Optics Communications 268 (2006) 146–154
www.elsevier.com/locate/optcom

All-optical switching and storage in a four-level tripod-type
atomic system
M.A. Antón
a

a,*
,

Oscar G. Calderón a, Sonia Melle a, I. Gonzalo b, F. Carreño

a
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Abstract
The optical behavior of a four-level tripod-type atomic system in a ring resonator driven by a cavity ﬁeld and two external coherent
ﬁelds is studied. It is shown that the atomic response exhibits an ultra-sensitive switch from high absorption to nearly transparency by
changing the value of one of the control ﬁelds. The optical bistable response can be controlled by means of the external ﬁelds. The system
can ﬂip from the lower to the upper branch of the hysteresis curve without changing the incident probe. Switching and information storage of a light signal are predicted under appropriate triggering of the auxiliary external optical signals.
Ó 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Control of light by light is essential in all-optical communication and optical computing. In the past two decades, all-optical switches based on optical bistability (OB)
in two-level atomic systems have been extensively studied
[1]. In traditional optical bistability systems there are limitations for applications because the only controllable optical beam is the input ﬁeld, which is part of the bistable
curve in the input–output plot. The situation changes when
we consider multilevel atoms inside a cavity. First of all,
there are new control ﬁelds between the diﬀerent atomic
levels, and most interestingly, new physical mechanisms
such as quantum interference and coherence eﬀects, which
can greatly modify the absorption, dispersion and nonlinearity of the system. It is well known that the optical properties of atomic media may be dramatically altered if the
atoms are placed into appropriate superposition of quantum states. A lot of phenomena such as electromagnetically
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induced transparency (EIT) [2–5], lasing without inversion
(LWI) [6–9], refractive index enhancement without absorption [10,11], and spontaneous emission cancellation [12,13]
have been predicted and experimentally demonstrated.
The role of atomic coherences in the context of collective
phenomena, such as OB, has been subject to analysis once
again. Walls et al. [14,15] and Harshawardhan and Agarwal [16] proposed a novel scheme for OB using atomic
coherence eﬀects in three-level systems. They found that
in K-type atoms the resulting OB is due to a population
trapping in a coherent superposition of the ground state
sublevels. This coherent superposition is not coupled to
the excited level which leads to a narrow non-absorption
resonance in the absorption proﬁle. As the intensity of
the driving ﬁeld increases, the non-absorption resonance
dip broadens and therefore the medium becomes transparent. Recently, there has been a renewed interest in this subject from a theoretical and experimental point of view.
Xiao and coworkers have shown the inﬂuence of quantum
coherence eﬀects in three-level K atoms such as cavity-linewidth narrowing [17], dynamic instability in an optical ring
cavity [18], OB [19], and dynamical hysteresis [20] in a system formed by three-level Rubidium (Rb) atoms.
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Another way of generating coherence is connected with
the relaxation processes such as spontaneous emission
[13,21–23]. Very recently, Joshi et al. [24] studied the role
of spontaneously generated coherence on OB. Similar studies have been carried out in V-type atoms [25] taking into
account the possibility of quantum interference between
the two decay channels from the two upper sublevels to
the ground level, i.e., vacuum induced coherence. OB was
achieved with considerable lower threshold intensity. OB
in V-type atoms driven by a coherent ﬁeld in a broadband
squeezed vacuum has also been analyzed [26], showing that
the width of the hysteresis loop can be controlled changing
the relative phase of the squeezed vacuum to the coherent
ﬁeld.
Large nonlinear susceptibilities with low pumps and
high sensitivities are desirable when considering the development of optical shutters, phase conjugation as well as
others all-optical information processing devices. In view
of these requirements it should be interesting to explore
procedures and/or physical mechanics to engineer the
bistable response. Chang et al. [27] and Novikova et al.
[28] have reported observations of novel dynamic behavior
in resonantly enhanced stimulated Raman scattering in Rb
vapor. In particular, they demonstrated a dynamic hysteresis of the Raman scattered optical ﬁeld. Tripod-type
atoms have proved to be robust systems for engineering
arbitrary coherent superposition of atomic states [29]. Paspalakis and Knight [30] have analyzed transparency, slow
light and parametric generation in a medium of tripod
atoms. Petrosian and Malakian [31] have shown that this
system can support large magneto-optical rotation with
negligible absorption. They also found a novel regime of
extremely eﬃcient nonlinear interactions of two multimode
single-photon pulses. In a related work, Rebic et al. [32]
have pointed out that the large Kerr cross-phase modulation among the probe and trigger ﬁelds enables one to
implement a phase gate with a conditional phase shift of
the order of p.
In this work we explore adequate control schema to
make the advantages of multilevel atomic systems accessible for possible applications. We study the behavior of a
tripod-type four-level atom in a unidirectional ring resonator driven by a cavity ﬁeld and two external coherent ﬁelds.
First, we analyze the linear absorption of the probe ﬁeld
under the inﬂuence of the control ﬁelds. It is shown that
the system can switch from high absorption to nearly transparency with a large contrast ratio by varying one of the
driving ﬁelds. We analyze how the hysteresis curve is modiﬁed by acting on one of the external ﬁelds without changing the incident probe ﬁeld. The controlled shift of the
hysteresis curve allows us the possibility of obtaining alloptical switching and storage of light signals. We illustrate
the feasibility of the proposed scheme by considering
experimentally accessible atomic conﬁgurations.
The paper is organized as follows: Section 2 establishes
the model, i.e., the Hamiltonian of the system and the evolution equations of the atomic operators assuming the
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rotating wave approximation. Section 3 deals with the
analysis of the linear susceptibility of the atomic system.
In Section 4 we analyze the cavity ﬁeld dynamics in diﬀerent schema. Section 5 summarizes the main conclusions.
2. The model and the equations of motion
The scheme of levels of the atomic system we are considering is shown schematically in Fig. 1a. Here transition
|1i ! |4i is driven by a ﬁeld with Rabi frequency X1, while
transitions |2i ! |4i and |3i ! |4i are driven by two control
ﬁelds with Rabi frequencies X2, and X3, respectively.
Dj = x4j  xj (j = 1, 2, 3) denotes the detuning between
the frequency of the transition |ji ! |4i and the laser frequency xj. In the interaction picture and in the dipole
and rotating wave approximations, the Hamiltonian of
the atomic system is given by [30,32]
H ¼ hD1 r44 þ hðD3  D1 Þr33 þ hðD2  D1 Þr22
 hðX1 r41 þ X2 r42 þ X3 r43 þ H:c:Þ þ Lq;

ð1Þ

where Lq stands for the dissipative Liouvillian.
The Bloch equations for the density matrix elements
including atomic spontaneous emission and dephasing
are
oq44
¼ ðC41 þ C42 þ C43 Þq44 þ iX1 q14  iX1 q41
ot
þ iX2 q24  iX2 q42 þ iX3 q34  iX3 q43 ;
oq33
¼ ðC32 þ C31 Þq33 þ C43 q44 þ iX3 q43  iX3 q34 ;
ot
oq22
¼ C42 q44 þ C32 q33  C21 q22 þ iX2 q42  iX2 q24 ;
ot
oq14
¼ ðc41  iD1 Þq14 þ iX1 ðq44  q11 Þ  iX2 q12  iX3 q13 ;
ot
oq13
¼ ½c31  iðD1  D3 Þq13 þ iX1 q43  iX3 q14 ;
ot
oq12
¼ ½c21  iðD1  D2 Þq12 þ iX1 q42  iX2 q14 ;
ot
oq23
¼ ½c32  iðD2  D3 Þq23 þ iX2 q43  iX3 q24 ;
ot
oq24
¼ ðc42  iD2 Þq24 þ iX2 ðq44  q22 Þ  iX1 q21  iX3 q23 ;
ot
oq34
¼ ðc43  iD3 Þq34 þ iX3 ðq44  q33 Þ  iX1 q31  iX2 q32 ;
ot
ð2Þ
level
|ii
to
where Cij is the spontaneous decay rate from
P
level
|ji,
c
is
the
dephasing
rate
c
¼
ð1=2Þ
C
þ
ð1=2Þ
ij
ij
l il
P
l Cjl , and we have assumed a closed atomic system, i.e.,
q11 + q22 + q33 + q44 = 1.
In order to numerically prove the proposed tripod
atomic system, we choose the cycling transition
Fe = 0 M Fg = Fe + 1 of a two-level atom subject to a
DC magnetic ﬁeld which induces a Zeeman splitting in
two of the three lower levels. Such a transition can be
implemented by considering the 4f66s2 7F1 M 4f66s6p 5D0
in Samarium (Sm) (see Refs. [33,34]), among other atomic
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absorption peak emerges, and simultaneously the point of
transparency splits into two dark resonances, one located
at D1 = D2 and the other at D1 = D3. This behavior was previously found by Paspalakis and Knight in a four-level
atom in a tripod conﬁguration [30]. The inspection of
Fig. 2a reveals that the spectral position of the central
absorption peak can be modiﬁed by changing the intensity
of the control ﬁeld X3. We would like to remark that the
ultranarrow peak has a subnatural linewidth, therefore a
small change in the Rabi frequency of the control ﬁeld
leads the system from nearly transparency to high absorption. This striking behavior will be used latter in this work
to produce switching of the |1i ! |4i signal ﬁeld by acting
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3. Linear susceptibility of the system
Let us study the linear susceptibility of the tripod atomic
system described above. Eq. (2) is the basis to analyze the
probe absorption of a ﬁeld probing |1i ! |4i. Thus, we
set otqij = 0, and solve the resultant algebraic equations
to obtain the steady-state values of populations and coherences. Fig. 2a shows the probe absorption Im(q41) versus
the detuning D1 for X2 = c, D2 = 0, D3 = c, and three diﬀerent values of the control ﬁeld X3. In the case with X3 = 0,
the atomic system behaves as a three-level K-type system,
so we recover the standard EIT proﬁle with a dark resonance at D1 = D2 = 0. However, when X3 = c, a sharp

Im[ ρ41 / (Ω1 / γ) ]

systems [35,36]. This scheme has also been addressed
theoretically in the context of pump–probe conﬁguration,
showing the appearance of the so-called coherent hole
burning at the Autler–Townes sidebands [37]. The existence of this atomic scheme will help us to show the feasibility of experimentally obtaining the results predicted in
this work. Thus, we consider the case where transition
Fe = 0 M Fg = 0 (|2i ! |4i in the notation used by us) is
driven by a linearly polarized p ﬁeld with Rabi frequency
X2, and transition Fe = 0 M Fg = 1 (|3i ! |4i in our notation) is driven by a circularly polarized r+ ﬁeld, with Rabi
frequency X3. These two external ﬁelds will be used for
optical engineering the atomic response. Finally, transition Fe = 0 M Fg = 1 (|1i ! |4i in our notation) is
probed by a circularly polarized r ﬁeld X1. In addition,
in the numerical simulations we assume equal decay rates
from the upper level, C41 = C42 = C43 = c, and
C32 = C21 = 0 and C31 = 0.00175c [34] which are adequate
for the Sm atom.
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Fig. 1. (a) A tripod-type atom probed by ﬁeld X1 and driven by two
control ﬁelds with Rabi frequencies X2 and X3. (b) Dressed states of the
tripod-type atom. Transition between states |1i and |0i is only allowed
while the control ﬁeld X3 is applied.
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Fig. 2. (a) Normalized probe absorption of the |1i ! |4i transition
Im(q41)/(X1/c) versus the probe detuning D1 for several values of the Rabi
frequency X3. Other parameters are D2 = 0, D3 = c, X2 = c. X3 = 0 (dashed
line) and X3 = c (dotted line) and X3 = 1.5c (solid line). (b) Dopplerbroadened version of the normalized probe absorption Im(q41)/(X1/c)
versus the probe detuning for a control ﬁeld X3 = 1.5c, and several values
of the Doppler width: DxD = c (dashed line), DxD = 10c (dotted line), and
DxD = 50c (solid line).
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on the |3i ! |4i driving ﬁeld. In addition, the peak value at
the center of the above-mentioned absorption line takes
similar values to those exhibited at the Autler–Townes
doublet. The appearance of the central absorption line
can be attributed to the coherence induced among the
atomic levels by the interaction of the probe ﬁeld X1, and
the control ﬁelds (X2 and X3) with the four-level system.
Let us consider the eﬀect of Doppler broadening on the
linear susceptibility of the tripod atomic system. In order to
do that, we substitute the detunings Dj with Dj + x4jv/c,
where v denotes the atomic velocity. Then, by using the
probability distribution function we compute the average
susceptibility of the probe laser
Z 1
1
2 2
q41 ¼
dv pﬃﬃﬃ ev =vp q41 ðvÞ;
ð3Þ
vp p
1
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
velocity, and the
where vp ¼ 2kT =m is the mean atomic
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Doppler width is given by DxD ¼ 2 log 2x41 vp =c. The
total probe absorption Im(q41) calculated through Eq.
(3) is shown in Fig. 2b for diﬀerent values of the Doppler
width. For values of DxD below or close to the upper decay rate c (see dashed line in Fig. 2b), the total probe
absorption behaves as in the case without the Doppler
broadening. Note that as the Doppler width increases
above the decay rate value the probe absorption decreases
although the positions of the EIT windows do not
change. The high absorption central peak disappears for
large values of DxD (see solid line in Fig. 2b). In the following and for the sake of simplicity, we neglect the
Doppler broadening since the linear probe absorption
does not change signiﬁcantly for values of the Doppler
width around the upper decay rate. In the case of larger
values of DxD, the main eﬀect will be to reduce the sensitivity of the optical switching analyzed in this work,
due to the reduction of the absorption curves.
In order to understand the behavior of the linear
absorption of the tripod atomic system, we analyze the
atomic system in the dressed state picture. To do that,
the Hamiltonian corresponding to the atomic part and
the external ﬁelds is diagonalized, i.e., we look for the ku
and |ui that satisfy HP|ui = ku|ui (u = a, b, 0), where HP is
the part of the Hamiltonian in Eq. (1) which is related to
the strong pump ﬁelds X2 and X3 and it is given by
hD1 r44 þ 
hðD3  D1 Þr33 þ hðD2  D1 Þr22
HP ¼ 

hðX2 r42 þ X3 r43 þ H:c:Þ:

ð4Þ

The dressed states from Hamiltonian (4) to ﬁrst order in X3
are given by
XR þ D2 =2
X2
X3 ðXR þ D2 =2Þ
j3i;
j4i  j2i 
Da
Da ðD3  D2 =2 þ XR Þ
Da
XR  D2 =2
X2
X3 ðXR  D3 =2Þ
jbi 
j3i;
j4i þ
j2i þ
Db
Db ðD3  D2 =2  XR Þ
Db
X3 jD2  D3 j
X2 X3 jD2  D3 j
jD2  D3 j
j3i;
j0i 
j4i 
j2i þ
2
2
ðD
D0
ðD2  D3 ÞD0
2  D3 Þ

jai 

ð5Þ
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where
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
ðD2 =2 þ XR Þ þ X22 ;
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Db ¼ ðD2 =2  XR Þ2 þ X22 ;
Da ¼

ð6Þ

D20 ¼ jD3 ðD2  D3 Þ þ X22 j;
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2
with XR  ðD2 =2Þ þ X22 . The eigenvalues are ka ’
D1  D2/2 + XR, kb ’ D1  D2/2  XR, and k0 ’ D1  D3,
respectively.
In the limit X3 ! 0, it can be clearly seen from Eq. (5)
that dressed states |ai and |bi correspond to the usual
Autler–Townes components split by XR, whereas the
dressed state |0i corresponds to the bare state |3i. However
in the case with X3 5 0, and D2  D3 5 0, the state |0i contains an admixture of level |4i, thus it has a non-zero dipole
matrix element with the ground state |1i. Due to this coupling, transition from |1i to |0i becomes possible (see
Fig. 1b). According to perturbation theory the transition
probability from the ground state to the excited dressed
states is given by


h1jl41 E1 jai h1jl41 E1 jbi h1jl41 E1 j0i2

:
P exc / 
þ
þ
ð7Þ

ka
kb
k0
The three terms within the angle brackets represent the
three excitation paths corresponding to three-photon hyper-Raman resonances and interfere with each other. In order to justify the results shown in Fig. 2a, we set D2 = 0.
Note that when X3 = 0, then h1|l41E1|0i = 0, and Eq. (7)
reduces to the well-known expression for EIT in a K system. In this case the transition probability remains

2
 1
1
1 
2
P exc / jl41 X1 j 
þ
;
ð8Þ
2
D1 þ X2 D1  X2 
which reduces to zero when D1 = 0, i.e., a dip appears at
D1 = 0 due to destructive interference of the two possible
paths |1i ! |ai and |1i ! |bi. On the other hand when
D2 = 0, X3 5 0, and D3 5 0, the third term in Eq. (7) does
not vanish, and the transition probability reads approximately as
2

pﬃﬃﬃ

 1
1
1
2X3 D3

2
P exc ’ jl41 X1 j 
þ
þ
:
D1 þ X2 D1  X2 ðD1  D3 ÞjX22  D23 j
2
ð9Þ
According to Eq. (9) a constructive interference occurs in
the middle of the two resonances in agreement with the
numerical results. The width of this peak depends on the
strength of the additional control ﬁeld X3 as indicated by
its presence in the numerator of Eq. (9).
In summary, the addition of an extra ﬁeld to a conventional three-level K atom allows the modiﬁcation of the
position and width of the absorption peak and the double
dark resonance by changing the intensity and detunings of
the external ﬁelds.
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4. Cavity ﬁeld dynamics
In order to study the optical response of the atoms in a
resonator, we consider a collection of such tripod atoms
contained in a medium of length L and immersed in a unidirectional ring cavity (see Fig. 3). The incident coherent
ﬁeld EI couples states |1i and |4i and propagates in the z
direction. The cavity ﬁeld E1 is given by
1
E1 ¼ E1 ðz; tÞeix1 t þ c:c:;
2

ð10Þ

E1(z, t) being the slowly-varying ﬁeld envelope, X1  l41E1/
(2
h), where l41 is the electric dipole moment of transition
|1i ! |4i. The only ﬁeld circulating in the ring cavity is
the probe ﬁeld E1. Propagation of this laser ﬁeld in the
medium is governed by Maxwell’s wave equation, which
in the slowly varying envelope approximation reduces to
c

oE1 ðz; tÞ oE1 ðz; tÞ
x41
þ
¼i
P 1 ðx1 Þ;
oz
ot
0

ð11Þ

where P1(x1) = Nal41q41 is the slowly oscillating term of
the induced polarization oscillating at the angular frequency x1, with Na the atomic density of the medium.
The probe ﬁeld EI enters the cavity through mirror M1,
propagates in the cavity and interacts with the atomic sample of length L, then circulates in the cavity, and partially
transmits out from the mirror M2. The ﬁeld boundary condition in the ring cavity is
pﬃﬃﬃﬃ
E1 ðt; 0Þ ¼ T EI þ RE1 ðt  t0 ; LÞeih ;
ð12Þ
where R and T are the reﬂectance and the transmittance of
the semi-silvered mirrors M1 and M2, respectively, t0 is the
cavity round-trip time, and h is the phase due to the cavity
detuning. Using the above condition we obtain the meanﬁeld state equation
oX1
¼ j½ð1 þ i/c ÞX1  XI  icCq41 ;
ot

ð13Þ

where
pﬃﬃﬃﬃ j = cT/L is the cavity decay rate, XI  l41 EI =
ð2
h T Þ is the Rabi frequency of the incident ﬁeld,
/c  Rh/T, and C is the cooperation parameter deﬁned
as usual [1]
C¼

x41 l241 N a L
:
2
h0 cT c

ΩΙ

ð14Þ

M1

L

Ω2

M4

M2

Ω1

Ω3

M3

Fig. 3. Schematic diagram of a unidirectional ring cavity having four
mirrors (M1–M4) and atomic sample of length L.

In the steady-state limit [1], we obtain the input–output
relationship
(

2 

2 )
q41
q41
2
2
1 þ C Im
þ /c  C Re
:
jXI j ¼ jX1 j
X1 =c
X1 =c
ð15Þ
Eq. (15) resembles the well-known response of a two-level
atom in a cavity. However, the main diﬀerence here is the
possibility of controlling the susceptibility of the probe
ﬁeld, q41, by acting on the detunings and/or Rabi frequencies of the other two optical ﬁelds. When only one driving
ﬁeld is present (say for example X2), the system behaves as
a K system. However, the addition of a second driving ﬁeld
X3 produces the destruction of the exact two-photon resonance condition. This leads to large nonlinearities and
simultaneously provides additional ﬂexibility to manipulate the bistable response of the probe ﬁeld by controlling
the type of interference (constructive or destructive) or
even most interestingly, inducing a double dark resonance.
We are now in position to compute the transmitted
amplitude |X1| of the probe beam under the inﬂuence of
the control ﬁelds X2 and X3. A remarkable feature of the
tripod-type atomic system is that optical memory and
switching can be achieved without aﬀecting the incident
probe ﬁeld.
4.1. Optical switching in the linear regime
We have shown in the previous section that the presence
of both control ﬁelds leads to two holes in the linear
absorption spectrum of the cavity ﬁeld. A high absorption
peak placed between the two holes emerges as a consequence of constructive interference. However, by turning
oﬀ the control ﬁeld X3, the absorption peak disappears
since the double dark resonance collapses into a single
EIT window (see Fig. 2a). This interesting result could be
used to switch the atomic response from high absorption
to nearly transparency. In order to show this behavior,
we consider a weak cavity ﬁeld (X1  c), that is, a weak
ﬁeld is injected into the cavity (XI = 0.1c). We use the same
parameters as in Fig. 2a, that is, X2 = c, D2 = 0, D3 = c,
and the cavity parameters C = 100, j = 0.1c, and /c = 0.
The driving ﬁeld X3 plays the role of the switching beam,
changing its value from zero (switching beam oﬀ) to
X3 = c (switching beam on) during the whole time evolution. For this purpose, we numerically solve the ﬁeld equation (13) and the matter evolution equation (2). Fig. 4a
shows the time evolution of the cavity ﬁeld X1 with detuning D1 = 0.98c when the control ﬁeld X3 is modulated as a
train of rectangular pulses. When the control beam is oﬀ, a
strong absorption peak occurs (see dashed line in Fig. 2a at
D1 ’ c), then the amplitude of the output ﬁeld is nearly
zero. However, when the control beam is on, the system
becomes transparent since a hole appears at that detuning
value (see dotted line in Fig. 2a). Therefore, a high transmission of the cavity ﬁeld takes place. In order to quantify

a
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Fig. 4. (a) Time evolution of the cavity ﬁeld X1 when the control ﬁeld X3 is
modulated as a train of ‘‘comb’’ pulses. The parameters are X2 = c,
D1 = 0.98c, D2 = 0, D3 = c, C = 100, /c = 0, j = 0.1c, XI = 0.1c. (b)
Contrast of the cavity ﬁeld deﬁned in Eq. (16) versus the probe detuning
D1.
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Another interesting result found in the previous section
is the possibility of controlling the position of the central
high absorption peak by means of changing the amplitude
of the driving ﬁeld X3. We will explore the use of this phenomenon to develop an ultra-sensitive all-optical switching. In this case we consider opposite detunings for both
driving ﬁelds, i.e., D2 = D3, since this conﬁguration will
allow us to obtain analytical results. The simultaneous
interaction of both controlling beams leads to a linear
absorption curve Im(q41) formed by three peaks and two
transparency holes. A right (left) transparency hole at
D1 = D2 (D1 = D3) should be expected which corresponds
to the two-photon resonance condition of the cavity ﬁeld
with the controlling ﬁeld X2 (X3). Therefore, the system
can switch from high absorption to nearly transparency
states by a very small change of one of the controlling
ﬁelds. In order to illustrate the feasibility of this switching,
we analyze the time evolution of the cavity beam X1 at the
center of the spectrum, D1 = 0. In the numerical simulation
we consider a constant value of the controlling beam
X2 = 5c, whereas X3 plays the role of the switching beam,
ðdownÞ
ðupÞ
changing its value between X3
¼ X2 and X3 ¼
X2 þ dX . The optical switching is shown in Fig. 5a, where
the time evolution of the cavity ﬁeld and the controlling
beam are shown. We see in this ﬁgure that the output signal
exhibits a signiﬁcant change, from a very small value
ðdownÞ
ðupÞ
jX1
j ’ 0:0018c to a value equal to jX1 j ’ 0:02c. In
order to quantify the eﬀectiveness of this optical switch
we compare the contrast of the output signal
ðupÞ

C1 ¼

ðdownÞ

jX1 j  jX1
ðupÞ
jX1 j

þ

j

ðdownÞ
jX1
j

;

ð17Þ

with the contrast of the switching ﬁeld
the eﬀectiveness of this switch we deﬁne the contrast C1 of
the output signal as
C1 
ðonÞ

ðonÞ
jX1 j
ðonÞ
jX1 j
ðoffÞ


þ

ðoffÞ
jX1 j
;
ðoffÞ
jX1 j

ð16Þ

X1 =X1 being the output cavity ﬁeld when the control
ﬁeld is turned on/oﬀ. For the previous case considered in
Fig. 4a, a very high contrast value is obtained
(C1 ’ 0.95). Magnitude C1 has been determined numerically as a function of the probe detuning D1. The result is
plotted in Fig. 4b. Two interesting regions appear at
D1 ’ 0.4c and D1 ’ c, where large contrast values are obtained. We can explain these results by looking at the linear
absorption curves shown in Fig. 2a. In the case of D1 ’ c,
the medium switches from high absorption to transparency
when the control beam is turned on, as can be seen in
Fig. 2a. At the other detuning value, D1 ’ 0.4c, the situation is the opposite: the medium switches from almost
transparency to high absorption. This is the reason because
of what the contrast value C1 is negative at these detuning
values. Note that in the vicinity of null detuning (D1 ’ 0)
and D1 ’ 0.56c, the contrast is almost zero since both
absorption curves (X3 on/oﬀ) take similar values.

ðupÞ

C3 ¼

X3

ðupÞ
X3

ðdownÞ

 X3
þ

ðdownÞ
X3

¼

dX
:
2X2 þ dX

ð18Þ

In the case shown in Fig. 5a, the contrast of the cavity
ﬁeld is close to C1 = 0.84 whereas the corresponding to
the switching ﬁeld is C3 = 0.05, thus revealing that a high
ratio C1/C3 ’ 20 can be obtained in this conﬁguration. In
order to maximize this contrast ratio we analyze C1/C3 as
a function of the switching ﬁeld step dX, i.e., X3 is changing between X2 and X2 + dX. The result is shown in solid
line in Fig. 5b. This plot shows that there exists an optimum value of the switching ﬁeld step which is close to
dX ’ 0.1c. Since we are operating in the linear regime,
we could perform an analytical study of the phenomenon.
In the linear regime, the system of Eq. (2) may be linearized by assuming that, for a weak cavity ﬁeld, q11 remains
essentially constant and nearly equal to unity, thus
q22 ’ q33 ’ q44 ’ 0, while the only evolving quantities
are coherences q41, q21, and q31. Thus, keeping terms to
ﬁrst order in the probe cavity ﬁeld X1, and neglecting
the inter-sublevel decay C31 ’ 0, the steady-state solution
of Eq. (2) is easily obtained, and the linear susceptibility
of the probe transition is given by

152

M.A. Antón et al. / Optics Communications 268 (2006) 146–154

a

value is very close to the optimum value obtained through
the numerical simulations (see solid line in Fig. 5b). Finally, we can use Eq. (19) to compute the ratio C1/C3. To do
that, we set D1 = 0 and we take into account that dX < c.
After lengthy but straightforward calculations, we obtain
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|Ω1| / γ
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2X32 dX
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Fig. 5. (a) Time evolution of the cavity ﬁeld X1 and the control ﬁeld X3.
The parameters are X2 = 5c, dX = 0.5c, D1 = 0, D2 = 0.25c, D3 = 0.25c,
C = 100, /c = 0, j = 0.1c, XI = 0.1c. (b) Normalized contrast of the cavity
ﬁeld C1/C3 (deﬁned in Eqs. (17) and (18)) versus the switching ﬁeld step
dX. Numerical result (solid line) and analytical result (dotted line).

q41 ’

Eq. (21) is plotted in Fig. 5b (dotted line) showing a good
agreement with the numerical result. Using this simple
expression, we can obtain the optimum value of the switchðoptÞ
ing ﬁeld step, being its value dX ¼ ð3c=2ÞD2 =X2 which
gives a value close to 0.1c, in agreement with the numerical
result. The maximum achievable value for C1/C3 is
C 1 =C 3 ¼ X22 =ð3D2 c=2Þ. The maximum value of C1/C3 obtained through the analytical curve (dotted line in
Fig. 5b) is higher than the value given by the numerical
one (solid line in Fig. 5b). The origin of this discrepancy relies on the fact that in the derivation of the analytical solution of q41, the inter-sublevel decay C31 was neglected. The
presence of this decay produces a non-zero spectral hole
which reduces the transparency of the system and therefore
gives a lower value of the contrast C1 (see solid line in
Fig. 5b).
In summary, the above results clearly demonstrate the
controllability of the optical response by varying the amplitude and/or detuning of the driving ﬁeld X3.
4.2. Optical bistability and multistability
Now, we focus our attention to the case where the input
ﬁeld EI is not in the linear regime. The nonlinear regime

X1 ðD1  D2 ÞðD1  D3 Þ
:
ði3c=2  D1 ÞðD1  D2 ÞðD1  D3 Þ þ ðD1  D2 ÞX23 þ ðD1  D3 ÞX22

The absorption curves obtained through Eq. (19) agree
well with the linear absorption curves plotted in Fig. 2a.
Furthermore, we compute from Eq. (19) the position of
the central peak for the case D2 = D3 (considering a small
switching ﬁeld step dX < c)
D1peak ¼

ðX23  X22 ÞD2
2X2 D2 dX
’ 2
:
2
2
2
D2 þ X2 þ X3 D2 þ 2X22

ð20Þ

Eq. (20) reveals that the central peak shifts as the switching
ﬁeld step dX increases. Furthermore, Eq. (19) allows us to
compute the full-width at half-maximum (FWHM) of the
absorption peak, dD1 ’ 2cD22 =ðD22 þ 2X22 Þ. In order to
switch the atomic response from high absorption at
D1 = 0 to almost transparency, we should produce a displacement of the central peak in the absorption spectrum
at least in the order of its FWHM. Therefore, the minimum
switching ﬁeld step dX which is required to displace significantly the absorption peak is given by dX ’ cD2/X2. This

ð21Þ

ð19Þ

opens a rich scenario for engineering the atom-cavity
dynamics. Note that Eq. (15) is a state equation which
relates the transmitted amplitude |X1| to the incident amplitude |XI| and other parameters such as C, /c, Di
(i = 1, 2, 3), and the amplitudes of the control ﬁelds, X2,
and X3. This equation incorporates contributions from
absorption/dispersion which corresponds to the imaginary/real part of the eﬀective susceptibility. This provides
two diﬀerent mechanism for bistability. In the current
problem, it is rather diﬃcult to have a closed form expression due to the high complexity of the dynamic equations.
Therefore, we resort to obtain numerically the steady-state
solution of density matrix equation (2) and the ﬁeld equation (15).
Fig. 6a displays the bistable behavior of the four-level
atomic system for several values of the control ﬁeld X3.
We have used the parameter values employed in the calculations of the susceptibility in Fig. 2a (X2 = c, D2 = 0 and
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| Ω1| / γ

The atomic polarization is a ratio of polynomials of high
order on the ﬁeld strength, so optical multistability (OM)
can be reached for suitable parameters. This is illustrated
in Fig. 6b where three curves corresponding to diﬀerent
values of the driving ﬁeld (X3 = 0, X3 = 0.5c, and X3 = c)
are plotted. It can be seen that the region of multistability
can be controlled by the intensity value of this driving ﬁeld.

4
Ω3 = 0
Ω3 = γ
Ω3 = 2 γ

153

B
A2

2

4.3. Optical switching and storage in the bistable response
regime

0

2

4

6

8

6

8

ΩI / γ

b

6

|Ω1| / γ

Ω3 = 0
Ω3 = 0.5 γ
Ω3 = γ

4

2

0
0

2

4

ΩI / γ
Fig. 6. Transmitted ﬁeld |X1| versus the incident one XI. (a) OB behavior.
The parameters are X2 = c, D1 = 0.5c, D2 = 0, D3 = c, C = 100, /c = 1.
X3 = 0 (dotted line), X3 = c (dashed line), and X3 = 2c (solid line). The
vertical line shows diﬀerent steady-states (circle points) for the same input
ﬁeld. (b) OM behavior. The parameters are X2 = 2c, D1 = 1.5c, D2 = c,
D3 = 0, C = 100, /c = 1. X3 = 0 (dotted line), X3 = c (dashed line), and
X3 = 2c (solid line).

D3 = c). We choose a probe detuning D1 = 0.5c which is in
the middle of the two dark resonances where the narrow
absorption peak occurs. In the case with X3 = 0, OB occurs
for a very low threshold power (see dotted line in Fig. 6a).
This behavior is not attributable to atomic optical saturation and it can be addressed by considering the dependence
of the non-absorbing hole on the ﬁeld intensity. This fact
has been pointed out in previous works [15,25]. By solving
Eqs. (2) and (13) with diﬀerent initial conditions we have
checked that the steady-state solutions displayed in
Fig. 6a are stable in the regions of positive slope of the
input–output curves. This the usual criterion in most of
the cases of OB.
The four-level system opens new possibilities to manipulate quantum coherences in order to engineer the desired
atomic response. Fig. 6a shows that the threshold and the
width of the bistable region can be manipulated by changing the intensity of the control ﬁeld X3. In our case, it can
be seen that OB appears for a great variety of space parameters, not only the one used to produce Fig. 6a.

In the following, we are going to study the control of OB
hysteresis curve by means of the control ﬁelds. Speciﬁcally,
we will show that storage of optical signals can be achieved
by appropriate shifts of the OB hysteresis curve. This
behavior has been previously found in a four-level N-type
atom by Chang et al. [27]. For this purpose we will use
the OB curves analyzed in Fig. 6a. In the initial state the
control ﬁeld X3 is considered to be ‘‘on’’ with an amplitude
X3 = c, therefore we start with the OB hysteresis curve
shown in dashed line in Fig. 6a. If the control beam is
turned oﬀ, the OB hysteresis curve shifts to the left part of
the input–output graph (lower input ﬁelds), as it is shown
in dotted line in Fig. 6a. On the other hand, if the control
ﬁeld is turned on with an amplitude X3 = 2c, the hysteresis
curve shifts to the right part of the input–output graph
(higher incident ﬁelds), as is shown in solid line in Fig. 6a.
This result means that we can control the transmission
curve by means of the amplitude of the driving ﬁeld X3.
As an example, we consider a constant input cavity ﬁeld
XI = 3.5c, a cavity decay rate j = 0.02c, and the control
pulse sequence shown in Fig. 7. When the control beam
is set to X3 = c, the output ﬁeld stays at the lower branch
with a low power, in particular at state A1 (see Figs. 6a
and 7). Then, as the control beam X3 is turned oﬀ, the system jumps to state B and when the control beam is set to its
initial value X3 = c, the system evolves into the upper
branch at state A2 (see Figs. 6a and 7). This last step leads
to a small deep ‘‘written’’ on the transmitted pulse, thus, we
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Fig. 7. Time evolution of the cavity ﬁeld X1 and the control ﬁeld X3. The
parameters are X2 = c, D1 = 0.5c, D2 = 0, D3 = c, C = 100, /c = 1,
j = 0.02c, XI = 3.5c. The points indicated by the arrows are those
corresponding to the encircled ones displayed in Fig. 6.
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accomplish the storage of information. It is worth noting
that we have got to trigger the system from the lower to
the upper branch without changing the input ﬁeld. The system will remain in this upper branch while the driving ﬁeld
does not change. To return to the lower branch we change
the amplitude of the control beam to X3 = 2c, so the system
jumps to state C. When the control beam returns to the initial value X3 = c, the system goes back to the lower branch
at A1. This controlling pulse sequence leads to optical
switching and storage.
This switching process is diﬀerent from the one considered in the previous section where the memory ability
was not present.
5. Conclusions
We have investigated the atomic linear susceptibility of a
probe ﬁeld on a tripod-type four-level atom, under the
inﬂuence of two control ﬁelds. It is found that the spectral
position of the sharp absorption peak appearing between
the two dark resonances can be modiﬁed by changing the
intensity of one of the control ﬁelds. A remarkable feature
is that this absorption line can be made subnatural so the
sensitivity to lead the system from transparency to absorption can be made very strong. In fact, we have shown that
the atomic response can switch from high absorption to
nearly transparency, by turning on (oﬀ) or slightly varying
one of the control ﬁelds. The system exhibits a high contrast ratio between the output signal and the auxiliary control ﬁeld. The inﬂuence of the Doppler broadening on the
previous results has been analyzed. Not signiﬁcant changes
have been found for values of Doppler width around the
upper decay rate.
It is shown that by adding a second driving ﬁeld to the
usual three-level system, the exact two-photon resonance
condition is destroyed, leading to an additional ﬂexibility
to control the type of interference (constructive or destructive). This originates that optical bistability and multistability can be obtained for a broad range of parameters,
the threshold and width of the bistable region being controlled by changing slightly the intensity of one of the
external ﬁelds, without aﬀecting the input ﬁeld. The controlled shift of the hysteresis curve allows us to obtain
all-optical switching and storage of light signals.
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QE-17 (1981) 380.
[16] W. Harshawardhan, G.S. Agarwal, Phys. Rev. A 53 (1996) 1812.
[17] H. Wang, D.J. Goorskey, W.H. Burkett, M. Xiao, Opt. Lett. 25
(2000) 1732.
[18] H. Wang, D.J. Goorskey, M. Xiao, Phys. Rev. A 65 (2002) 011801.
[19] A. Joshi, A. Brown, H. Wang, M. Xiao, Phys. Rev. A 67 (2003)
041801.
[20] A. Joshi, W. Yang, M. Xiao, Opt. Lett. 15 (2005) 905.
[21] D.A. Cardimona, M.G. Raymer, C.R. Stroud Jr., J. Phys. B: At. Mol.
Phys. 15 (1982) 55.
[22] P. Zhou, S. Swain, Phys. Rev. Lett. 77 (1996) 3995.
[23] G.S. Agarwal, A.K. Patnaik, Phys. Rev. A 63 (2001) 043805.
[24] A. Joshi, W. Yang, M. Xiao, Phys. Lett. A 315 (2003) 203.
[25] M.A. Antón, O.G. Calderón, J. Opt. B: Quantum Semiclass. Opt. 4
(2002) 91.
[26] M.A. Antón, O.G. Calderón, F. Carreño, Phys. Lett. A 311 (2003)
297.
[27] H. Chang, H. Wu, C. Xie, H. Wang, Phys. Rev. Lett. 93 (2004)
213901.
[28] I. Novikova, A.S. Zibrov, D.F. Phillips, A. André, R.L. Walsworth,
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