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A B S T R A C T   

Optical bistability (OB) and optical multistability (OM) as well as optical soliton and all-optical switching have 
been successfully established in a lambda + cascade-type five-level atomic medium under electromagnetically 
induced transparency (EIT) and electromagnetically induced absorption (EIA) regimes. For this configuration, 
three laser fields are required to excite atomic transitions. The probe laser field with two circularly left- and right- 
polarized components excites atoms in a lambda-type configuration. Meanwhile, two coupling laser fields excite 
atoms in a ladder-type configuration. In this way, the above optical phenomena can occur with two frequency 
channels corresponding to the circularly left- and right-polarized light components. By adjusting the strength/ 
direction of the static magnetic field in the presence of the driving field, the EIT and EIA effects can be swapped, 
at the same time, OB and OM effects can also be converted. In the EIT regime, the propagation of the probe pulse 
easily achieves the soliton state, whereas it can be completely extinguished in the EIA regime. This makes it easy 
to create an all-optical switching mechanism. Especially, both components of the probe field (cw) can be 
modulated into a synchronous or asynchronous square pulse according to the modulation of the driving field. The 
results obtained from the investigated model may provide merits of the applications for optical storage and all- 
optical switching for multi-channel optical communications.   

1. Introduction 

Optical solitons and all-optical switches play a crucial role in high- 
speed optical communication networks and optical storage devices 
[1,2]. The theoretical models of optical soliton and optical switches can 
refer to Refs. [3–7]. In recent years, researchers have been actively 
seeking materials that can create optical switching with controllable 
characteristics, high switching speeds, and low-threshold optical soli
tons. Nevertheless, saturation effects are an enormous obstacle to 
achieving these properties in conventional nonlinear materials. To 
overcome this, electromagnetically induced transparency (EIT) has 
emerged as an excellent solution to suppress saturation effects [8]. The 
EIT material possesses not only reduced absorption but also giant 
nonlinearity in the vicinity of atomic resonance frequency [9–12]. As a 
result, a lot of nonlinear optical effects can be observed with very low 
light intensities, even with a single photon [13–15]. Furthermore, the 
variable nonlinearity of EIT materials has also provided a simple method 
to control both the threshold intensity and the width of optical bist
ability (OB) as well as all-optical switching (AOS) by external fields 

[16,17]. Early theoretical and experimental studies of OB were focused 
on simple three-level atomic systems consisting of three-level lambda-, 
V-, and ladder-type structures [18–22]. These studies revealed that the 
threshold intensity and the width of the OB system can be effectively 
controlled by adjusting the intensity and the frequency of the laser 
fields. In particular, thanks to the giant and changeable nonlinearity of 
EIT materials, optical multistability (OM) is also easily achieved with 
three-level and four-level atomic configurations [23–27]. The underly
ing mechanism of OB is fundamental to applications in all-optical 
switches, storage, and optical memory [28,29]. 

In addition to the typical steady-state optical properties above, the 
dynamic optical properties of EIT materials are also exploited to create 
optical solitons with low threshold intensity and variable characteristics 
[30]. On the other hand, the propagation of laser pulses as optical sol
itons in the EIT regime or completely absorbed by the medium in the EIA 
regime is the basis for creating all-optical switching with ultrahigh 
switching speeds [31–36]. Indeed, Schmidt et al. [37] introduced an all- 
optical switching method based on absorption modulation in a three- 
level Λ-type atomic system. Yavuz et al. [38] proposed a technique for 
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complete optical conversion using two-photon absorption in a three- 
level Λ-type atomic system. Antón et al. [39] achieved all-optical 
switching in a five-level N-tripod-type atom. Yang et al. [40] used a 
radio field to control the propagation dynamic and all-optical switching 
in a four-level atomic system. Paspalakis et al. [41] investigated the 
implementation of all-optical modulation in three-level lambda-type 
quantum systems and demonstrated its dependence on the applied laser 
field and atomic parameters. Qi et al. [42] showed that the switching 
action of the probe laser pulse can be realized by adjusting the phase or 
the intensity of the coupling fields in a four-level atomic system [43]. Yu 
et al. [44] presented the pulse propagation and all-optical switching in a 
five-level double-ladder atom medium. Ma et al. [45] created ultrahigh 
efficiency all-optical switching and ultralow threshold energy using a 
PT-symmetric waveguide structure. Most recently, Dong et al. [46–50] 
have presented optical switching based on quantum coherent and 
external magnetic fields. The above studies have shown a close rela
tionship between OB and AOS effects and optical soliton, so a simulta
neous study of these phenomena in EIT materials may prove the merits 
of the applications for modern photonic devices. 

In this work, we realize EIT-based OB and OM effects, optical soliton, 
and all-optical switching in a lambda + cascade-type (Λ + Ξ-type) five- 
level atomic medium by numerically solving coupled Maxwell-Bloch 
equations on a space-time grid. The transition between EIT and EIA 
regimes in this atomic configuration can be achieved by turning the 
parameters of the driving lasers and/or the external magnetic field. Such 
variable optical properties of the medium are used to implement OB and 
OM effects in the steady-state, as well as optical solitons and optical 
switching in the dynamic propagation regime. Another exciting moti
vation in this paper is that two components of opposite circular polari
zation (σ− and σ+) from a linearly-polarized probe beam at different 
frequencies can be switched on or off by a single driving beam. 

2. Model and basic equations 

We consider a Λ + Ξ configuration five-level atomic scheme as 

depicted in Fig. 1. In this configuration, the two lower states, denoted as 
|1〉 and |2〉, represent degenerate Zeeman sublevels corresponding 
respectively to the magnetic quantum numbers mF = 1 and mF = − 1 of a 
ground-state hyperfine level F = 1 [28,44]. The three upper states, 
namely |3〉, |4〉, and |5〉, represent the Zeeman sublevels of different 
excited states. These upper states belong to hyperfine levels where 
electric dipole transitions are permitted [see Fig. 1(b)]. Within this 
setup, the medium is subject to a longitudinal magnetic field B, which 
removes the degeneracy of the ground-state sublevels |1〉 (mF = − 1) and 
|2〉 (mF =+1). The Zeeman shift of the levels |1〉 and |2〉 is given by ΔB =

μBmFgFB/ℏ, where μB and gF are the Bohr magneton and the Landé 
factors and mF = ±1 is the magnetic quantum number of the corre
sponding state. The probe laser field (with the carrier frequency ωp and 
electric field amplitude Ep) includes two circularly left-Ep- and right-Ep+
polarized components, which interact with the transitions |3〉 ↔ |1〉 and 
|3〉 ↔ |2〉, respectively [23,38,45]. The transition |3〉 ↔ |4〉 is coupled by 
the strong control laser field with the carrier frequency ωc and electric 
field amplitude Ec. The transition |4〉 ↔ |5〉 is controlled by the driving 
laser field with the carrier frequency ωd and electric field amplitude Ed. 
All laser fields are oriented parallel to the direction of the static magnetic 
field. The Rabi frequency of laser fields is related to the corresponding 
electric field amplitude as 2Ω−

p = μ31E−
p /ℏ (2Ω+

p = μ32E+
p /ℏ), 2Ωc =

μ43Ec/ℏ and 2Ωd = μ54Ed/ℏ, here, μij denotes the electric-dipole moment 
for the atomic transition between the levels |i〉 and |j〉. We define Δp =

ω31 − ωp − ΔB = ω32 − ωp + ΔB, Δc = ω43 − ωc, and Δd = ω54 − ωd are 
the frequency detunings of the probe, control, and driving fields from 
the corresponding atomic transitions. We denote γij is the decay rate 
between levels |i〉 and |j〉. The relaxation rates of atomic coherence be
tween the ground states |1〉 and |2〉 by collisions are negligible for the 
cold atomic medium, so that they can be omitted. 

Using the electric dipole and the rotating-wave approximations, the 
interaction Hamiltonian of the system can be given by (assuming ℏ = 1) 
[44]: 

Hint =

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

0 0 − Ωp− 0 0
0 2ΔB − Ωp+ − Ωs 0

− Ω*
p− − Ω*

p+ Δp + ΔB − Ωc 0

0 0 − Ω*
c Δ1 − Ωd

0 0 0 − Ω*
d Δ2

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (1)  

where Δ1 = Δp + Δc + ΔB and Δ2 = Δp + Δc + Δd + ΔB. and ΔB is the 
Zeeman shift of the levels |1〉 and |2〉 when the magnetic field is acti
vated, and ΔB is taken to zero for a zero magnetic field. 

To describe the dynamical evolution of the proposed system, the 
density matrix approach is employed via Liouville equation: 

∂ρ
∂t

= − i[Hint, ρ] +Λρ, (2)  

where the term Λρ represents the decay part in the atom, with Λ is the 
Liouvillian operator acting on the density matrix ρ. Using Eqs. (1) and 
(2), the density matrix equations of motion are written as: 

ρ̇11 = γ31ρ33 + γ51ρ55 − iΩp− ρ13 + iΩ*
p− ρ31, (3a)  

ρ̇22 = γ32ρ33 + γ52ρ55 − iΩp+ρ23 + iΩ*
p+ρ32, (3b)  

ρ̇33 = − (γ31 + γ32)ρ33 + γ43ρ44 + iΩp− ρ13 − iΩ*
p− ρ31 + iΩp+ρ23 − iΩ*

p+ρ32

− iΩcρ34 + iΩ*
cρ43,

(3c)  

ρ̇44 = − γ43ρ44 + γ54ρ55 − iΩ*
cρ43 + iΩcρ34 − iΩdρ45 + iΩ*

dρ54, (3d)  

Fig. 1. (a) The Λ+ Ξ-type five-level atomic scheme in the presence of a static 
magnetic field. Under a static magnetic field parallel to the propagation di
rection of the laser fields, the level |1〉 is lowered while the level |2〉 is lifted by 
the same amount ΔB corresponding to the Zeeman shift. The symbols Δp, Δc, 
and Δd are the frequency detunings of the corresponding probe, control, and 
driving beams, respectively. (b) Relevant energy levels of 87Rb atom and ex
citations of the laser fields in the experimental realization. 
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ρ̇55 = − (γ51 + γ52 + γ54)ρ55 + iΩdρ45 − iΩ*
dρ54, (3e)  

ρ̇21 = − 2iΔBρ21 − iΩp− ρ23 + iΩ*
p+ρ31, (3f)  

ρ̇31 = −
(

i
(
Δp +ΔB

)
+

γ31 + γ32

2

)
ρ31 − iΩp− (ρ33 − ρ11)+ iΩp+ρ21 + iΩ*

cρ41,

(3g)  

ρ̇41 = −
(

iΔ1 +
γ43

2

)
ρ41 − iΩp− ρ43 + iΩcρ31 + iΩ*

dρ51, (3h)  

ρ̇51 = −
(

iΔ2 +
γ51 + γ52 + γ54

2

)
ρ51 − iΩp− ρ53 + iΩdρ41, (3i)  

ρ̇32 = −
(

i
(
Δp − ΔB

)
+

γ31 + γ32

2

)
ρ32 − iΩp+(ρ33 − ρ22)+ iΩp− ρ12 + iΩ*

cρ42,

(3k)  

ρ̇42 = −
(

i
(
Δp +Δc − ΔB

)
+

γ43

2

)
ρ42 − iΩp+ρ43 + iΩcρ32 + iΩ*

dρ52, (3l)  

ρ̇52 = −
(

i
(
Δp − ΔB +Δc +Δd

)
+

γ51 + γ52 + γ54

2

)
ρ52 − iΩp+ρ53 + iΩdρ42,

(3m)  

ρ̇43 = −
(

iΔc+
γ31+γ32+γ43

2

)
ρ43 − iΩc(ρ44 − ρ33)− iΩ*

p− ρ41 − iΩ*
p+ρ42+iΩ*

dρ53,

(3n)  

ρ̇53 = −
(

i(Δc +Δd)+
γ31 + γ32 + γ51 + γ52 + γ54

2

)
ρ53 − iΩ*

p− ρ51 − iΩ*
p+ρ52

− iΩcρ54 + iΩdρ43,

(3o)  

ρ̇54 = −
(

iΔd +
γ51 + γ52 + γ54 + γ43

2

)
ρ54 − iΩ*

cρ53 − iΩd(ρ55 − ρ44), (3p)  

where, ρ11 + ρ22 + ρ33 + ρ44 + ρ55 = 1 and ρij = ρ*
ji, and γij is the decay 

rate between levels |i〉 and |j〉, respectively. 

3. Results and discussion 

In the investigations below, we apply the Λ + Ξ-type five-level 
scheme to the 87Rb cold atom on the 5S1/2 − 5P1/2 − 5D3/2 − nP3/2 
(n > 10) transitions. The detailed coupling diagram is found in Fig. 1(a), 
corresponding to the states [44,51]: |1〉 = |5S1/2, F = 1, mF = − 1〉, |2〉 =
|5S1/2, F = 1, mF = +1, |3〉 = |5P1/2, F = 1, mF = 0〉, |4〉 = |5D3/2, F = 2, 
mF = − 1〉, |5〉 = |nP3/2, F = 0, mF = 0〉, respectively. The atomic pa
rameters are selected as: γ31 = γ32 = 2π × 5.3 MHz, γ43 ≃ 2π × 0.67 MHz, 
γ51 = γ52 = γ54 ≃ 2π × 0.09 MHz, N = 4.5 × 1017 atoms/m3, μ31 = 1.6 ×
10− 29C.m, gF = − 1/2 and μB = 9.27401 × 10− 24 JT− 1. Here, the Zeeman 
shift ΔB is taken in terms of decay rate γ31, so the strength of the mag
netic field B is in terms of the unit of the combined constant γc = ℏγ31/(μB 
gF). For simplicity in numerical simulation, the quantities in frequency 
units can be normalized by γ = γ31. 

Fig. 2. The absorption and dispersion coefficients versus the probe detuning at the B = 0 when the driving field is turned off Ωd = 0 or on Ωd = 3γ [panels (a) and 
(b)]. The absorption coefficient of two circularly polarized components versus the probe detuning at the B = 3γc when the driving field is turned off Ωd = 0 [panel (c)] 
and turned on Ωd = 3γ [panel (d)]. The other parameters are given by Ωp = 0.01γ, Ωc = 3γ, and Δc = Δd = 0, respectively. 
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3.1. Variable absorption and dispersion properties 

To start with, we analytically solve the density matrix equations in 
steady-state to find the solutions of ρ31 and ρ32 corresponding to the 
atomic response for the probe polarization components. For the initial 
condition, we assume that all atoms are in the ground states |1〉 and |2〉
with the same populations, namely ρ11 = ρ22 = 1/2 while ρ33 = ρ44 = ρ55 
= 0 [28,44]. Under the weak-probe field approximation, the analytical 
expressions of the coherences ρ31 and ρ32 are obtained as: 

ρ31, 32 =
iΩp− ,+

2

(
bc + |Ωd|

2

abc + c|Ωc|
2
+ a|Ωd|

2

)

, (4)  

where a = i
(
Δp ± ΔB

)
+

γ31+γ32
2 , b = i

(
Δp + Δc ± ΔB

)
+

γ43
2 , c = i

(
Δp +

Δc + Δd ± ΔB
)
+

γ51+γ52+γ54
2 ; the negative or positive sign before ΔB in the 

expressions of a, b, and c corresponds to ρ31 or ρ32. 
In Fig. 2, we analyze the influence of the driving and the external 

magnetic fields on the absorption and dispersion properties of the 
atomic medium for the probe field in the steady-state. We can observe 
that in the simultaneous absence of a magnetic field and driving field, 
only one EIT window appears at position Δp = 0 that created by the 
control field. However, in the presence of the driving field (and without 
magnetic field), the two EIT windows appear symmetrically over Δp =

0 on the probe absorption profile so that the atomic medium represents 
maximum absorption in the resonant region and transparency in the 
resonant neighborhood regions [see Fig. 2(a)]. At the same time, the 
dispersion curve is also converted between anomalous and normal dis
persions with enhanced amplitude [see Fig. 2(b)]. On the other hand, 
when the magnetic field is activated with B = 3γc, which corresponds to 
ΔB = 3γ (and without driving field), the entire absorption profile is 
shifted to the left for the left-circularly polarized probe beam or to the 
right for the right-circularly polarized probe beam, by the same amount 
of Δp = ΔB = 3γ as shown in Fig. 2(c). This means that the position of the 
EIT window is also shifted by the same amount Δp = 3γ, so the resonant 
frequency region represents maximum absorption. Fig. 2(d) depicts the 
probe absorption spectrum in the simultaneous presence of magnetic 
field and driving field. In this case (for B = 3γc), the two EIT windows 
appear symmetrically over Δp = − 3γ for the left-circularly polarized 
component or Δp = +3γ for the right-circularly polarized component so 

that at these positions the absorption is maximum. This, once again, 
switches the maximum absorption regime to the transparency regime in 
the resonant region. Thus, by turning the driving field and/or the 
magnetic field ON or OFF, the atomic medium is also switched between 
EIA and EIT regimes. 

To deeper understand the dependence of probe absorption on the 
driving field and the magnetic field, we plotted Im(ρ31, ρ32) versus the 
driving field intensity Ωd at different values of the magnetic field, as 
depicted in Fig. 3. For the case when B = 0 [blue dashed line], we can see 
that the probe absorption coefficient increases rapidly from zero to a 
maximum value as the driving field intensity rises from Ωd = 0 to Ωd =

3γ; afterward, the probe absorption reaches a steady-state value as the 
intensity of the driving field continues to increase. In contrast, when B =
±3γc [red solid line], the probe absorption coefficient decreases from a 
maximum value to zero as the driving field intensity rises from Ωd = 0 to 
Ωd = 3γ; and then, it gradually rises to a value greater than zero and 
eventually approaches a small steady-state value. Such variable ab
sorption and dispersion properties are the physical basis for OB-OM 
formation and all-optical switching, which will be studied below. 

3.2. Controllable optical bistability and multistability 

Now, we consider the behavior of optical bistability and multi
stability in the Λ + Ξ-type five-level atomic system, where the sample 
containing N atoms is placed into a unidirectional ring cavity, as rep
resented in Fig. 4. In this configuration, mirrors M3 and M4 are assumed 
to have perfect reflectivity, while the reflection and transmission co
efficients of mirrors M1 and M2 are R and T (with T = 1 - R), respectively. 
Furthermore, here only the probe field Ep is propagated through the 
cavity whereas the coupling fields Ec and Ed are not, so the total elec
tromagnetic field follows the equation: E = Epe− iωpt + Ece− iωc t +

Ede− iωdt + c.c., . Under the slowly varying envelope approximation, the 
probe field propagation is given by: 

∂Ep

∂t
+ c

∂Ep

∂z
= i

ωp

2ε0
P
(
ωp
)
. (5)  

where c and ε0 are the light speed and permittivity in free space, 
respectively, P

(
ωp
)

is induced polarization in transitions |3〉↔ |1〉 and 
|3〉↔ |2〉: 

P
(
ωp
)
= Nμ(ρ31, ρ32). (6)  

here we assume μ31 = μ32 = μ. From Eqs. (5) and (6), we have: 

∂Ep

∂z
= i

Nμωp

2cε0
(ρ31, ρ32). (7) 

Fig. 3. (a) Graph of the absorption coefficients Im(ρ31, ρ32) versus the driving 
field Ωd at Δp = 0, when magnetic field off B = 0 (blue dashed line) and B =
±3γc (red solid line). The other parameters are given by Ωp = 0.01γ, Ωc = 3γ, 
and Δc = Δd = 0, respectively. (For interpretation of the references to color in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. The unidirectional ring cavity containing N atoms in the sample of 
length L, EI

p and ET
p is the incident and transmission fields, respectively. A static 

magnetic field B is applied to the sample in the direction of light propagation. 
Other applied fields, Ec and Ed, are non-circulating in the cavity. The solid (or 
dashed) line corresponds to the right (or left)-circularly polarized beams. The 
reflection (R) and transmission (T) coefficients of mirrors M1 and M2 assumed 
that R + T = 1 and mirrors M3 and M4 have perfect reflectivity. 
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The boundary conditions in the steady-state limit between the input 
field EI

p and the transmitted field EI
p are as [25,28]: 

Ep(0) =
̅̅̅̅
T

√
EI

p +REp(L), Ep(L) = ET
p

/ ̅̅̅̅
T

√
, (8) 

The reflection mechanism of mirror M2 causes the bistability 
behavior, so bistability does not occur if R = 0. We can obtain the input- 

output relationship by employing Eq. (8) and incorporating the mean- 
field limit and boundary conditions [25]. 

y = 2x − iCρ31, (9a)  

y = 2x − iCρ32, (9b)  

where y = μEI
p/ℏ

̅̅̅
T

√
and x = μET

p/ℏ
̅̅̅
T

√
are the normalization of the 

Fig. 5. Graphs output-field versus input field at the different values of the driving field Ωd: ΔB = 0 or B = 0 (a) and ΔB = 3γ or B = 3γc (b). The selected parameters 
are: Ωc = 3γ, C = 200, and Δc = Δd = Δp = 0, respectively. 

Fig. 6. (a) Graphs output-field versus input field at the different values of the magnetic field B. (b) Variation of the probe absorption coefficients Im(ρ31, ρ32) versus 
the magnetic field B. The selected parameters are: Ωc = Ωd = 3γ, C = 200, and Δc = Δd = Δp = 0, respectively. 

Fig. 7. The bistability and multistability behaviors for two left and right polarization components at the Δp = ±ΔB = ±3γ (or B = ±3γc). The selected parameters are: 
Ωc = Ωd = 3γ, C = 200, and Δc = Δd = 0, respectively. 
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fields, and C =
ωpNL|μ|2
2ε0ℏcT is the cooperation parameter. Eqs. (9a) and (9b) 

shows that the coherence terms ρ31 and ρ32 have a significant role in the 
establishment of the OB and OM behavior of the system. So, in the 
following section, we numerical solving of Eqs. (3a) to (3p) in the 
steady-state condition and use Eqs. (9a) and (9b) to obtain the behavior 
of OB and OM through system parameters. 

In Fig. 5 we investigate the influence of the driving field on the 
bistability behavior when the magnetic field is absent or present. The 
selected parameters are: Ωc = 3γ, C = 200, and Δc = Δd = Δp = 0, 
respectively. Here, the coupling field is always on with intensity Ωc = 3γ, 
and investigations take place in the probe resonance frequency region 
Δp = 0. In the case of the magnetic field is absent [Fig. 5(a)], no OB 
occurs when Ωd = 0 (solid line) because the medium represents the EIT 
regime at Δp = 0, so the linear and nonlinear dispersions are zero [see 
Fig. 2(b)]; however, when the driving field is turned on and its intensity 
gradually increases, OB is formed because the appearance of the driving 
field causes the atomic medium to gradually switch from EIT to EIA 
regimes so that the dispersion coefficient is gradually increased, but the 
threshold intensity and the width of OB are also increased in EIA regime 
due to the strong absorption of the medium. Conversely, when the 
magnetic field is applied (with B = 3γc) [Fig. 5(b)], the medium grad
ually changes from EIA to EIT regimes as the driving field intensity in
creases from Ωd = 0 to Ωd = 3γ and thus, the threshold intensity and the 
width of OB also gradually decrease; when the driving field intensity Ωd 
= 3γ, OB also disappears because the medium is in EIT region and 
dispersion is zero; further increases in the driving laser intensity, OB 
occurs again with low threshold intensity because the absorption de
creases as seen in Fig. 3 (solid line). 

Next, we consider the influence of the magnetic field B on the 
behavior of optical bistability at Δp = 0 and Ωd = Ωc = 3γ as displayed in 
Fig. 6(a). This figure shows that no OB occurs at B = 3γc (dashed-dot 
line) because the absorption and dispersion are zero. In addition to this 
value of the magnetic field, OB is formed with different threshold in
tensity and width depending on the absorption of the medium, for 
example, at B = 1γc or B = 4γc the absorption coefficient is greater than 
that at B = 2γc [see Fig. 6(b)], so the threshold intensity and the width of 
OB are also greater respectively. 

In the above cases, our investigations are displayed at the probe 
resonance frequency region, so the optical response of the atomic me
dium for two polarization components (left and right) of the probe field 
is identical. In Fig. 7, we consider the influence of magnetic field B on 
the behavior of OB when the probe detuning is non-zero, whereas other 
parameters are fixed at Ωc = Ωd = 3γ and Δc = Δd = 0. The results in 
Fig. 7 show that optical multistability (OM) can occur for both polari
zation components of the probe field, specifically at Δp = ΔB = ±3γ, OM 
appears for the right circular polarization component (dashed line), 
whereas the left circular polarization component still exhibits OB [see 

Fig. 7(a)]; in contrast, when Δp = − ΔB = ±3γ, OM is generated with the 
left circular polarization component (solid line), while the right circular 
polarization component represents OB [see Fig. 7(b)]. Thus, we can 
switch between OB and OM by either changing the probe light polari
zation (for a given magnetic field) or changing the sign of the magnetic 
field (for a given light polarization). The result is significant because 
multi-channel optical switching devices requiring multiple outputs 
inherit this advantage. The physical nature of these phenomena is 
clearly observable through the probe absorption spectrum in Fig. 2(d), 
specifically at Δp = 3γ and ΔB = 3γ, the probe absorption is enhanced 
corresponding to the right circular polarization component, while the 
left circular polarization component is reduced; the situation is the 
opposite when Δp = − 3γ. In addition, changing the sign of the magnetic 
field also results in a change in absorption (for a given polarization light) 
between the EIT and EIA regimes. Furthermore, the occurrence of op
tical multistability in these cases can be elucidated from the Eqs. (9a) 
and (9b). Notably, the variable (y) in Eqs. (9a) and (9b) does not exhibit 
proportionality to a cubic polynomial in the regions of the investigated 
parameters [25,27]. All these factors are the physical basis for the for
mation of OM and the transition between OB and OM that we observed 
in Fig. 7. 

3.3. Controllable optical soliton and all-optical switching 

To demonstrate and address the practical significance of the analysis 
provided in the previous section, we consider the propagation dynamics 
of the probe laser field in the Λ + Ξ-type five-level scheme under the EIT 
condition by deriving the one-dimensional wave propagation equation 
from the Maxwell wave equations in the slowly varying envelope 
approximation, as follows: 

∂Ωp− (z, t)
∂z

+
1
c

∂Ωp− (z, t)
∂t

= iαρ31(z, t) (10a)  

∂Ωp+(z, t)
∂z

+
1
c

∂Ωp+(z, t)
∂t

= iαρ32(z, t) (10b)  

where α =
ωpN|μ|2
4ε0cℏ is the propagation constant. It is easier to transform the 

density matrix Eqs. (3a) to (3p) and the wave Eqs. (10a) and (10b) in the 
local frame by setting ξ = z and τ = t − z/c, where c is the speed of light 
in the vacuum. In this frame, Eqs. (3a) to (3p) will be the same with the 
substitution t→τand z→ξ, while Eqs. (10a) and (10b) are rewritten as: 

∂Ωp− (ξ, τ)
∂ξ

= iαρ31(ξ, τ) (11a)  

∂Ωp+(ξ, τ)
∂ξ

= iαρ32(ξ, τ) (11b) 

Fig. 8. Space-time evolution of two circularly polarized components of the probe pulse intensity when the driving field is turned on Ωd = 0 (a) and turned off Ωd = 3γ 
(b). The other parameters are given by Ωc = 3γ, Ωp0 = 0.01γ, B = 0, and Δc = Δd = Δp = 0, respectively. 
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Fig. 9. Space-time evolution of two circularly polarized components of the probe pulse intensity at different values of probe detuning: Δp = 0 for [panels (a) and (e)], 
Δp = ∓1γ for [panels (b) and (f)], Δp = ∓2γ for [panels (c) and (g)], Δp = ∓3γ for [panels (d) and (h)]. The other parameters are given by Ωc = Ωd = 3γ, Ωp0 = 0.01γ, 
B = 3γc, and Δc = Δd = 0, respectively. 
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For convenience, we represent the probe Rabi frequency by Ωp- =

Ωp0 f(ξ,τ), Ωp+ = Ωp0 g(ξ,τ), where Ωp0 is a real constant indicating the 
maximum value of the probe Rabi frequency at the entrance of the 
medium ξ = 0, and f(ξ,τ) and g(ξ,τ) are dimensionless spatiotemporal 
pulse-shaped function. Therefore, Eqs. (11a) and (11b) can be rewritten 
as: 

∂f (ξ, τ)
∂(αξ)

= i
ρ31(ξ, τ)

Ωp0
(12a)  

∂g(ξ, τ)
∂(αξ)

= i
ρ32(ξ, τ)

Ωp0
(12b) 

To simulate the propagation dynamics of the probe laser field, we 
numerically solve the coupled Bloch-Maxwell Eqs. (3a) to (3p) and (12a) 
and (12b) on a space-time grid by a combination of the four-order 
Runge-Kutta and finite difference numerical methods with a computer 
code developed from previous works [28,49]. For the initial condition at 
which all atoms are assumed in the ground states |1〉 and |2〉, i.e., ρ11(ξ,τ 
= 0) = ρ22(ξ,τ = 0) = 0.5, and for the boundary condition at which the 
two left- and right-circularly polarized components of the initial probe 

field having a Gaussian-pulse pair shape:f(ξ = 0, τ) = g(ξ = 0, τ) = exp 
[
− (ln2)(τ − 25)2

/τ2
0

]
+ exp

[
− (ln2)(τ − 75)2

/τ2
0

]
, with τo = 6/γ being 

the temporal width of the pulse at the entrance of the medium. 
In Fig. 8, we plot the spatiotemporal evolution of probe field in

tensity at different driving field intensities Ωd = 0 (a) and Ωd = 3γ (b) 
when magnetic field is absent B = 0 and Δp = Δc = Δd = 0. When the 
driving field is turned off (Ωd = 0), the atomic medium is transparent to 
the probe pulse, and thus the probe pulse retains its shape over a long 
distance as an optical soliton (Fig. 8a). When the driving field is turned 
on (Ωd = 3γ), the probe pulse is completely absorbed by the medium, 
even over a very short propagation distance (Fig. 8b). This phenomenon 
is completely consistent with the absorption or transparency behavior of 
the probe beam in Fig. 2(a) discussed above. Again, this demonstrates 
that turning the driving field on or off allows the probe pulse to be 
wholly transmitted or attenuated by the medium. 

In Fig. 9, we plot the spatiotemporal evolution of probe field in
tensity with the left-circularly polarized component (a–d) and right- 
circularly polarized component (e–h) at different values of probe 
detuning when the magnetic field and driving field are applied simul
taneously. At the probe detuning Δp = 0, both circularly polarized 
components propagate without attenuation and have the form of optical 
soliton [see Fig. 9(a) and (e)] when both the magnetic field and the 

driving field are turned on. However, when going outside the center 
frequency (i.e., Δp ∕= 0), the probe field intensity gradually decreases 
with the increase of probe detuning [see Fig. 9(b–c) and (f–g)] and 
almost completely attenuates in short distances when Δp = ∓3γ [see 
Fig. 9(d) and (h)]. These behaviors are also wholly consistent with the 
absorption or transparency properties of the probe beam in Fig. 2(d) 
above. This again demonstrates that by turning the driving field on or 
off, the probe field can be wholly transmitted or entirely attenuated by 
the medium. Thus, if the driving field is modulated to a square pulse 
with amplitude normalized by 0 and 1, then the probe field is also 
modulated accordingly. It will be indicated in Fig. 10 below. 

Finally, in order to inspect the switching of the probe field (left- and 
right-circularly polarized components) in terms of the driving field, we 
assume that the probe field is a continuous wave (cw) and the driving 
field is modulated by a near square pulse of the form: Ωd(τ) =
Ωd0{1–0.5tanh [0.4(τ − 10)] + 0.5tanh[0.4(τ − 35)] − 0.5tanh[0.4(τ −
60)] + 0.5tanh[0.4(τ − 85)]} with an approximate period 50/γ. In 
Fig. 10, we plot the time evolution of the probe laser field at different 
probe detuning positions: Δp = 0 for panel (a) and Δp = ∓3γ for (b) by 
fixing the laser parameters at f(ξ = 0,τ) = g(ξ = 0,τ) = 1, Ωc = Ωd0 = 3γ, 
Ωp0 = 0.01γ, B = 3γc and Δc = Δd = 0. As depicted in Fig. 10, it dem
onstrates that the probe field (continuous wave) has been switched to a 
near square pulse train versus modulation (ON or OFF) of the driving 
field. Specifically, at Δp = 0, the twin probe pulses are switched syn
chronously with the pulse modulation of the driving field [panel (a)]. 
However, at Δp = ∓3γ, the twin probe pulses are switched anti- 
synchronously with the driving pulse [panel (b)]. This behavior can be 
explained by the fact that in the presence or absence of the driving field 
under the magnetic field, the main EIT window (central dip) and the two 
sideband EIT windows (sideband dips) will shift left or right, as shown in 
Fig. 2(c) and (d). As a result, this (Λ + Ξ) five-level atomic system can be 
utilized for achieving dual all-optical switching of the weak probe field 
by modulating the driving field. 

4. Conclusion 

To summarize, we have demonstrated optical bistability, optical 
multistability, optical soliton and dual all-optical switching in a Λ +
Ξ-type five-level EIT medium by utilizing an external magnetic field and 
applied laser fields. The results indicate that adjusting the magnetic field 
strength and driving field can manipulate the threshold and width of the 
optical bistability in different spectral regions of the probe field. More
over, by varying the intensity/sign of the magnetic field in the presence 

Fig. 10. Time evolution of two left-circularly polarized (red solid line) and left-circularly polarized (red dashed line) components of the probe laser field under the 
driving laser modulation (blue solid line) at different probe frequency detuning: Δp = 0 (panel a) and Δp = ∓3γ (panel-b). The other parameters are given by Ωc = Ωd 
= 3γ, Ωp0 = 0.01γ, B = 3γc, and Δc = Δd = 0, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version 
of this article.) 
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of the driving field, it requires almost no effort to switch between optical 
bistability and optical multistability. Notably, we have achieved steady 
propagation of weak twin probe pulses and performed dual all-optical 
switching simultaneously. This proposed model holds the potential to 
enable multi-channel all-optical switching and optical storage, making it 
suitable for various applications in optical communications. 
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