. One of the dipole transition
of the atom is driven by a pump field while another per-
turbed by a probe field. This type of system can be found
in real atoms, which has been suggested by Ficek [13], so
the experiments can be done without any rigorous restric-
tions.

The paper is organized as follows: in Section 2, we
describe the model and derive the basic density-matrix
equations. In Section 3, we present the numerical results
of the steady-state absorption spectra graphically. In Sec-
tion 4, the absorption spectra are investigated in detail
through the dressed-atom model. In Section 5, we give a
brief summary.
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Fig. 1. Three-level V-type system with a pump laser field G
and a dc field 2.

2 Theoretical model and density-matrix
equations

Consider a three-level system in the V configuration as
shown in Figure 1. The atom consists of two degener-
ate excited levels |1) and |2) separated from the ground
level |0) by transition frequency w, and connected by
the electric dipole moments diy and dsy, respectively.
A resonant pump field of amplitude Eg and Rabi fre-
quency G = dag - Eo/h is applied to the optical transition
|0) < |2). Levels |1) and |2) are coupled by a dc field with
Rabi frequency 2.

In the frame rotating with the pump field frequency w
the master equation is of the form

p=—i/h[H, p| + Lp, (1)

where the Hamiltonian is
—h$24(012 + 021) — hG(002 + 020) (2)

and the damping term is

Lp = —71010001p — V0200010 — V20200020 — YT100020
+271001p 010 + 27001020 + 270020010
+2720020020 — Y1P010001 — YPO20001
—YPT10002 — V20020002 - (3)

In equations (2, 3), omn = |m){n| (m,n = 0,1,2) is the
transition operator, «; is the spontaneous decay constant
of the excited state |i) (i =1, 2) to the ground level |0),

y= A (i£5=12) (4)

represent the VIC effect arising from the cross-coupling
between two decay paths |1) — |0) and |2) — |0). The
parameter p is defined as p = dio - djo/|dio||djo| = cosf
where 6 is the angle between the two dipole moments dq¢
and dsg. In this model we assume that the pump field acts
only on the transition |0) < |2), i.e., dio - Eo = 0. Then,
the relation between the normalized pump field and the
parameter p is obtained as:

dyo| | E
G:%\/lf 2 = Go/1—p2. (5)
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According to the master equation in equation (1), the
equations of motion of the density matrix elements take
the form

p11 = i2q(p21 — p12) — 271p11 — V(P21 + p12),
poo = 1G(p20 — po2) + 2v1p11 + 2v(p12 + p21) + 272p22,
P12 = —iGp1o + i024(p22 — p11) — M1p12 — VP22 — VP11

—Y2pP12,
p1o = —i1Gp12 +i82qp20 — Y1p10 — VP20,
p20 = 1G(poo — p22) + i2qp10 — YP10 — Y2P20- (6)

The density-matrix elements obey the conditions pgg +
P11+ p22 = 1 and pry = p%;, with I, J = 0,1, 2.

3 Absorption spectra

We assume that the atomic system is illuminated by a
weak, frequency-tunable probe beam. Linear response the-
ory gives the steady-state probe absorption spectrum to be

o0
AB) =% [l (D(e+ ). DM @) dr, (1)
0 t—
where, D(t) = dygop1 is the component of the atomic po-
larization operator in the direction of the probe field po-
larization vector e,, with dig = dio - e, being the dipole
moment of the atomic transition from |0) to |1), A, is the
detuning between the probe frequency and the atomic
transition frequency w. The absorption spectrum defined
in equation (7) can be calculated with the help of the
quantum regression theorem and Bloch equations (6).
Here the detailed processes of the calculation are not
shown, which can be found in other previous papers
[14,15].

In what follows we present our numerical results by
plotting the absorption spectra A(A,).

In Figure 2, for Gy = 0, 24 = 3, we plot the absorp-
tion spectra for different degrees of the VIC. Figures 2a,
2b and 2c are for p = 0, 0.5 and 0.99, respectively. From
Figure 2a one can see the spectrum exhibits two absorp-
tion lines symmetrically in the absence of the VIC. When
p = 0.5, representing an obvious effect of the quantum in-
terference, the magnitude of the left absorption resonance
is reduced while the linewidth broadened. For the right
resonance, the effects are just opposite. When p = 0.99,
as shown in Figure 2c, the linewidth of the right absorp-
tion line decreases to a very little value which indicate a
narrow resonance. Moreover, the amplitude of the left ab-
sorption resonance is depressed to a very low value (about
0.251). By further investigation we found that the limit
value of the amplitude of the left resonance is 0.25 when
p approaches its maximum value (p = 1). Compared with
the right one, the absorption for left resonance can be ne-
glected rationally which indicate an induced transparency
effect for the probe field in transition |A) — |B). These
phenomena are apparently results of the quantum interfer-
ence (VIC) and will be explained in the following section.

The absorption spectra for the case of Gy = 3 are de-
picted in Figure 3, where the other parameters are the
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Fig. 2. Absorption spectra as a function of probe detuning
A, for various p. The parameters employed are 71 = v2 = 1;
24=3,Go=0. (a) p=0; (b) p=0.5; (¢) p=0.99.
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Fig. 3. Absorption spectra as a function of probe detuning
A, for various p. The parameters employed are y1 = v2 = 1;
24 =3,Go=3. (a) p=0; (b) p=0.5; (¢) p=0.99.

same as those used in Figure 2. From Figure 3a, we see
the absorption spectrum shows a multi-peak structure. In
Section 4 we will prove that this spectral feature interest-
ingly derive mostly from the interferences of the different
absorption processes between dressed states of the system.
In Figure 3c, for p = 0.99, it is seen that the spectrum re-
semble the profile shown in Figure 2c, but with different
magnitudes.

Figure 4 shows the absorption spectra for Gy = 25
and different degrees of the VIC. Figures 4a, 4b and 4c
are for p = 0, 0.45 and 0.9, respectively. In Figure 4a,
one see that the absorption spectrum shows two symmet-
ric absorption lines. When p = 0.45, the spectrum is un-
symmetrical where the magnitude of the absorption res-
onance leftward is enhanced and that rightward reduced.
Moreover, the absolute values of the detunings of two res-
onances are decreased. Consider a higher degree of the
VIC, the effects mentioned above strengthen, which can
be seen in Figure 4c.
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Fig. 4. Absorption spectra as a function of probe detuning
A, for various p. The atomic parameters 71 = v2 = 1; 2 =
3,Go =25. (a) p=0; (b) p=0.45; (c) p=0.9.

4 Dressed-state explanations

We present the physical interpretations of the spectral fea-
tures shown in Section 3 by the dressed-atom models of
the system under different parameter settings.

The Hamiltonian for the atom and interacting with the
dc field and the quantized pump field can be written as

H, = hwata + ﬁw(au + 0'22) + hg(o'()Qa,Jr + 0’20(1)

—h24(o12 + 021). (8)

In equation (8) a and at are the annihilation and cre-
ation operators for the pump field and g is the coupling
constants between the atom and the pump field. Rabi fre-
quency of the pump field in the quantum form is defined as

—hgV' N +1 = hG, 9)

where N is the average photon number of the pump field.
The dressed states, as defined by the eigenvalue equation,
H.|a) = E,|a), are of the form
|A(N, £24)) = —c[0, N 4 1) + b[1, N),
|B(N, 2a)) = (b/V2)[0,N + 1) + (¢/v2)[1, N)
+(1/V2)[2,N),
IC(N, 24)) = —(b/V2)[0, N + 1) = (¢/V2)|1,N)

+(1/V2)[2,N), (10)
with energies
Es= (N + 1)77,w,
Ep = (N + 1)hw — hf2,
Ec = (N + 1)hw + hf2, (11)

where N represents the photon number of the pump field,

and
= \/G2+Q§, b=G/f2, c=02q4/0.

(12)



328

The dressed states defined by equation (10) form an in-
finite ladder of manifolds composed of three states with
N varies. Adjacent manifolds are separated by fw. In-
side a manifold, the states |C(N, £24)) and |B(N, £24)) are
separated by A2 and —hf2 from the state |A(N, 24)), re-
spectively. It is worth noting that the steady-state popu-
lations of the atom in the dressed states can be achieved
by solving numerically the Bloch equations in the dressed-
state picture (given in the Appendix). For different mani-
folds, the populations of states | A(N, £24)), | B(N, 24)) and
|C(N, £24)) vary negligibly with N

(i.e., PA(N,24)A(N,24) = PAN+1,024)A(N+1,824)5
PB(N,24)B(N,2a) ¥ PB(N+1,24)B(N+1,24)
PC(N,24)C(N,24) = PC(N+1,24)C(N+1,24)) [16].

In the following, we present our explanations of the ab-
sorption spectra in Figures 2, 3 and 4.

(1) Go = 0, 24 = 3. In the absence of the pump field
the eigenstates and energies can be obtained by setting
b =0 in equations (10, 11) and exclude the number states
of the pump field, which reads

|A(£24)) = —10),
|B(22)) = (1/V2)1) + (1/v2)]2),

C($2q)) = —(1/V2)|1) + (1/V2)[2), (13)
with energies
Ey=hw, Eg = hw — {2y, Ec = hw + hi2,. (14)

The probe photon absorption occurs in the transitions
of dressed states |A) — |C) with frequency w + {24 and
|A) — |B) with frequency w — §24. These two frequen-
cies correspond to the detuning values of the two peaks in
Figure 2 locating at Ay = ££24.

The new effects exhibited when the VIC is taken into
account can be explained through calculating the absorp-
tion spectrum in the dressed-state picture. Replacing D(t)
in equation (7) with the component of the atomic polar-
ization operator in the direction of the probe field polar-
ization in the dressed-state picture, which reads

D =dcaocac +dpaoas, (15)
where doca = dca - e, and dpa = dpa - e,. Employing
the the Bloch equations in the dressed-state picture, the
analytic form of the absorption spectrum is given as

1 1—p—i(A, — 29)](paa —p
A(A,) = 1Re 1 —p— (A = 24)(pas — ppB)
20 [A+p—i(A+ 2a)][L — p—i(4y — £24)]
[1+p—i(Ap + £24)|(paa — poc)
1+p—i(A,+ 29)][1 —p —i(A, — 2q)]
(129 — 1A, —p)ppc + (1 +p — 1024 —iA,)pcs
[T+ p— Ay + Lo —p—i(2y— 2a)]
n PBB — PAA
[1+p—i(Ap+ 2a)][1 —p—i(Ap — La)] ]’
(16)
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Fig. 5. Absorption spectra for fixed probe detuning (A, = 24)
as a function of pump detuning § for various p. The atomic
parameters 11 = 2 = 1; 24 = 3,Go = 3. (a) p = 0.93; (b)
p=0.96; (c) p=0.99.

where p;;(i,j = A, B, C) represents the steady-state value
of the matrix elements of the density operator. It should
be added that in obtaining equation (16) we have made
use of the values of parameters v; and 7 in Figure 2.
Expression (16) can be simplified by replacing 5;; with the
corresponding values, which are calculated as pga = 1,
pBB = pAaB = pAac = ppc = 0. In this situation, the
expression reduces to

A(Ap) =

1—2i4,
[1+p—i(Ap + 2a)][1 — p— i(Ap — 24)]

1
2Re (17)
The spectra depicted according to equation (17) gives the
exactly equal spectral profiles shown in Figure 2. It is clear
that the spectrum has two absorption resonances at A, =
24 and A, = —§24. The VIC acts to broaden the linewith
of the resonance at A, = —f2¢ and reduce the linewidth
at A, = (24. The magnitudes of the two resonances can
be obtained by setting A, = (29 and —{24, which are

1 1+
A(Ap - Qd) = |: - ( 5 p)p 2:| )
2(1-p) (1+p)*+ 40

1 (1—pp }
A(A, = —12) = , (18
(4 ) 2(1+p)[ e rang) 1Y
while when p increases, A(A, = (2;) increases and
A(A, = —124) decreases. These conclusions agree with

the numerical results shown in Figure 2.

(2) Go = 3, 24 = 3. In this case the eigenstates of the
system and eigenvalues are exact the expressions given in
equations (10, 11). The probe field will detect all the nine
transitions between the dressed states of the two neigh-
boring manifolds, as shown in Figure 6.

We still calculate the absorption spectrum in the
dressed-state picture with the parameter values employed
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Fig. 6. Detected transi-
tions by the probe field
between dressed states

‘C(N’Qd)> of two neighboring man-

‘A(N,Qd)> ifolds. The parameters
employed are the same as

‘B(N’Qd)> those in Figure 3a.

in Figure 3. For the simplicity of denotation, we label
|A(N +1, Qd»v |B(N+ 1, Qd»a |C(N+ 1, Qd)> with |Al>a
|Bl>a |CI>7 and |A(N7 'Qd)>a |B(Na Qd»v |C(N7 Qd» with
|A), |B) and |C). The component of the atomic polariza-
tion operator in the dressed-state picture in the direction
of the probe field polarization can be written in the form

Dy(t) = daracaa (t) +dapopar(t) +darcoca (t)
+dp aoap (t) +dppopp (t) +dpcocp (t)
+dcraoac (t) + derpoper (t) + dercocer (t).

(19)
By substituting equation (19) with ¢—t + 7 into equa-

tion (7), we obtain the expression of the absorption spec-
trum in the dressed-state picture

— 00

=R dijdmn

iymn
oo .

“ / lim ([o5; (¢ -+ 7, oon (O)]) 12777
0 t—oo

ijmn

(j,m=A",B,C" and i,n = A, B,C), (20)

Aq(Ay) = %/000 Jlim ([Da(t +7), DI ())& dr

where diy = dy-ep, (k=A",B',C’',and | = A, B,C'). The
summation in equation (20) consists of 81 terms of contri-
butions, which we can divide into two types: (I) terms di-
rectly related with the transitions between dressed states,
e.g., A% 4, 415, which is associated with the absorption of
probe field in the transition |B) — |A’). There are to-
tally 9 terms belong to type I, corresponding to the ab-
sorptions in nine transitions between dressed states. (II)
terms related with the interference between two different
transitions, e.g., A% 4 g/, which indicate the absorption
induced by the interference of two transitions |B) — |A’)
and |C) — |B’). In the following, we will investigate the
contributions of the terms of the two types to the whole
spectrum. It is worth adding that the steady-state popu-
lations of the dressed states under the parameters used in
Figure 3a are calculated as: psa = 0.6014, ppp ~ pcc =
0.1993.

In Figure 7 we plot the contributions of partial terms
of type I. The solid line and the dashed line shown in
Figure 7a correspond to the absorption spectrum of the
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Fig. 7. Different terms of the absorption spectrum.

(a) A%pipia(Ay) (solid line), A%oicra(Ap) (dashed line),
AL g arg(Ap) (dotted line), A%, 4/o(4,) (dashed-dotted
line), the superposition of the terms above (short dashed line).
(b) A% s 5 5(Ap) (solid line), A% or(Ap) (dashed line). (c)
Superposition of the terms which belong to type II. The pa-
rameters employed are the same as those in Figure 3a.

probe field in the transitions |A) — |i)

lim ([0ai(t +7),0:a (t)]}eiApTdT)

(o]
(given by (diA)QRe/
0 t—oo
(i = C’, B’), which appear as absorption peaks at the de-
tuning {2 due to the positive values of pg4 — pi;. On the
contrary, as shown by the dotted and the dashed-dotted
line, the terms of absorption spectrum related with the
transitions |j) — |A’) (j = B,C) give rise to emission
peaks locating at +{2, which can be attribute to the nega-
tive population differences between |B) and |A’), |C) and
|A”), respectively. The superposition of the four spectral
profiles is depicted by the short dashed line in Figure 7a.
One can see that their total contributions to the whole
spectrum is nearly zero. In Figure 7b the absorption pro-
files related with transition |B) — |B’), |C) — |C’) are
plotted. It is seen that the absorption features show an
order of magnitude of 10™* due to the nearly equal pop-
ulations between the dressed states involved in the tran-
sitions. For the cases of the absorptions in the transitions
|Ay — |A"), |C) — |B’Y and |B) — |C"), the spectrum has
an order of magnitude of 10717, and are not given here.
In Figure 7c we plot the sum contributions of the in-
terference terms. Compare Figure 7c with Figure 3a, it
is found that the contributions of interference terms con-
stitute almost the whole absorption spectrum of the sys-
tem. The main reason of this phenomenon can be con-
cluded as: (1) the counteractive effects of the absorptions
and the emissions of probe field in the transitions between
[A) — [B) (1C"), C) (IB)) — |A'). (2) the nearly equal
populations of |B) and |C).
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For p = 0.99, according to equation (5), G =
Goy/1 — p? = 0.423, which is much lower than the in-
tensity of the dc field. Regard the pump field as a
perturbation and consider the zeroth order approxima-
tion, the system have the same dressed states as those
given in equation (13). This explains why the spectrum in
Figure 3c is similar to that given in Figure 2c. However,
for a nonzero pump field, the steady-state populations
of [B(£24)) and |C(f24)) are also nonzero (pp(0,)B(2,) =
0.003 and pc(0,)c (0, = 0.013), this influences the mag-
nitudes of the two absorption resonances in Figure 3c
compared with those in Figure 2c. The narrow-linewidth
feature of the absorption resonance can serve as a signal
for frequency stabilization for the coupling laser. In refer-
ence [17] an experiment is reported in a cascade system of
Yb atoms in which an narrow electromagnetically induced
transparency (EIA) spectrum is obtained and used to sta-
bilize the frequency of the coupling laser. In their scheme
the EIA spectrum is obtained by setting the probe detun-
ing at one-photon resonance (A, = 0) and varying the
detuning of the coupling field. Following the same pro-
cedure, we plot the spectrum obtained for our model in
Figure 5. It can be seen that the absorption line can show
narrow linewidth through adjusting the strength of the
VIC, which provide a new way to perform the stabiliza-
tion of the coupling laser frequency.

(3) Go = 25, 24 = 3. Owing to the low intensity, the
dc field can be regard as a perturbation to the system. The
eigenstates of the system are identified by the Hamiltonian
of the atom plus the pump field, which reads

|I> = |]-aN>a
1

[I) = —=[2, N) + 10, N + 1)},

S

2

1

|[I11) = [12,N) = |0, N + 1)], (21)

S

2
with energy

Er = (N + 1)77,w,
Err = (N + 1)hw — G,

Errr = (N + 1)hw + hG. (22)

Import the Hamiltonian of perturbation

Hy = —(hQq/V2)|I)(II| + |I)(ITT| + He]  (23)

and utilize the standard perturbation approach [18], the
eigenstates of the system to the first-order perturbation
can be obtained as

1

N

2G2 + (23
+£24|1, N)],
1
NoeEa]

=821, N)J,

0(N, £2a)) = [G[1,N) — £24]0, N + 1)],

| — (N, 2q)) = [G]0, N +1) + G|2,N)

|+(Na Qd» - [7G|07N+1>+G|2aN>

(24)
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with energy

Eon,0,) = (N +1)hw,
E_(n,2,) = (N + 1)hw — (G + £23/2G),

Eyn.0y = (N +1Dhw + k(G + 23/2G).  (25)

The probe transition rate between two dressed states is
proportional to the absolute square of the dipole matrix
elements of the two states,

[{O(N +1,24) | d- e,]0(N, 2a))|* =
G222
@+ agp el
[{O(N +1,24) | d- ey] = (N, 2a))* =
G4
(2G? + 2%)(G? + 22)
[{O(N +1,24) | d- ey] + (N, 2a))* =
G4
(2G? + 2%)(G? + 22)
[{(—(N +1,24) | d- e,|0(N, 2a))|* =
2
(G% 4+ 22)(2G? + 2?)
(=N +1,024) | d- e = (N, 2))] =
G20} :
@+ agp o el
[{(=(N+1,024) | d- e] + (N, 2))] =
G222 )
@+ agp o el
[{(+(N +1,924) | d- €, 0(N, 24))]* =
2
(G? + 22)(2G? + 22)
[{(+(N +1,024) | d- ey = (N, 2a))* =
G222 )
e+ oz e el
[{(+(N +1,24) | d- ey] + (N, 2a))* =

G202 ,
@ e el

|d10 ' ep|27

'ep|27

|d1o

1o - ep?,

|dqo -

(26)

Investigating the expressions (26) numerically, one found
that the absorption of probe beam associated with
the transitions | + (NV,f2;)) — |0(N + 1,824)) and
| — (N, 24)) — |0(N + 1, §24)) dominate in the nine tran-
sitions between adjacent manifolds because of the much
higher values of the absolute square of the dipole matrix
elements. These two transitions give rise to two absorp-
tion peaks located at A, = —(G + 22/2G) and A, =
G+ Qg/QG, respectively. For p = 0, 0.45, 0.9, the absolute
values of the corresponding detunings are 25.18, 22.52 and
11.31, which coincide well with the graphical results. For
the enhancement and the depression of the two different
resonances, we can gain a physical insight by investigat-
ing the populations of the dressed states. In Figure 8 the
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Fig. 8. Populations of dressed states as a function of p: poo
(solid line), p44+ (dashed line), p__ (dotted line). Other pa-
rameters are the same as those in Figure 4.

evolutions of the the populations for dressed states versus
p are depicted. It can be seen that the population p4 in-
crease, p—— decrease, and pgp remains nearly unchanged
with p increases. This phenomenon can be regarded as a
quasi-trapping effect and |+) is the quasi-trapped-state for
the reason that p 4 can not be unity. The reduction of the
probe absorption for the resonance at A, = G + Qﬁ /2G
and enhancement at A, = —(G + £2%/2G) is induced by
the quasi-trapping effect which result in the decrease of
the population difference p__ — pgp and the increase of
P4+ — poo in comparison to the case with p = 0.

5 Conclusions

To sum up, we investigated the absorption of a weak
probe in a degenerate V-type atom in the presence of a
resonant pump field and a dc field. The effects of vacuum
induced coherence (VIC) are considered. For different

331

values of the pump field intensity, the absorption spectra
are calculated. Physical interpretations of the spectra are
given by introducing the dressed states and calculating the
spectra in the dressed-state picture. For the case of zero
pump field intensity, the dc-field coupling split the origi-
nal absorption resonance into two symmetric components.
When the VIC is taken into account, it is shown that it
influences the linewidths and magnitudes of the two reso-
nances in opposite ways. While in the case of equal inten-
sities of the pump field and the dc field, it is interesting
to find the probe absorptions in the transitions between
dressed state have an counteractive effect, hence the ab-
sorption spectrum comes mostly from the absorptions in-
duced by the interferences of the different transitions be-
tween dressed states. When the intensity of the pump field
is much stronger than that of the dc field, it is pointed out
that the VIC can lead to a quasi-trapping effect and result
in the enhancement and the reduction of absorptions for
different resonances.

Appendix: Bloch equations
in the dressed-state picture

The equations of motion of the density matrix elements in
the dressed-state picture can be obtained directly by pro-
jecting the master equation over the dressed-state basis.
The master equation is given in equation (1) except that
the Hamiltonian H takes the form given in equation (8).
For the case of Gy = 0 (considered in Fig. 2), the Hamil-
tonian is simplified and reads

H:hw(ou +0’22) 7ﬁ9d(0'12+0'21). (27)

As an example, we give the equations of dressed-state basis
shown in equation (10), which reads

paa = 2%y — 26"y — ¢y + (2% — 72)lpaa + A yppr + (1/V2)[b(=1 4 2¢°) (v + en))(pas + ppa)
+ (1/V2)[b(=1+2¢%) (v — en))(pac + pea) + (' + Ey2)(pse + pes) + & (=2¢7 + Py +72),

pBB = (b°/2)(2cy + 26’71 — 71 — y2)paa + [2(—1 + b°)ey — v — yelpss + (1/V2)[b(—1 + 2b*) (v + en1)|(paB + pBa)
+ (1/V2)[B* (v — en)l(pac + pea) — (1/2) (=1 + 6%) (P — 72)(pBo + pos) + (67 /2)(—2¢y + Py + 72),

pag = (=b/V2)[y +2¢°y + c(n + 26°y1 — Py — y2)lpaa — (b/V2)(y + 4%y + en)pss
+ (1/2)(=2cy — 26%cy — 26*y1 — Py — 26y — 2 — 2i2)pas — bPe(y + e1)pra
+(1/2)[Pn + 2% c(—y + en) — yelpac + b2e(—y + ev1)poa + (be/V2) (v — v2)pre
+ (b/V2)[=7 + cln + Em = 2)lpes — (be/V2)(=2ey + v +72),

pac = (be/V2)(2ey + 26"y — *y1 = 2)paa + (b/V2)(v + 4c®y — en)pss + [bPe(v + o) + (P — 72)/2lpas
+b%c(y 4 ev)psa + (1/2)[2(1 + b)) ey — 20°y1 — ¢ (71 + 2b°71) — 72 + 202 pac + b2e(y — ey1)poa
= /Y2y + ety + 71 = 72)lpso + (be/V2) (=1 + 12)pes — (b/V2)[y + 2¢%y — c(n1 + P+ 72)],

ppe = (1/2)[=26"y1 — y1 + 72 + b3 (=2¢7 + P+ 2)|paa — 2b2cypr — (B /V2)(v + c1)pas
— (/V2)[(1+ )y + (=14 b*)emlpsa — (b/V2) (v + by + ey1 — bPemi)pac + (b7 /V2) (= + en)pca
+ (1/2)[(=2 4 b*)c®y1 — (24 b°)72 + 4i)ppc + (6°/2)(Py1 — y2)pos — (1/2)[—c* 1 + 72 + b2 (—2¢y + ¢y + 72)],

(28)
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where the reduction operation

pra =Y _(I(N,24)lp|J(N,24)), 1,J=A4,B,C. (29)

N

has been used. The density-matrix elements obey the con-
ditions paa + pB + pcc = 1 and pr; = p¥;.
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