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When a four-levelY-type atom with two highest nearly degenerate lying levels interacts with the same
vacuum radiation field, its excited levels have vacuum-induced coherence due to the quantum interference
between the spontaneous decay channels. We consider the effects of the vacuum-induced coherence on the
electromagnetically induced transparency against single- and two-photon absorption in the atomic system. We
find that the vacuum-induced coherence can lead to probe gain without incoherent pumping. On the other hand,
the coherence can suppress the two-photon transparency, even in some cases where it can enhance the two-
photon absorption. Another important result is the finding of the crucial role played by the relative phase
between the probe and coupling fields: the two-photon transparency and the probe gain spectra can be modu-
lated by this phase.
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I. INTRODUCTION

It is well known that an absorbing atomic medium driven
by a strong coupling field may be transparent for a weak
probe laser. This phenomenon, which is termed as electro-
magnetically induced transparency(EIT), has been studied in
all kinds of three-level atomic configurations includingV, L,
and ladder schemes[1]. When the probe and coupling fields
are resonant with their corresponding atomic transitions, the
atomic medium displays perfect EIT for the probe field.
Meanwhile two-photon absorption in the system may be en-
hanced. Agarwal and Harshawardhan considered a control
laser to couple an intermediate state of the atom in the ladder
configuration with another higher-excited state in order to
form two interfering two-photon excitation paths among the
dressed-state transitions and to create interference[2]. We
call its configurationY scheme. The two-photon absorption
in this four-levelY-type atom can be suppressed or enhanced
due to the destructive or constructive interference. Gaoet al.
reported an experimental observation of the electromagneti-
cally induced inhibition of two-photon absorption in sodium
atoms[3]. Wang et al. presented an experiment of electro-
magnetically induced two-photon transparency in85Rb at-
oms [4]. Xu et al. [5] investigated one- and two-photon
transparencies for the isotopes85Rb and87Rb. Subsequently,
Yan et al. reported an experimental observation of the trans-
parency against single- and two-photon absorptions in the
L-type four-level atom[6].

When the two highest-lying levels of the four-level
Y-type atom are nearly degenerate and coupled by the same
vacuum radiation field to the intermediate state, the system
can create a vacuum-induced coherence(VIC) due to the

quantum interference between the two spontaneous decay
channels. VIC leads to many remarkable phenomena such as
the modification of absorption and dispersion properties of
atomic systems[7–9], gain without inversion[10–12], and
spontaneous emission and absorption spectra[13–15]. When
considering the VIC effect, the probe gain with or without
inversion[11,12] and spontaneous emission spectra[15] can
be related to the relative phase between the probe and cou-
pling fields.

The control of the two-photon absorption using quantum
interference and the related coherence mechanism are of im-
portance in the two-photon lasing, the pulse propagation
[2,3], and the two-photon entanglement in quantum informa-
tion processing[16,17]. Most of the previous work related to
VIC was focused on the single-photon case. In the present
paper we shall investigate the effects of the VIC on the two-
photon absorption, which shows that the VIC is an important
means to control the two-photon absorption. In addition, we
also investigate the one-photon case corresponding to the
upper transition in the two-photon excitation path. In the
presence of the VIC in the four-levelY-type atom, we found
some important phenomena in the system contrast to the con-
ventional three-levelV-type atom. The dependence of the
single- and two-photon absorption spectra on the relative
phase between the probe and control fields is also discussed.
Our paper is organized as follows. In Sec. II we describe the
model and present the density-matrix equations of motion for
the system. In Sec. III we discuss the effects of VIC on the
single- and two-photon absorption properties. The phase de-
pendence of the absorption profiles is discussed in Sec. IV,
and the conclusion is presented in Sec. V.

II. MODEL AND EQUATIONS

A four-level Y-type atom is shown in Fig. 1. The two-
photon transition in the atom under consideration is induced
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by a pump laser with frequencyw2 and Rabi frequencyG2
=mW 32·«W2/" driving u3l→ u2l, and by a probe laser with fre-
quency w1 and Rabi frequencyG1=mW 21·«W1/" driving u2l
→ u1l. We assume that Rabi frequencyG2 is a real parameter
throughout the paper. A coupling laser with frequencyw and
Rabi frequencyG=mW 24·«W /" is applied on the transitionu2l
→ u4l to produce dynamically induced coherence for the
single- and two-photon transparencies. 2g1 and 2g are the
spontaneous decay rates from levelsu1l and u4l to level u2l,
respectively, and 2g2 corresponds to the decay rate fromu2l
to u3l. In the interaction picture the density-matrix equations
of motion in the rotating-wave approximations can be writ-
ten as

dr11

dt
= − 2g1r11 − siG1r12 + hr41 + H.c.d,

dr33

dt
= 2g2r22 + siG2r23 + H.c.d,

dr44

dt
= − 2gr44 − siGr42 + hr41 + H.c.d,

dr12

dt
= − sg1 + g2 + iD1dr12 − iG1

*r11 − iG2r13 − iG*r14

+ iG1
*r22 − hr42,

dr13

dt
= − sg1 + iD1 + iD2dr13 − iG2

*r12 + iG1
*r23 − hr43,

s1d
dr14

dt
= − sg1 + g + iD1 − iDdr14 − iGr12 + iG1

*r24

− hsr11 + r44d,

dr23

dt
= − sg2 + iD2dr23 + iG1r13 − iG2

*r22 + iG2
*r33 + iGr43,

dr24

dt
= − sg + g2 − iDdr24 + iG1r14 − iGr22 + iG2

*r34 + iGr44

− hr21,

dr34

dt
= − sg − iD2 − iDdr34 − iGr32 + iG2r24 − hr31.

The above density matrix elements obey the conditionsr11
+r22+r33+r44=1 andri j =r ji

* . The detunings of the probe,
pumping, and coupling lasers in Eq.(1) are defined asD1
=w12−w1, D2=w23−w2, and D=w42−w, respectively. The
terms with h=pÎg1g in Eq. (1) represent the VIC effect
resulted from the cross-coupling between two decay paths
u1l→ u2l and u4l→ u2l. The parameterp is defined asp
=mW 12·mW 42/ sumW 12uumW 42ud=cosu where u is the angle between
dipole matrix elementsmW 12 and mW 42. If the matrix elements
mW 12 andmW 42 are orthogonal to each other, i.e.,p=0, the VIC

disappears. So the existence of the VIC depends on the non-
orthogonality of the matrix elementsmW 12 and mW 42. Here we
only consider the case where the probe laser only acts on the
transitionu1l↔ u2l and the coupling laser only on the transi-
tion u4l↔ u2l, so that the polarization direction of the probe
field is perpendicular tomW 42 and that of the coupling field
perpendicular tomW 12, i.e., «W1·mW 42=0 and«W ·mW 12=0. Then the
Rabi frequenciesG1 andG are associated with the angleu as
follows: G1=G10 sinu and G=G0 sinu with G10
= umW 12uu«W1u /" andG0= umW 24uu«W u /". To gain the remarkable VIC
effect on optical properties of the system we assume that the
excited levels are nearly degenerate, i.e.,w14<0 or else the
terms with h and accompanied by an exponential factor
exps±w14td, which are not shown here, have been averaged
out [8,11,12].

In the conventional treatment where the behavior of the
system only relies on the amplitudes and detunings of the
external coherent fields but not on their phases, the Rabi
frequenciesG1 and G are treated as real parameters. How-
ever, in our case, the system is sensitive to the phases of the
probe and coupling fields due to the existence of VIC. We
should treat the Rabi frequenciesG1 andG as complex pa-
rameters:G1=g1e

if1 and G=geif where f1 and f are the
phases of the probe and coupling fields, respectively. Let
sii =rii , s12=r12e

if1, s42=r42e
if, s13=r13e

if1, s43=r43e
if,

s14=r14e
iF, and hF=h expsiFd with F=f1−f being the

relative phase between the probe and control fields. The re-
defined matrix elementsi j (i , j =1,2,3,4) obeys the same
differential equations(1) except replacingG1, G, andh by
g1, g, andhF, respectively.

The single-photon absorption behavior for the probe laser
in the four-levelY-type atom can be described by the imagi-
nary part ofs12. The two-photon absorption strengths can be
measured by the population distribution in the excited state
u1l, i.e., s11. We extend our discussion for the single- and
two-photon cases under the two-photon resonance conditions
D1+D2=0 andD=0. The two-photon absorption minimum
magnitude is independent of the value ofD, but its minimum
point is determined by the probe detuningD1 [2]. The sup-
pression of the single- and two-photon absorption induced by
the external coherent fieldG can be understood by the

FIG. 1. The energy scheme of the four-levelY-type atom.
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dressed states created by the coupling field:u+l=s1/Î2d
3su2l+ u4ld and u−l=s1/Î2dsu2l− u4ld with the corresponding
eigenvaluesE+=G and E−=−G. The transparency against
one-photon absorption corresponding to the transitionu2l
→ u1l is induced by the interference between two channels:
u+l→ u1l and u−l→ u1l, and suppression of two-photon ab-
sorption for the transitionu3l→ u2l→ u1l is induced by the
interference between two paths:u3l→ u+l→ u1l and u3l
→ u−l→ u1l.

III. VIC-DEPENDENT ABSORPTION PROPERTIES

The steady-state behavior in the four-levelY-type atom
can be described by settingdsi j /dt=0. We describe the
single- and two-photon absorption behaviors numerically by
Imss12d and s11, respectively. We plot the Imss12d and s11

versus the probe detuningD1 in Figs. 2 and 3 with the rela-
tions g=g0 sinu, g1=g10 sinu, hF=pÎg g1e

iF, and the pa-
rameter valuesg1=g=0.1,g2=0.3,g0=0.5,g10=g2=0.1, and
F=0. When the atomic system is driven resonantly by the
coupling fieldG, both single- and two-photon transparencies
appear, which are exhibited by the solid curves in Figs. 2 and
3, respectively.

In the following we consider the effects of the VIC on the
single- and two-photon absorption. From the dashed curve

with u=p /6 and the dotted curve withu=p /18 in Fig. 2, we
see that the VIC can lead to the probe gain without incoher-
ent pumping, and that the maximum gain withu=p /18 is
larger than that withu=p /6. In the presence of VIC, the gain
profile where the maximum gain appears at the probe reso-
nant point, is different from that for the conventionalV-type
three-level atom where the probe gain spectral is symmetric
with respect to the probe resonant point and vanishes at this
resonant point[8,10]. This difference is due to the existence
of the pump fieldG2 driving the transitionu3l→ u2l in the
four-level Y-type system.

In Fig. 3, it is seen from the dashed curve that the VIC
enhances the two-photon absorption up tos11=0.077 with
u=p /6 (s11=0.048 without control field, i.e.,G=0, which is
not shown here). If u=p /3 as shown by the dotted curve in
Fig. 3 we can see that the VIC suppresses the two-photon
transparency by comparing with the solid curve.

To deeply investigate the effects of the VIC on the single-
and two-photon absorption, we plot the single- and two-
photon absorption versusp at the probe resonant pointD1
=0 in Fig. 4. Figure 4(a) shows that the single-photon ab-
sorption curve increases drastically withp in the regions
−1,pa−0.976 and 0.963ap,1, but decreases monotoni-
cally with p from p=−0.976 top=0.963. It can be seen that
the probe gain appears only when 0.328ap,1 and reaches
the maximum value at about the pointp=0.963. The depen-
dence of the two-photon absorption on the VIC is exhibited
in Fig. 4(b) by setting D1=0. The absorption spectrum
againstp looks like a concave, and the two-photon absorp-
tion minimum s11=3.32310−4 under the conditionD1=0
appears atp=0.199. From a comparison of pairs of plots as

FIG. 2. The probe absorption Ims12 as a function of the probe
detuningD1 with g=g1=0.1, g2=0.3, g0=0.5, g10=g2=0.1, F=0
and differentu: u=p /2 (no VIC) (solid curve), u=p /6 (dashed
curve), u=p /18 (dotted curve).

FIG. 3. The two-photon absorptions11 as a function of the
probe detuningD1 with different u: u=p /2 (no VIC) (solid curve),
u=p /6 (dashed curve), u=p /3 (dotted curve). Other parameters
are the same as those in Fig. 2.

FIG. 4. The probe absorption Ims12 (a) and two-photon absorp-
tion s11 (b) as the functions ofp with D1=0. Other parameters are
the same as those in Fig. 2.
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in Fig. 4 with different Rabi frequencies of the coupling laser
(not given here), we can conclude that the oscillating mag-
nitudes of the absorption curves in Fig. 4 become smaller
and their crossing points in Fig. 4(a) are close to the resonant
point as increasing Rabi frequencies of the coupling laser.
This is due to the fact that contribution of the quantum in-
terference from the increasing coherent field becomes domi-
nant compared with that from VIC. When the coupling laser
becomes stronger, the one- and two-photon absorption re-
duces on the resonant point, which is one of the factors lead-
ing to the movement of the crossing point close to the reso-
nant point. The spectra in Fig. 4 display neither odd nor even
symmetry between the positive and negative values ofp.
This can be understood as follows: the parameterp appears
in part of terms, not all of the terms on the right-hand side of
Eq. (1), which leads to that the matrix elements Imss12d or
s11 contain both even and odd orders ofp, such as zero
order, one order, and higher orders ofp (this is verified by
their analytical expressions up to two orders ofp), implying
that the Imss12d ands11 are neither odd functions nor even
functions ofp and the spectra in Fig. 4 display neither odd
nor even symmetries.

IV. PHASE-DEPENDENT ABSORPTION PROPERTIES

In the following we shall discuss that the one-photon ab-
sorption property is dependent on the phases of the probe
and control fields due to the existence of the VIC. We plot
the single-photon absorption versus probe detuning with
given values of relative phaseF in Fig. 5 where the other
parameters are same as those in Fig. 2. It is seen that the
maximal gain value in the case ofF=p /6, shown by the
dashed curve in Fig. 5, becomes two times larger than that
displayed by the solid curve without considering the relative
phase, and that it is three times larger asF=p /3 from the
dotted curve. The gain profiles shown by the dashed and
dotted curves become asymmetric and the maximal gain am-
plitudes move to the left near the resonant point due to the
relative phase. From the dashed-dotted curve, we can see that
the gain disappears forF=p. The single-photon absorption
profiles withF=p /2 (solid line) andF=3p /2 (dashed line)
in Fig. 6(a) show that they are symmetric about the resonant

point. Figure 6(b) shows the dependence of the single-photon
absorption on the relative phaseF at D1=0.162(solid line)
and D1=−0.162(dashed line). It is seen that the absorption
profiles are periodic with the period ofp and the maximum
gain relies on the different detunings and different relative
phases.

The two-photon absorption profiles in the presence of the
relative phaseF display similar behavior to that of the
single-photon absorption. From the dashed curve in Fig. 7
with F=p /6, we can see that the relative phase slightly
shifts the minimum of the two-photon absorption to the left
side and makes the minimum become smaller than that in the

FIG. 5. The probe absorption Ims12 as a function of the probe
detuningD1 with u=p /6 and differentF: F=0 (solid curve), F
=p /6 (dashed curve), F=p /3 (dotted curve), F=p (dashed-dotted
curve). Other parameters are the same as those in Fig. 2.

FIG. 6. (a) The probe absorption Ims12 as a function of the
probe detuningD1 with u=p /6 and differentF: F=p /2 (solid
line), F=3p /2 (dashed line). (b) The probe absorption Ims12 as a
function of the relative phaseF with u=p /6 and differentD1: D1

=0.162(solid line), D1=−0.162(dashed line). Other parameters are
the same as those in Fig. 2.

FIG. 7. The two-photon absorptions11 as a function of the
probe detuningD1 with u=p /3 and differentF: F=0 (solid curve),
F=p /6 (dashed curve) F=p /3 (dotted curve), F=p (dashed-
dotted curve). Other parameters are the same as those in Fig. 2.
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absence of the relative phase. WhenF=p /3, shown by the
dotted curve in Fig. 7, the minimum becomes smaller than
that in the case ofF=p /6. The two-photon absorption pro-
file with F=p, shown by the dashed-dotted curve in Fig. 7,
is like that in Fig. 5 in the absence of the relative phase but
the minimum becomes larger. Like Fig. 6(a), the two-photon
absorption profile forF=p /2 [solid line, see Fig. 8(a)], is
symmetric with that in the case ofF=3p /2 (dashed line).
The modulation of the relative phaseF on the two-photon
absorption atD1=0.25 (solid line) and D1=−0.25 (dashed
line), shown in Fig. 8(b), is also similar to the case of single
photon in Fig. 6(b). They also oscillate with the periodp.

The above results are related to the experiment reported
by Xia et al. [18]. The three-peak structure of the fluorescent
intensity in their experiment can only be resulted from the
presence of the two-step one-photon channels. This implies
that there must be a near-resonant intermediate level(the
singlet state) between the ground state and the two upper
lying states[19]. Thus the atomic configuration in the present
paper is similar to the level scheme of their experiment. Ad-
ditionally, the two highest-lying states are used by a pair of
mixed levels of the singlet and triplet states in sodium dim-
mer, their superposition coefficients are determined just by
tuning the frequency of the driving field[18]. Then the two
highest-lying states are close to each other, and the dot prod-
ucts of the dipole matrix elements between the two highest-
lying states and the intermediate level are determined not
only by the dipole matrix elements between the singlet state
and the intermediate singlet state but also by the superposi-
tion coefficients in the mixed levels[20]. Therefore the VIC
parameterp can be nonzero by tuning the driving field.

V. CONCLUSIONS

In conclusion, we have investigated the electromagneti-
cally induced one- and two-photon transparencies without or
with VIC in the four-levelY-type atom. In the case of single-
photon absorption the VIC can induce the probe gain around
the probe resonant point, but it suppresses the two-photon
transparency in the case of two-photon absorption. Due to
the existence of VIC, the single- and two-photon absorption
profiles are quite sensitive to the relative phase between the
probe and coupling lasers: the two-photon transparency spec-
tra and the probe gain can be modulated to different regions
just by changing the relative phase.
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