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Abstract
We use electromagnetically induced transparency (EIT) to generate optical switching of 
the probe laser field according to the pulse modulation of the coupling laser field in a three-
level V-type atomic system. When the absence of the coupling laser field, the probe laser 
field is completely absorbed by the atomic medium at the resonant frequency. However, 
the probe laser field becomes transparent when the coupling laser field is present. Thus, 
by turning the coupling laser field ON or OFF, the output signal of the probe laser field is 
also switched from ON to OFF, and vice versa. To describe this optical switching phenom-
enon, we derive a set of Maxwell–Bloch equations for the three-level V-type atomic system 
with laser fields and use a combination of the four-order Runge–Kutta and finite differ-
ence numerical methods to simulate the propagation of the probe and coupling laser pulses 
in the atomic medium. Under the EIT condition, we obtain the optical switching of the 
probe pulse that modulated according to the coupling pulse. The influence of the switch-
ing period as well as the intensity and frequency of the coupling laser field on the optical 
switching of the probe laser field are also studied.
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1  Introduction

All-optical switching is an important element in optical network communications and opti-
cal storage devices (Ishikawa 2008). In recent years, researchers have always desired to find 
materials that can create optical switching with tunable switching characteristics and high 
switching speed. However, it is often difficult to achieve in traditional nonlinear materials 
due to saturation effects. Currently, an excellent solution to suppress saturation effects is to 
use the EIT effect (Boller et al. 1991). The EIT materials not only possess zero absorption 
but also have giant nonlinearity (Wang et al. 2001; Khoa et al. 2014; Bai and Huang 2016). 
Therefore, a lot of nonlinear optical effects can be observed with very low light intensities, 
even with a single photon (Ying et al. 2014; Khoa et al. 2017a; Bang et al. 2019).

With such extraordinary properties of EIT materials, it has been used to help laser 
pulses propagate in the atomic medium without attenuation or distortion (i.e., soliton 
pulses are easily generated) (Eberly 1995; Harris and Luo 1995; Huang et al. 2006; Si et al. 
2010). The first studies of undistorted pulse propagation in the EIT medium of the three-
level lambda atomic system were proposed by Eberly (Eberly 1995) and Harris (Harris and 
Luo 1995). Since then, studies of propagation of soliton-like pulses (Buica and Nakajima 
2014), adiabatic propagation of short pulses (Dong et al. 2016a), dynamical control of light 
pulse propagation (Kasapi et al. 1995; Wan et al. 2010; Kiffner and Dey 2009), propagation 
of ultraslow optical solitons (Arkhipkin and Timofeev 2000), tunable single-photon pulses 
(Eisaman et al. 2005), laser pulse propagation in inhomogeneously broadened three-level 
cascade atomic medium (Khoa et al. 2017b; Dong et al. 2016b), pulse propagation in an 
atomic medium under spontaneously generated coherence, incoherent pumping, and rela-
tive laser phase (Dong et al. 2018) have also been published recently.

Laser pulse propagation as optical solitons in the presence of EIT or it is completely 
absorbed by the medium in the absence of EIT, is the basis for creating all-optical switch-
ing with controllable threshold intensity and switching speed. Indeed, Schmidt et al. (Schmidt 
and Ram 2000) presented an all-optical switching based on absorption modulation in a three-
level system. Brown et al. (Brown and Xiao 2005) demonstrated an all-optical two-port signal 
router-all-optical switch based on an electromagnetically induced absorption grating. Yavuz 
et al. (Yavuz 2006) proposed a full optical conversion technique using two-photon absorption 
of a three-level atomic system. Wei et al. (2010) experimentally observed all-optical switching 
in a cavity QED system consisting of three-level Λ-type atoms and show that the transmission 
of a signal light through the cavity is switched on or off by a control laser. Antón et al. (2008) 
obtained all-optical switching in a five-level N-tripod-type atom. Yu et al. (2009) studied the 
control of propagation dynamics and the optical switching of a four-level atomic medium by 
an external radio field. Paspalakis et al. (2010) investigated the implementation of all-optical 
modulation in three-level Λ-type quantum systems and demonstrated its dependence on the 
applied laser field and atomic parameters. Qi et al. (2011) showed that the switching action of 
the probe laser pulse can be realized by adjusting the phase or intensity of the coupling fields 
in a four-level atomic system (Qi et al. 2013). Li et al. (2013) presented pulse propagation and 
optical switching in a four-level inverted Y atom medium. Most recently, Dong et al. (2019), 
Dong and Bang (2019), Anh et al. (2021), Doai et al. (2018) have presented optical switching 
based on external magnetic fields. However, these proposed models often use two laser fields 
for EIT generation and optical switching of the probe laser field independently. As we known 
that, the basic configurations of EIT are three-level atomic systems consisting of lambda, lad-
der and V-type diagrams which excited by a probe laser field and a coupling laser field (Har-
ris 1997; Wu and Yang 2005). The presence of the coupling field can lead to the transition 
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between absorption and transparency regimes of the atomic medium, and thus the coupling 
field can be used to generate EIT as well as optical switching for the probe field.

In this work, we study EIT-based all-optical switching under pulse regime in a three-level 
V-type scheme by numerically solving Maxwell-Bloch equations on a space–time grid. It is 
easily switch between transparency and absorption regimes of the medium by turning on or 
off the coupling laser so that it is easy to create optical switching for the probe field. The 
advantage of this model is that it only uses the single coupling laser field to generate both the 
EIT and optical switching for the probe laser field. In addition, the influence of the laser para-
merters as well as the switching period on the switching efficiency is also considered.

2 � Theoretical model and basic equations

Let us consider a three-level V-type atomic system excited by two laser fields, as shown in 
Fig. 1. The transition |1 ↔|3 is driven by a strong coupling field (with carrier frequency ωc and 
Rabi frequency Ωc), while the transition |1 ↔|2 is driven by a weak probe field (with carrier 
frequency ωp with Rabi frequency Ωp). The decay rates of the states |2 and |3 are denoted �21 
and �31 , respectively.

Using the semiclassical theory with the dipole and rotating wave approximations, the den-
sity matrix equations of motion for the three-level V-type system in laser fields can be written 
as:

(1)𝜌̇11 = 𝛾21𝜌22 + 𝛾31𝜌33 +
i

2
Ω

c

(
𝜌31 − 𝜌13
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Fig. 1   Schematic model of a 
three-level V-type atom system 
interacting with laser fields
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where Δp = ωp–ω21 and Δc = ωc–ω31 are the frequency detuning of the probe and cou-
pling laser fields, respectively.

3 � Results and discussion

3.1 � Probe absorption behaviors under EIT

The model of three-level V-type atomic system can be applied to the 87Rb atom with the 
designated states chosen as: |1 =|5S1/2, F = 1, |2 =|5P3/2, F’ = 2, |3 =|5P1/2, F’ = 2. The atomic 
parameters are given by: γ21 = 6 MHz, γ31 = γ21, λp = 780 nm, λc = 795 nm. For simplicity, 
all quantities related to the frequency are scaled by γ21.

Firstly, we discuss the influence of the coupling field on the absorption and dispersion 
properties of the medium for the probe field by numerically solving the density matrix 
Eqs. (1)–(7) in the steady regime. At the result, we obtain the density matrix solution �21 
which is related to the linear susceptibility of the medium by the following relation:

where N is the density of atoms, d21 is the dipole moment between the states |1 and |2, ε0 
is the free space permittivity. The imaginary Im(χ) and real Re(χ) parts of the linear sus-
ceptibility represent the absorption and dispersion coefficients of the atomic medium for 
the probe field, respectively. In Fig. 2, we have plotted the absorption Im(χ) and dispersion 
Re(χ)versus the frequency detuning of the probe laser at different values of the coupling 
laser intensity: Ωc = 0 (a), Ωc = 2γ21 (b), Ωc = 5γ21 (c) and Ωc = 10γ21 (d).

From the solid line in Fig. 2, we see that when the coupling laser beam is turned off 
(Ωc = 0), the probe laser beam is completely absorbed by the medium in the resonance 
region (see Fig. 2a). However, when the coupling laser beam is turned on, a hole appears 
on the absorption profile of the probe laser beam (called the EIT window) (see Fig. 2b). 
By gradually increasing the intensity of laser coupling, the depth and width of the EIT 
window are also increased (see Fig. 2b, c). However, when the coupling laser intensity is 
large enough, the depth of the EIT window is achieved to the maximum, so the continuous 
increase of the coupling laser intensity only increases the EIT window width (see Fig. 2c, 
d). Thus, by turning the coupling laser beam on or off, the probe laser beam can be com-
pletely transmitted or completely absorbed by the atomic medium. This is the fundamental 
principle for creating optical switching in dynamic pulse propagation mode. On the other 
hand, when EIT is established, the dispersion is also changed from anomalous dispersion 
(Fig. 2a) to normal dispersion (Fig. 2b). At the same time, when the depth and width of 
the EIT window are large enough (as in Fig. 2d), the dispersion curve also becomes zero 
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dispersion at the center of the EIT window. This makes it possible for the light pulse propa-
gation in the EIT window region to be undistorted (i.e., it retains a soliton pulse shape 
when leaving the medium) (Khoa et al. 2017b).

3.2 � All optical switching

Next, we consider the propagation dynamics of probe laser field in the three-level V-type 
atomic medium under the EIT condition by deriving the one-dimensional wave propaga-
tion equation from the Maxwell wave equations in the slowly varying envelope approxima-
tion, as follows:

where � =
�pN|d21|2

4�0cℏ
 is the propagation constant. It is easier to transform the density matrix 

Eqs. (1)–(7) and the wave Eq. (9) in the local frame by setting � = z and � = t − z∕c , where 
c is the speed of light in the vacuum. In this frame, Eqs. (1)–(7) will be the same with the 
substitution t → � and z → � , while Eq. (9) are rewritten as:

(9)
�Ωp(z, t)

�z
+

1

c

�Ωp(z, t)

�t
= i��21(z, t)

Fig. 2   Graphs of the absorption (solid line) and dispersion (dashed line) coefficients versus the probe detun-
ing at different coupling laser intensities: a Ωc = 0, b Ωc = 2γ21, c Ωc = 5γ21, and d Ωc = 10γ21. The other 
parameters are given by Ωp = 0.2γ21 and Δc = 0
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For convenience, we represent the probe Rabi frequency by Ωp(�, �) = Ωp0f (�, �) 
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) is a dimensionless spatiotemporal 
pulse-shaped function. Therefore, Eq. (10) can be rewritten as:

In order to simulate the propagation dynamics of probe laser field we numerically 
solve the coupled Bloch-Maxwell Eqs.  (1)–(7), and (11) on a space–time grid by a 
combination of the four-order Runge–Kutta and finite difference mumerical methods 
with a computer code is developed from previous works (Dong et al. 2019; Dong and 
Bang 2019; Anh et al. 2021). For the initial condition at which all atoms are assumed 
in the ground state |1〉 [i.e., ρ11(ξ,τ = 0) = 1, ρ22(ξ, τ = 0) = 0, ρ33(ξ, τ = 0) = 0, and ρij(ξ, 
τ = 0) = 0 for i ≠ j (i, j = 1, 2,3)], and for the boundary condition at which the initial 
probe field having a Gaussian-type shape f (� = 0, �) = exp[−(ln2)(� − 30)2∕�2

0
], with 

�o = 6∕�21 being the temporal width of the pulse at the entrance of the medium.
In Fig.  3, we have plotted spatiotemporal evolution of probe field intensity at dif-

ferent coupling field intensities Ωc = 0 (a) and Ωc = 10γ21 (b) with Δc = Δp = 0. When 
the coupling field is turned off (Ωc = 0), the probe pulse is completely absorbed by the 
medium, even over a very short propagation distance (Fig. 3a). When the coupling field 
is turned on (Ωc = 10γ21), the atomic medium is transparent to the probe pulse, and thus 
the probe pulse retains its shape over a long distance (Fig.  3b). This phenomenon is 
completely consistent with the absorption or transparency behavior of the probe beam 
in Fig.  2 above. This again demonstrates that by turning the coupling field on or off, 
the probe field can be completely transmitted or completely attenuated by the medium. 
Thus, if the coupling field is modulated to a square pulse with amplitude normalized by 
0 and 1, then the probe field is also modulated accordingly. This will be demonstrated in 
Figs. 4, 5, 6 below.

In order to see the switching of the probe field in terms of the coupling field, we 
assume that probe field is a continuous wave (cw) and the coupling field is modulated 
by a near square pulse of the form:

(10)
�Ωp(�, �)

��
= i��21(�, �)

(11)
�f (�, �)

�(��)
= i

�21(�, �)

Ωp0

Fig. 3   Space–time evolution of the probe pulse intensity when the coupling field is turned off at Ωc = 0 (a) 
and turned on at Ωc = 10γ21 (b). The other parameters are given by Ωp0 = 0.2γ21 and Δp = Δc = 0
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with αi = 2.0 or 0.4 (i = 1, 2) representing the switching period is 5/γ21 or 50/γ21, 
respectively.

In Fig. 4, we investigate the influence of the coupling intensity Ωc0 on the probe switch-
ing by fixing the laser parameters at f (� = 0, �) = 1, Ωp0 = 0.2�21 , Δp = Δc = 0 and period 
as 50/γ21, and plotting the time evolution of the probe laser field for different coupling 

(12)
Ω(i)

c
(�) = Ωc0

{
1 − 0.5

[
tanh(�i� − 4) − tanh(�i� − 14) + tanh(�i� − 24) − tanh(�i� − 34)

]}

Fig. 4   Time evolution of the probe laser field (solid line) under the coupling laser modulation (dashed line) 
at different coupling laser intensities: Ωc0 = 5γ21 (a, b), Ωc0 = 10γ21 (c, d), Ωc0 = 15γ21 (e, f), and Ωc0 = 20γ21 
(g, h). The other parameters are given by Ωp0 = 0.2γ21, Δp = Δc = 0 and period as 50/γ21

Fig. 5   Time evolution of the probe laser field (solid line) under the coupling laser modulation (dashed 
line) at different switching periods: 50/γ21 (a, b) and 5/γ21 (c, d). The other parameters are Ωp0 = 0.2γ21, 
Ωc0 = 10γ21 and Δp = Δc = 0
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laser field intensities: Ωc0 = 5γ21 (a–b), Ωc0 = 10γ21 (c–d), Ωc0 = 15γ21 (e–f), and Ωc0 = 20γ21 
(g-h). It demonstrates that the probe field (continuous wave) is synchronously switched 
to a square pulse versus modulation of the coupling field. The switching efficiency may 
be defined as � =

(
Ion − Ioff

)
Iin , here Iin is the incident light intensity, Ion is the transmit-

ted intensity when the switch is closed (turn on), and Ioff is the transmitted intensity when 
the switch is open (turn off). For perfect switching, η = 1 (Ion = Iin and Ioff = 0). As shown 
in Fig.  4, we see that the coupling laser intensity has no effect on the switching period 
(switching time) but it significantly affects the switching efficiency. Indeed, the coupling 
laser intensity is small (Fig. 4a), the switching efficiency is also low (about 80%), which 
means about 20% of the probe field is absorbed by the medium. However, as the coupling 
field intensity increases, the switching efficiency of the probe field increases significantly 
and reaches 100% (Fig.  4g). At the same time, the oscillations on the front edge of the 
probe pulse are also significantly reduced, i.e., the probe pulse becomes more stable as the 
coupling intensity increases. These phenomena can be explained based on Fig. 2 that when 
the coupling intensity increases, the depth and width of the EIT window also increase.

In Fig. 5, we consider the influence of the switching period on the probe switching by 
fixing the laser parameters at f (� = 0, �) = 1, Ωp0 = 0.2�21, Δp = Δc = 0 and Ωc0 = 10γ21, 
and plotting the time evolution of the probe laser field for different switching periods: 
switching period = 50/γ21 (a–b) and switching period = 5/γ21 (c–d). As shown in Fig. 5, with 
switching period is 50/γ21, the probe field (cw) is switched to a nearly square pulse shape. 
However, as the switching period decreases from 50/γ21 to 5/γ21, the front-edge oscillations 
increase significantly (Fig. 5c) and disturb the nearly square shape of the switching probe 
pulse. This physical phenomenon can be explained as follows: when the pulse period is 
small, the pulse width (in frequency units) is large, therefore the probe pulse may not be 
completely in the spectral region of the EIT window so that the probe pulse may be broken 
due to absorption or anomalous dispersion. When the pulse period is large enough, the 
pulse width is smaller, and therefore the probe pulse can be completely inside the transpar-
ent spectral region. Moreover, the medium needs a delay time for the EIT formation when 
the coupling field on and off switch. This delay time is the main factor that generates the 
probe-transmitted spectrum oscillation.

Finally, in Fig. 6, we investigate the influence of the coupling frequency detuning on 
the probe switching by fixing the laser parameters at f (� = 0, �) = 1,Ωp0 = 0.2�21 , Δp = 0 , 
Ωc0 = 10γ21 and period as 50/γ21, and plotting the time evolution of the probe laser field 

Fig. 6   Time evolution of the probe laser field (solid line) under the coupling laser modulation (dashed line) 
at different coupling frequency detuning: Δc = 5γ21 (a, b) and Δc = 10γ21 (c, d). The other parameters are 
given by Ωp0 = 0.2γ21, Ωc0 = 5γ21, Δp = 0 and period as 50/γ21
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for different coupling frequency detuning: Δc = 5γ21 (a–b) and Δc = 10γ21 (c–d). The figure 
shows that as the coupling frequency detuning increases, the EIT window is also gradually 
moved away from the resonance region, so the probe laser pulse is absorbed more strongly 
(at resonant frequency). This reduces the probe switching efficiency significantly as inllus-
trated in Fig. 6c.

4 � Conclusion

All-optical switching was performed in a three-level V-type atomic medium under EIT 
condition. In this model, we have used the coupling laser field to create both the EIT and 
optical switching for the probe laser field. Accordingly, the continuous-wave probe laser 
field is modulated by the coupling laser field into a near-square pulse. The influences of 
the coupling intensity and frequency as well as the switching period on the switching 
behavior of the probe field were also studied. It is proved that as the coupling intensity 
increases, the depth and width of the EIT window increase, so the switching efficiency is 
also increased and the switching pulse becomes more stable. As the coupling frequency 
detuning increases, the EIT window is moved away from the resonance frequency, so the 
probe field is strongly absorbed and the switching efficiency is also reduced. The switch-
ing efficiency also decreases with the reduction of the switching period. The model may be 
helpful for experimental observation and applications in optical devices.
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