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Abstract. Controllable all-optical switching by relative phase and spontaneously generated coherence in a
three-level Λ-type atomic system is our aim in this study. We have generated a near-square probe pulse
train with a similar modulation period through periodic modulation of the relative phase or coupling field
intensity. Results show that the spontaneously generated coherence and phase range have a strong influ-
ence on the efficiency and shape of the switching pulse. Furthermore, the phase switching performance
is enhanced as spontaneously generated coherence increases with incoherent pumping. In addition, syn-
chronous or asynchronous switching of the probe pulse is observed in different phase domains (0–π or
π–2π). The studied scheme may be helpful for use in the design of optical switching devices in optical
communications.

1 Introduction

All-optical switching (AOS) is a very important ele-
ment in optical communication systems, optical data
processing and quantum computers [1]. However, the
basic research on optical switching has not yet met
the requirements for practical devices that require low
switching power, high switching speed and low signal
loss. In the past several decades, the discovery of elec-
tromagnetically induced transparency (EIT) [2, 3] has
yielded atomic materials with giant nonlinearities and
very small absorption in the resonance domain [4, 5]. As
a result, EIT materials have created a number of break-
through applications in quantum and nonlinear optics,
such as slow light [6], optical storage devices [7], optical
bistability [8], lasing without inversion [9], Kerr nonlin-
earity [10, 11] and quantum logic gates [12]. In particu-
lar, EIT materials can also alter the dynamic processes
of light pulse propagation and create optical solitons
[13–21], which is the key basis for creating AOS with
low threshold intensity and super-high switching speed.
For example, a number of typical studies on AOS based
on EIT have been published recently [22–29]. These pre-
cursor studies have shown that the switching speed and
efficiency of the probe light can be changed by adjusting
the intensity or frequency of the coupling laser.

Besides the dependence of the EIT on the inten-
sity and frequency of the coupling laser, the phase
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and polarization of the light fields have a significant
influence on the EIT. In particular, the combination of
polarization with non-orthogonality of electric dipole
moments can produce spontaneously generated coher-
ence (SGC) [30]. Under EIT conditions, the atomic
optical properties also become extremely sensitive to
the changes in the SGC and the relative phase of the
laser fields. Therefore, the study also investigated the
influence of the SGC and the relative phase on the las-
ing without population inversion (LWI) [31], dispersion
and absorption properties [32–36], light group velocity
[37, 38], Kerr nonlinearity [39, 40], optical bistability
and optical switching at low light levels [41, 42] in the
steady-state domain.

Up to now, studies on the optical properties of a
medium under the influence of SGC and the relative
phase have been conducted mainly in the steady-state
regime [30–42]. However, such studies are still limited
to the dynamics of the pulse propagation process that
plays an essential role in optical communication and
optical switching [22–29, 43, 44]. To provide a more in-
depth understanding in this direction, we propose the
use of a three-level Λ-type atomic model to investigate
AOS under the influence of the SGC and the relative
phase. The results are obtained by numerically solving
the coupled Maxwell-Bloch equations on the spatiotem-
poral grid and show that the output status of the probe
field can be switched on or off by modulating the rela-
tive phase and the coupling field.
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Fig. 1 a The three-level atomic model under the interac-
tion of two laser fields has nearly equidistant lower levels.
b The scheme of the polarization vector and the correspond-
ing laser field is established such that each laser affects only
one transition

2 Model and basic equations

The system under consideration consists of two laser
fields interacting with a three-level Λ-type atomic
medium as depicted in Fig. 1a. A weak probe laser
field with carrier frequency ωp and Rabi frequency
Ω1 = μ21Ep/� is applied to the transition |1〉 to |2〉,
while the transition |2〉 to |3〉 is facilitated by a strong
coupling laser field with carrier frequency ωc and Rabi
frequency Ω2 = μ23Ec/�. Here, μij denotes the dipole
moment for the transition |i〉−|j 〉, and Ep and E c are
the amplitude of the probe and coupling laser fields,
respectively. Incoherent pumping is put into the sys-
tem with a pump rate of 2R between levels |1〉 and |2〉.
The orientation of the electric dipole moments Eμ21 and
Eμ23 are shown in Fig. 1b when these dipole moments
are not orthogonal to each other, which is necessary for
the existence of the SGC effect. Here, each field affects
only one transition; therefore, we can choose the strong
coupling field as right-hand-polarized (σ+), while the
weak probe field is left-hand-polarized (σ−).

Using the rotating-wave and the electric dipole
approximations, the Hamiltonian of the system in the
interaction picture can be written as follows (with units
of � = 1) [32, 43]:

(1)

Hint = −Δp |2〉 〈2 | + (Δp − Δc) |3〉 〈3 |
− (Ω1 |2〉 〈1 | + Ω1 |2〉 〈3 | + H.c) ,

Using the Liouville equation and the Weis-
skopf–Wigner theory of spontaneous emission, we
obtain the density matrix equations as follows [21, 32]:

ρ̇11 = iΩ1(ρ21 − ρ12) + 2γ21ρ22
+ 2γ31(ρ33 − ρ11) − 2Rρ11, (2a)

(2b)

ρ̇22 = iΩ1 (ρ12 − ρ21) + iΩ2 (ρ32 − ρ23)

− 2 (γ21 + γ23) ρ22 + 2Rρ11,

ρ̇33 = iΩ2(ρ23 − ρ32) + 2γ23ρ22 + 2γ31(ρ11 − ρ33),
(2c)

(2d)

ρ̇21 = −(R − iΔc + γ21 + γ23)ρ21
+ iΩ1(ρ11 − ρ22) + iΩ2ρ31,

(2e)

ρ̇31 = − (R + i (Δp − Δc) + γ31) ρ31 − iΩ1ρ32

+ iΩ2ρ21 − 2η
√

γ21γ23 cos θρ22,
ρ̇23 = − (iΔc + γ21 + γ23) ρ23 + iΩ1ρ32 − iΩ2(ρ22 − ρ33),

(2f)

where the matrix elements ρij = ρ∗
ij (with i �= j )

and normalized condition ρ11 + ρ22 + ρ33 = 1, respec-
tively; Δp = ω21−ωp , and Δc = ω23−ωc indicate
atom–field detunings of the probe and the coupling
field, respectively. Here, γ21 and γ23 are the sponta-
neous decay rates from level |2〉 to levels |1〉 and |3〉,
respectively; γ31 is the relaxation decay rate between
two lower states, which is small and often ignored
in the lambda configuration. However, in the gen-
eral case, γ31 has been included in our model [43].
The term 2η

√
γ21γ23cosθ represents the result of cross-

coupling between the spontaneous emissions channels
|2〉 ↔|1〉 and |2〉 ↔|3〉, i.e., the SGC effect. The inter-
ference parameter p denotes the alignment of the two
dipole moments, defined as p = Eμ21.Eμ23/|Eμ21||Eμ23| =
cos θ (with θ being the angle between the two dipole
moments), and it represents the strength of the inter-
ference between spontaneous emissions. Therefore, the
interference is greatest for the parallel dipole moments,
while for the perpendicular dipole moments, there is no
such interference. If η = 1, the SGC has to be taken
into account, and the strength of SGC will vary ver-
sus θ; otherwise, η = 0, and the effect of SGC van-
ishes. Because of the existence of the SGC effect, i.e.,
of 2η

√
γ21γ23 cos θρ22, the properties of the atomic sys-

tem depend not only on the amplitudes and detunings
of the applied fields but also on their phases. Conse-
quently, Rabi frequencies must be regarded as com-
plex parameters. Hence, if the notations ϕp and ϕc are
the phases of the probe field and the coupling field,
respectively, and φ = ϕp − ϕc is the phase difference
between the probe field and coupling field, then Ω1

and Ω2 can be written as Ω1 = Ωp exp(−iϕp) and
Ω2 = Ωc exp(−iϕc), respectively, where Ωp and Ωc are
real. Redefining atomic variables in Eq. (2) as ρii = ρii

ρ̃21 = ρ21e
iϕp , ρ̃23 = ρ23e

iϕc , and ρ̃31 = ρ31e
iφ, we

obtain the equations of motion for the redefined den-
sity matrix elements ρ̃ii, which are found to be identi-
cal to Eq. (2) except that η, Ω1 and Ω2 are replaced by
ηφ = ηeiφ, Ωp and Ωc , respectively. With the notations
ρij being reused instead of writing ρ̃ij , the system of
equations (2) becomes:

(3a)

ρ̇11 = iΩp (ρ21 − ρ12) + 2γ21ρ22
+ 2γ31 (ρ33 − ρ11) − 2Rρ11,

(3b)

ρ̇22 = iΩp (ρ12 − ρ21) + iΩc (ρ32 − ρ23)

− 2 (γ21 + γ23) ρ22 + 2Rρ11,

ρ̇33 = iΩc (ρ23 − ρ32) + 2γ23ρ22 + 2γ31 (ρ11 − ρ33) ,

(3c)

(3d)

ρ̇21 = −(R − iΔc + γ21 + γ23)ρ21
+ iΩp(ρ11 − ρ22) + iΩcρ31,
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Fig. 2 Spatiotemporal evolution of the probe pulse intensity when the coupling field is turned on (a) and turned off (b).
Other parameters are Ωp0 = 0.1γ21, Ωc = 5γ21, Δp = Δc = 0, p = 0, R = 0, φ = 0, and γ23 = γ21, respectively

(3e)

ρ̇31 = − (R + i (Δp − Δc) + γ31) ρ31

− iΩpρ32 + iΩcρ21 − 2p
√

γ21γ23ηφρ22,

ρ̇23 = − (iΔc + γ21 + γ23) ρ23 + iΩpρ32 − iΩc(ρ22 −ρ33),

(3f)

Under the slowly varying envelope and the rotating-
wave approximation, the propagation of the probe field
in the atomic medium is governed by Maxwell’s wave
equations as follows:

∂Ωp(z, t)
∂z

+
1
c

∂Ωp(z, t)
∂t

= iαγ21ρ21(z, t), (4)

where α = ωpN |d21|2
4ε0c�γ21

is the propagation constant. It is
convenient to transform Eqs. (3) and (4) in the local
frame by changing ξ = z and τ = t − z/c, with c being
the speed of light in vacuum. In this frame, Eqs. (3) stay
unchanged with the substitution of t → τ and z → ξ,
while Eq. (4) is rewritten as [27]:

∂Ωp(ξ, τ)
∂ξ

= iαγ21ρ21(ξ, τ), (5)

The proposed model can be applied to the 87Rb atom,
with the corresponding shifts 5S–5P. The designated
states and the decay rates can be selected as follows
[45]: |1〉 =|5S 1/2, F = 1〉, |2〉 =|5P1/2, F = 1〉, |3〉 =
|5S 1/2, F = 2〉, and γ = γ21 = γ23 = 6 MHz, γ31 = 0.05
γ21, and the wavelength of the probe field and coupling
field, λp = λc = 780 nm, respectively.

3 Results and discussion

In this section, we use the Bloch–Maxwell Eqs. (3a)–(3f)
and (5) to simulate the pulse propagation dynamics and
the optical switching of the probe field according to the
coupling laser field. The initial condition assumes that

all atoms are in the ground state |1〉, namely ρ11(ξ, τ
= 0) = 1, and the boundary condition assumes that
the probe field is a Gaussian-type pulse f(ξ = 0, τ) =
exp[−(ln 2)(τ − 30)2/τ2

0 ], with τ0 = 6/γ21 being the
temporal width of the Gaussian pulse at the beginning
in the medium.

First, we investigate pulse propagation in the case
where both the SGC and incoherent pump field are
absent, and find the soliton shape of the probe pulse
under EIT conditions. Figure 2 illustrates the spa-
tiotemporal evolution of the squared magnitude of the
normalized probe pulse envelope |f(ξ, τ)|2 without an
incoherent pump when the coupling field is ON (a) and
OFF (b). The selected parameters are Ωp0 = 0.1γ21,
Ωc = 5γ21, Δp = Δc = 0, φ = 0 and p = 0 (no SGC).
From Fig. 2a, it can be seen that when the coupling
field is ON, the medium is transparent to the probe
field, so the probe pulse propagates via the medium
almost without attenuation, which means that the EIT
effect occurs, and the probe pulse can still maintain its
shape over a relatively long propagation distance. Con-
versely, when the coupling field is OFF (and hence no
EIT for the probe field), the medium becomes opaque
for the probe field, and thus the probe pulse is atten-
uated extremely rapidly upon entering the medium, as
shown in Fig. 2b. This is the key mechanism for AOS
through the modulation of the coupling field.

Now, we study the influence of SGC, relative phase
and incoherent field on the optical switching behavior
of the probe field modulated by the coupling field, as
illustrated in Figs. 3, 4, 5 and 6 below. In order to
investigate the influence of SGC on the optical switch-
ing behavior of the probe field, the temporal evolution
of the probe field is constructed at the propagation dis-
tance ξ = 50/α for different values of the parameters
p as shown in Fig. 3. Here, the relative phase is zero
(φ = 0) and an incoherent field is absent (R = 0), the
temporal evolution of the probe field (blue solid line)
is assumed to be a continuous wave, and the switching
coupling field (red dashed line) is modulated by a nearly
square pulse with smooth rising and falling edges, and
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Fig. 3 Temporal evolution of the continuous-wave probe field (blue solid line) and the switching coupling field (red dashed
lines) at the propagation distance ξ = 50/α for different values of the parameter p: a p = 0, b p = 0.1, c p = 0.5, d p =
0.99. Other parameters are the same as those in Fig. 2a

Fig. 4 a Time evolution of the continuous-wave probe field (solid line) and the switching coupling field (dashed lines) at
the propagation distance ξ = 50/α for different values of the relative phase φ when p = 0.1, and b the absorption coefficient
Im(ρ21) versus the relative phase φ for different values of the parameter p. Other parameters are the same as those in
Fig. 2a
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Fig. 5 Time evolution of the continuous-wave probe field (red line) at ξ = 100/α versus the modulation of the relative
phase φ(τ) (blue lines) in two ranges of the relative phase φ for the different values of the SGC parameter p: from 0 to π
for (a–d), and from π to 2π for (e–h). The other parameters are given by Ωp = 0.1γ21, Ωc = 5γ21, R = 0.05, Δp = Δc =
0, and γ23 = γ21, respectively

is the function of τ [44]:

(6)Ωc (τ) = Ωc0

⎧

⎪

⎪

⎨

⎪

⎪

⎩

1 − 0.5 tanh [0.4 (τ − 10)]
+0.5 tanh [0.4 (τ − 35)]
−0.5 tanh [0.4 (τ − 60)]
+0.5 tanh [0.4 (τ − 85)]

⎫

⎪

⎪

⎬

⎪

⎪

⎭

,

which is normalized by its peak value Ωc0 = 5γ21.
The switching coupling field is turned on or off at an
approximate period of 50/γ21. Figure 3 shows that the
probe field transmission can exhibit the ON or OFF
mode when the coupling field is turned ON or OFF,
respectively. It also shows that the SGC has a strong
influence on the switching process of the probe field.
Specifically, when the SGC is small, p = 0.1 (Fig. 3b),
the switching efficiency is reduced compared to the case
without SGC, p = 0 (Fig. 3a), while the oscillations
at the front edge of the probe pulse are significantly

reduced. However, when increasing the strength of the
SGC (by increasing the parameter p), the oscillations
at the front edge of the probe pulse become extremely
large and the switching efficiency drops dramatically.
This means that the switching probe field is signifi-
cantly attenuated by the atomic medium, as shown in
Fig. 3c, d. These physical phenomena can be explained
based on the influence of SGC on EIT and dispersion as
follows [32]: As the parameter p increases, the depth of
the EIT window (for the probe field) also increases, but
its width is narrower. That is, the absorption on both
sides of the EIT window also increases. This results in
the dispersion becoming steeper but its height decreas-
ing as p increases. Therefore, there is always compe-
tition between the height and slope of the dispersion
when increasing the parameter p. The dispersion can
create oscillations in the front edge of the switching
probe pulse [29, 44], while the strong absorption on

123



  215 Page 6 of 9 Eur. Phys. J. D          (2022) 76:215 

Fig. 6 Time evolution of the continuous-wave probe field (red line) at ξ = 100/α versus the modulation of the relative
phase φ(τ) (blue lines) in the two ranges of the relative phase φ for the different values of the incoherent pumping rate R:
from 0 to π for (a–d), and from π to 2π for (e–h). The other parameters are given by Ωp = 0.1γ21, Ωc = 5γ21, p = 0.3,
Δp = Δc = 0, and γ23 = γ21, respectively

both sides of the EIT window (together with the nar-
rowing of the EIT spectral domain) leads to a decrease
in the efficiency of the switching probe field, as seen in
Fig. 3.

Figure 4a shows the influence of the relative phase
φ on the switching probe behaviors in the presence
of SGC (with p = 0.1) and the absence of incoher-
ent pumping field. Here, the switching coupling field
(red dashed line) is modulated by a nearly square pulse
with smooth rising and falling edges, and has the same
form as Eq. (6). In Fig. 4b we plot the absorption coef-
ficient, Im(ρ21), versus the relative phase φ for differ-
ent values of the parameter p. From Fig. 4a, it can be
observed the switching probe pulse is also quite sensi-
tive to change in the relative phase φ: when φ = 0, the
probe field is switched to a nearly square pulse with
reduced amplitude due to strong probe absorption at
φ = 0 (see Fig. 4b); on the contrary, when φ = π, the
amplitude of the switching probe field is enhanced due

to the probe amplification at φ = π (see Fig. 4b); with
φ = π/2, the switching probe field presents very small
absorption, which is similar to the case without SGC;
at φ = 3π/2, the switching probe field is the same as
that of φ = π/2. Thus, in the presence of the SGC,
highly efficient switching can be obtained if an appro-
priate phase value is selected.

On the other hand, from Fig. 4b, the graph of the
probe absorption is observed to be identical to a sine
graph with a period of 2π. When relative phase φ
= kπ (k = 0, 1, 2,. . . ), the medium exhibits maxi-
mum absorption or amplification for the probe field.
When relative phase φ = (2 k + 1)π/2, the medium
becomes transparent to the probe field. Thus, by chang-
ing the relative phase, the medium can be switched from
the maximum absorption regime to the transparency
regime. This is a great idea to create optical switching
for the probe field versus the relative phase. Indeed,
Fig. 5 demonstrates the continuous-wave probe field
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which is modulated with relative phase φ(τ) by a near-
square pulse with smooth rising and falling edges [43]:

φ(τ) = π{an − 0.5[tanh 0.4(τ − 10) − tanh 0.4(τ − 35)
+ tanh 0.4(τ − 60) − tanh 0.4(τ − 85)]}, (7)

where an = 1, and 2, corresponding to the mod-
ulation of the relative phase in the ranges 0–π and
π–2π, respectively. Figure 5 describes the dependence
of the on–off state of the probe field on the modula-
tion of the relative phase for different values of param-
eter p in the presence of an incoherent pumping. It
is shown that the on–off state of probe field trans-
mission relies on the switching mode of the relative
phase. Specifically, in the range 0–π of the relative
phase, the probe field is switched to the ON or OFF
mode when the relative phase is switched to the ON
or OFF mode, respectively (see Fig. 5a–d), and the
probe field is switched synchronously with the rela-
tive phase. However, in the range π–2π of the relative
phase, the probe field is switched anti-synchronously
with the relative phase (see Fig. 5e–h). At the same
time, the switching efficiency increases gradually and
achieves the maximum value when the parameter p
reaches the maximum value of p = 0.99 (see Fig. 5d and
h). In these cases, the switching efficiency is increased
with the increase in parameter p. The physical reason
for the synchronous or anti-synchronous switching phe-
nomenon can be explained as follows: From Fig. 4b, in
the range 0–π, the absorption coefficient varies from a
positive extreme to zero and then to a negative extreme,
so the probe field is also switched from OFF mode
(corresponding to the positive extreme of absorption)
to ON mode (corresponding to zero absorption) and
then to OFF mode (at the negative extreme of absorp-
tion). This means that the probe field is switched syn-
chronously with the relative phase. The same expla-
nation applies for the anti-synchronous switching phe-
nomenon in the range π–2π.

Finally, we present the influence of incoherent pump-
ing on the probe field switching versus the relative
phase when the parameter p = 0.3, as shown in
Fig. 6, where other parameters used are given the
same as in Fig. 5. This shows that in the range 0–π,
the switching of the probe field is synchronous (see
Fig. 6a–d), while in the range π–2π, the switching
is anti-synchronous (see Fig. 6e–h) with the relative
phase. In both cases, the switching efficiency is greatly
increased when increasing the incoherent pumping rate.
Indeed, when R = 0, the switching probe pulse is signif-
icantly attenuated (see Fig. 6a and e). However, in the
presence of incoherent pumping (R �= 0), the switching
efficiency increases when the incoherent pumping rate
is increased (see Fig. 6b–d and f–h). At the same time,
the amplitude of the switching probe pulse can be con-
verted from absorption to amplification regimes. Thus,
the incoherent pumping field plays an important role in

enhancing the switching efficiency of the probe switch-
ing. This can be explained as follows: in Fig. 1, the
probe field is much weaker than the coupling field, so
the population is mainly in the state |1. The presence
of the incoherent pumping field will shift the popula-
tion from the level |1 to the level |2 (increased incoher-
ent pumping rate, the population in the level |2 also
increases). This will increase the efficiency of quantum
interference that is created by cross-coupling between
spontaneously emission channels or SGC. Therefore,
the switching efficiency of the probe field (versus rel-
ative phase) increases with the increase in the incoher-
ent pumping rate. Thus, although SGC can damage the
switching signal, by choosing the appropriate phase and
incoherent pumping rate, we can optimize the signal
and perfect the optical switching performance.

4 Conclusion

In summary, the target of this study was the switch-
ing of the probe field by phase switching based on the
effect of spontaneously generated coherence. A near-
square pulse from a continuous wave of the probe field
was formed with a similar modulation period of cou-
pling field intensity or the relative phase. The switch-
ing efficiency by the relative phase was enhanced with
the increase in the strength of spontaneously gener-
ated coherence in the presence of incoherent pump-
ing. In addition, the incoherent pumping significantly
reduced absorption and increased switching efficiency
in the phase domains. The results show that choos-
ing the appropriate values for the spontaneously gener-
ated coherence, range of the relative phase, incoherent
pumping rate and intensity of the applied fields can
achieve optimal probe field switching performance.
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