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A B S T R A C T

All-optical switching in a V-type three-level atomic medium is studied and controlled by spontaneously
generated coherence (SGC), relative phase of applied fields and incoherent pumping rate. By simultaneously
numerical solving the coupled Maxwell–Bloch equations for atom and field on a spatio-temporal grid, we have
observed a continuous-wave probe field is switched ON or OFF by periodically modulating the coupling field
intensity or the relative phase of applied fields. It also is shows that although the SGC can distort the switching
probe pulse, however, under the SGC the response of the medium depends sensitively on the relative phase,
and the probe field can be switched synchronous or anti-synchronous with the relative phase. On the other
hand, in order to overcome the switching pulse distortion caused by SGC, we have included an incoherent
pumping field. By choosing the appropriate phase and pumping rate, the fluctuations of switching probe pulse
can be easily overcome. The proposed model can be useful for the design of optical switches and optical
storage devices as well as possible experimental implementations.
. Introduction

All-optical switching is an important component in optical net-
orks and optical storage devices [1]. In modern optical-switching
evices, tunable switching behaviors and high switching speed have
lways been the desire of researchers. However, these are often dif-
icult to achieve in traditional nonlinear materials due to saturation
ffects.

In recent years, one can use quantum interference and coherence to
odify the optical properties of the atomic medium through electro-
agnetically induced transparency (EIT) [2,3] or/and spontaneously

enerated coherence (SGC) [4,5]. The EIT and its applications have
een extensively studied both theoretically and experimentally in vari-
us quantum systems [3]. It is showed that the EIT not only suppresses
bsorption but also enhances the nonlinear response of the atomic
edium which can be observed optical nonlinear phenomena even
ith very low intensity light in the vicinity of atomic resonant fre-
uency. For example, giant Kerr nonlinear coefficient [6–11], optical
istability [12–17], optical solitons [18–22]. In particular, all-optical
witching based on EIT effect can achieve at low-threshold intensi-
ies with high responsibly speed and can control switching behaviors
y external fields. Indeed, Schmidt et al. [23] presented a method

∗ Corresponding author.
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for all-optical switching based on absorption modulation in a three-
level system. Yavuz et al. [24] suggested a technique for all-optical
femtosecond switching utilizing a two-photon absorption scheme of
three-level ladder system. Antón et al. [25] obtained all-optical switch-
ing based on two-photon resonances in this five-level N-tripod-type
atom. Yu et al. [26] studied the control of temporal propagation
dynamics and optical switching a four-level atomic medium by the
external RF-driving field. Paspalakis et al. [27] investigated the de-
pendence of all-optical modulation on the atomic parameters and the
applied laser fields in three-level 𝛬-type quantum systems. Qi et al.
showed the switching operation via adjusting the relative phase or
the intensity of the control fields in a four-level tripod system [28]
and a four-level diamond configuration [29]. Li et al. [30] realized
magneto-optic switching in a four-level inverted-Y atomic medium.
Most recently, Dong et al. [31–33] represented optical switching based
on the modulation of external light and magnetic fields.

Besides EIT, the SGC also significantly affects the optical proper-
ties of materials which have also been studied extensively, such as
amplification without population inversion [34], absorption and disper-
sion [35–37], slow and fast light [38–40], Kerr nonlinearity [41–44],
optical bistability [45–49], and pulse propagation [50]. In particular,
in the presence of SGC, the optical properties of materials depend
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sensitively on the relative phase of the applied fields [49–52]. For
example, Fan et al. [52] showed that in the presence of SGC, the steady-
state property of a three-level cascade system can be changed from
absorption to amplification and vice versa by adjusting the relative
phase or/and the incoherent pumping rate. Dong et al. [50] investi-
gated the influences of SGC, relative phase and incoherent pump field
on the propagation dynamics in a three-level cascade atomic system
and showed that the pulse modulations are increased with the growth
of SGC but they can be depressed by choosing suitable relative phase
and incoherent rate.

Although influences of SGC, relative phase of applied fields and
incoherent pumping on optical bistability in steady-state regime are ex-
tensively studied up to date [45–49], however, there are no such studies
for all-optical switching in pulsed regime, to our knowledge. In the
direction of this interest, we study the realization of all-optical switch-
ing in a V-type three-level atomic system with incoherent pumping
under spontaneously generated coherence and relative phase of applied
fields. By simultaneously numerical solving the coupled Maxwell–Bloch
equations for atom and field on a spatio-temporal grid, we demonstrate
that the continuous-wave probe field can be switched to a nearly square
pulse train with the same modulation period of the relative phase and
the coupling field intensity. Moreover, the influences of SGC, relative
phase and incoherent pumping rate on optical switching behaviors are
also considered.

2. Model and basic equations

We consider a three-level V-type atomic system under coherent
interaction of two laser fields as shown in Fig. 1(a). The transition |1⟩
|3⟩ is excited by the probe laser field 𝐸𝑝 with carrier frequency 𝜔𝑝

nd one-half Rabi frequency 𝛺𝑝 = 𝜇31𝐸𝑝∕2ℏ. The transition |1⟩ ↔|2⟩
s driven by the coupling laser field 𝐸𝑐 with carrier frequency 𝜔𝑐 and
ne-half Rabi frequency 𝛺𝑐 = 𝜇21𝐸𝑐∕2ℏ. We assume that the dipole
oments are not orthogonal and choose an arrangement of dipole
oment vectors as shown in Fig. 1(b), so that each laser field acts

nly on one transition. An incoherent pumping field with a pumping
ate 2R is applied between levels |1⟩ and |3⟩. By defining 𝜑𝑝 and 𝜑𝑐

the phase of the probe and coupling fields, respectively, we can set
𝛺1 = 𝛺𝑝 exp

(

𝑖𝜑𝑝
)

and 𝛺2 = 𝛺𝑐 exp
(

𝑖𝜑𝑐
)

with 𝛺p and 𝛺c being real
parameters.

The dynamical evolution of the system can be described by the
Liouville equation:
𝜕𝜌
𝜕𝑡

= −𝑖
[

𝐻int , 𝜌
]

+ 𝛬𝜌, (1)

In the rotating-wave and electric-dipole approximations, the relevant
density matrix equations are given as follows:

̇ = −2𝑅𝜌 + 2𝛾 𝜌 + 2𝛾 𝜌 − 𝑖𝛺
(

𝜌 − 𝜌
)

− 𝑖𝛺
(

𝜌 − 𝜌
)

,
11 11 21 22 31 33 𝑝 13 31 𝑐 12 21 |

2

+ 2𝑝
√

𝛾21𝛾31
(

𝑒𝑖𝜑𝜌32 + 𝑒−𝑖𝜑𝜌23
)

(2a)

̇ 22 = −2𝛾21𝜌22 + 𝑖𝛺𝑐
(

𝜌12 − 𝜌21
)

− 𝑝
√

𝛾21𝛾31
(

𝑒𝑖𝜑𝜌32 + 𝑒−𝑖𝜑𝜌23
)

, (2b)
̇ 33 = 2𝑅𝜌11 − 2𝛾31𝜌33 + 𝑖𝛺𝑝

(

𝜌13 − 𝜌31
)

− 𝑝
√

𝛾21𝛾31
(

𝑒𝑖𝜑𝜌32 + 𝑒−𝑖𝜑𝜌23
)

,

(2c)
̇ 21 = −(R − 𝑖𝛥𝑐 + 𝛾21)𝜌21 + 𝑖𝛺𝑐 (𝜌11 − 𝜌22) − 𝑖𝛺𝑝𝜌23 − 𝑝

√

𝛾21𝛾31𝑒
𝑖𝜑𝜌31𝜂𝜙,

(2d)
̇ 32 = −

(

𝑅 − 𝑖𝛥𝑝 + 𝑖𝛥𝑐 + 𝛾21 + 𝛾31
)

𝜌32 − 𝑖𝛺𝑐𝜌31 + 𝑖𝛺𝑝𝜌12

− 𝑝
√

𝛾21𝛾31𝑒
−𝑖𝜑 (

𝜌22 + 𝜌33
)

, (2e)
̇ 31 = −

(

2𝑅 − 𝑖𝛥𝑝 + 𝛾31
)

𝜌31 − 𝑖𝛺𝑐𝜌32 + 𝑖𝛺𝑝(𝜌11 − 𝜌33) − 𝑝
√

𝛾21𝛾31𝑒
−𝑖𝜑𝜌21,

(2f)

where the matrix elements obey conjugated and normalized conditions:
𝜌𝑖𝑗 = 𝜌∗𝑖𝑗 (i≠ j), and 𝜌11 + 𝜌22 + 𝜌33 = 1. 𝜙 = 𝜑𝑝 − 𝜑𝑐 is the relative
phase between the probe and the coupling fields. 𝛥𝑝 = 𝜔31 − 𝜔𝑝 and
𝛥𝑐 = 𝜔21 −𝜔𝑐 are respectively the detunings of the probe and coupling
fields. The decay rates from the states |2⟩ and |3⟩ to |1⟩ are given by 𝛾21
and 𝛾31, respectively. The term 𝑝

√

𝛾21𝛾31 represents SGC resulting from
the cross coupling between the spontaneously emissions |1⟩ ↔|2⟩ and
|1⟩ ↔|3⟩, and 𝑝 = ⃖⃗𝜇12. ⃖⃗𝜇13∕ || ⃖⃗𝜇12

|

|

|

|

⃖⃗𝜇13
|

|

= cos 𝜃 with 𝜃 is the angle between
the two dipole moments. Thus, for the parallel dipole moments the
quantum interference due to spontaneous emissions is maximum and
𝑝 = 1, while for the orthogonal dipole moments there is no quantum
interference and 𝑝 = 0.

In order to describe the propagation dynamics of the probe laser
field inside the atomic medium, the following Maxwell’s wave equa-
tions in the slowly-varying envelope approximation are required (along
the 𝑧 direction):
𝜕𝛺𝑝(𝑧, 𝑡)

𝜕𝑧
+ 1

𝑐
𝜕𝛺𝑝(𝑧, 𝑡)

𝜕𝑡
= 𝑖𝛼𝛾31𝜌31(𝑧, 𝑡), (3)

here 𝛼 = 𝜔𝑝𝑁|𝑑31|
2

4𝜀0𝑐ℏ𝛾31
is the propagation constant. It is convenient to

transform equations (2a)–(2f) and (4) in a moving frame by replacing
the space and time variables in the laboratory frame, z and t by those in
the moving frame, 𝜁 and 𝜏 through the relations of 𝜉 = z and 𝜏 = 𝑡−𝑧∕𝑐,
with c is the speed of light. In this frame, the Eq. (3) is rewritten as [50]:

𝜕𝛺𝑝(𝜉, 𝜏)
𝜕𝜉

= 𝑖𝛼𝛾31𝜌31(𝜉, 𝜏), (4)

To illustrate the proposed model, we apply to 87Rb atom system on the
5S–5P transitions as a realistic candidate. The designated states and the
decay rates can be chosen as follows [50]: |1⟩ = |5S1∕2, F = 1⟩, |2⟩ =
5P , F = 0⟩, |3⟩ = |5P , F = 1⟩, and 𝛾 = 𝛾 = 𝛾 = 6 MHz.
3∕2 3∕2 21 31
Fig. 1. (a) The three-level V-type system is excited by two coherent fields and an incoherent pumping field. (b) The polarizations are arranged so that one field drive only one
transition.
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3. Results and discussions

In this section, we numerically solve the coupled Bloch–Maxwell
equations (2a)–(4) and (2f) on a space–time grid by four-order Runge–
Kutta and finite difference methods with initial condition that all atoms
is in the ground state |1⟩ and the boundary condition that the incident
3

probe field is assumed as a continuous wave (cw) signal while the
coupling field is modulated by a nearly-square pulse shape with smooth
rising and falling edges [32]:

𝛺(𝑖)
𝑐 (𝜏) = 𝛺𝑐0

{

1 − 0.5
[

tanh
(

𝑎𝑖𝜏 − 4
)

− tanh
(

𝑎𝑖𝜏 − 14
)

( ) ( )]} , (5)

+ tanh 𝑎𝑖𝜏 − 24 − tanh 𝑎𝑖𝜏 − 34
Fig. 2. Time evolution of a cw probe field (solid line) at 𝜉 = 50/𝛼 versus time 𝜏 under variation of the coupling field 𝛺𝑐 (𝜏) (dashed lines) for different switching periods: (a)
10/𝛾31, (b) 20/𝛾31, (c) 40/𝛾31 and (d) 50/𝛾31. The other parameters are given by 𝛺p = 0.2𝛾31, 𝛺c = 10𝛾31, 𝑝 = 0, 𝜙 = 0 and 𝛥p = 𝛥c = 0, respectively.
Fig. 3. Spatiotemporal evolution of the normalized probe envelope when the coupling field is ON (a) and OFF (b). Other parameters are the same as in Fig. 2(d).
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Fig. 4. Time evolution of a cw probe field (solid line) at 𝜉 = 50∕𝛼 versus time 𝜏 under variation of the coupling field 𝛺𝑐 (𝜏) (dashed lines) for different values of the parameter
SGC: (a) 𝑝 = 0.1, (b) 𝑝 = 0.3, (c) 𝑝 = 0.7 and (d) 𝑝 = 0.99. Other parameters are the same as those in Fig. 2(d).
Fig. 5. Time evolution of a cw probe field (solid line) at 𝜉 = 50/𝛼 versus time 𝜏 under variation of the coupling field 𝛺𝑐 (𝜏) (dashed lines) for different values of the incoherent
pump rate: (a) 𝑅 = 1𝛾31, (b) 𝑅 = 3𝛾31, (c) 𝑅 = 4𝛾31 and (d) 𝑅 = 5𝛾31. Other parameters are the same as those in Fig. 4(d).
4
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Fig. 6. Time evolution of a cw probe field (solid lines) at 𝜉 = 50/𝛼 versus time 𝜏 under
variation of the coupling field 𝛺𝑐 (𝜏) (dashed line) for different values of the relative
phase 𝜙. Other parameters are the same as those in Fig. 4(a).

where, 𝑎𝑖 = 2.0, 1.0, 0.5, and 0.4 (𝑖 = 1, 2, 3, 4) represents the switching
periods as 10/𝛾31, 20/𝛾31, 40/𝛾31, and 50/𝛾31, respectively.

To start with, we consider the case without SGC and incoherent
pumping by plotting time evolution of the probe light via periodic
modulating of the coupling field intensity with 𝑝 = 0 and 𝑅 = 0 for
different periods (a) 10/𝛾31, (b) 20/𝛾31, (c) 40/𝛾31 and (d) 50/𝛾31 as
hown in Fig. 2. We observe that the probe transmission is switched
 i

5

o the ON or OFF mode when the coupling field is ON or OFF, respec-
ively. However, we also see that when the switching period is small
Fig. 2a), the switched probe pulse oscillates strongly at the peaks of the
ising edges. As the switching period increases, these oscillations also
ecrease significantly, and with the switching period is 50/𝛾31 (Fig. 2d),

the probe pulse achieves a nearly square pulse.
To explain the probe switching behaviors via modulating the inten-

sity of the coupling field, in Fig. 3 we have plotted the spatiotemporal
evolution of the magnitude squared of the normalized probe pulse
envelope |𝑓 (𝜉, 𝜏)|2 when the coupling field is on (a) and off (b) for the
ase of Fig. 2(d). From Fig. 3(a) one can see that when the coupling
ield is on, the switched probe pulse is transmitted through the medium
lmost without loss (the EIT effect is established) and still can preserve
ts shape for quite a long propagation distance. However, when the
oupling field is off, the probe pulse can be completely absorbed by the
edium in a very short propagation distance, as shown in Fig. 3(b).

Next, we investigate the influence of SGC on the switching behaviors
f the probe field without the relative phase and incoherent pumping
ield by plotting the evolution of the probe field at different values
f the parameter p as shown in Fig. 4. The parameters used in Fig. 4
re the same as those in Fig. 2(d). It shows that when increasing the
nterference parameter p, the pulse oscillations at the peaks of the
ising edges increase strongly while the switching efficiency is also
ignificantly reduced. In particular, when 𝑝 = 0.99, the probe switching
ehavior can be vanished, as we can be seen from Fig. 4(d). This is
ecause when increasing the parameter p, the oscillations at the leading
dge of the pulse increases strongly [50].

In order to overcome the pulse distortion caused by SGC, we have
dded an incoherent pumping field between levels |1⟩ and |3⟩. Indeed,
s in Fig. 5 we simulate the spatiotemporal evolution of probe pulse

n the case of Fig. 4(d) at different pumping rates (a) 𝑅 = 1𝛾31, (b) 𝑅
Fig. 7. Time evolution of a cw probe field (solid lines) at 𝜉 = 45∕𝛼 versus the variation of the relative phase 𝜙(𝜏) (dashed lines) in the range 0-𝜋 for the different values of the
parameter SGC: 𝑝 = 0.3 (a), 𝑝 = 0.5 (b), 𝑝 = 0.7 (c) and 𝑝 = 0.99 (d). The other parameters are given by 𝛺p = 0.2𝛾31, 𝛺c = 10𝛾31, 𝑅 = 0, 𝛥p = 𝛥c = 0, and 𝛾21 = 𝛾31, respectively.
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Fig. 8. Time evolution of a cw probe field (solid lines) at 𝜉 = 45∕𝛼 versus the variation of the relative phase 𝜙(𝜏) (dashed lines) in the two ranges of the relative phase 𝜙: from
0 to 𝜋 for (a) and (b); from 𝜋 to 2𝜋 for (c) and (d). The other parameters are given by 𝛺p = 0.2𝛾31, 𝛺c = 10𝛾31, 𝑝 = 0.99, 𝛥p = 𝛥c = 0, and 𝛾21 = 𝛾31, respectively.
= 3𝛾31, (c) 𝑅 = 4𝛾31 and (d) 𝑅 = 5𝛾31. From Fig. 5 we can see that
by increasing the incoherent pumping rate, the pulse oscillations are
also significantly reduced and the switching probe pulse is gradually
attained a nearly-square shape with amplified amplitude. At the same
time, the switching efficiency increases when the incoherent pumping
rate is increased. This phenomenon can be explained that as the in-
coherent pumping rate increases, the medium can be changed from
absorption to amplification [52] and thus the pulse can be stabilized
and amplified (see Fig. 5d).

The influence of the relative phase on the switching behavior in the
presence of SGC (𝑝 = 0.1) and without incoherent pumping is shown in
Fig. 6. It shows that the switching process of the probe field is greatly
affected by the relative phase 𝜙. At different phases, the peak intensity
of the switching probe pulse can be enhanced or decreased depending
on the absorption or amplification of the medium. For example, the
switching probe amplitude is dramatically decreased when 𝜙 = 0, and
is enhanced when 𝜙 = 𝜋.

We now consider the switching behaviors of the probe field via the
modulation of the relative phase between the probe and coupling fields
by choosing the relative phase 𝜙(𝜏) of the form [32]:

𝜙 (𝜏) = 𝜋
{

𝑎𝑛 − 0.5 [tanℎ0.4 (𝜏 − 10) − tanℎ0.4 (𝜏 − 35)

+ tanℎ0.4 (𝜏 − 60) − tanℎ0.4 (𝜏 − 85)]}
, (6)

where 𝑎𝑛 = 1, and 2, corresponding to the ranges 0-𝜋, and 𝜋-2𝜋,
respectively.

Fig. 7 shows the switching of the probe field via the modulation of
relative phase with an approximate period of 50/𝛾31 in the presence
of SGC and without incoherent pumping. We can see that the cw
probe field is switched a nearly-square pulse shape when the relative
phase is periodically modulated, and the switching of probe field is
synchronously with the relative phase. At the same time, the switching
6

efficiency increases gradually when the parameter p is increased from
0 to 1. The physical reason for these phenomena is that, in the presence
of SGC the absorption also varies periodically with relative phase from
zero to maximum and vice versa with a period of 2𝜋 [50], so the probe
field can be quenched or transmitted completely with maximum or zero
absorption, respectively. In addition, increasing the parameter p can
amplify the probe light, so the switching efficiency is also increased.

Finally, we represent the influence of incoherent pumping rate on
the probe switching with relative phase when the parameter 𝑝 = 0.99,
as in Fig. 8. It shows that in range [0, 𝜋], the switching of probe field is
synchronously (see Fig. 8(a and (b) while in range [𝜋, 2𝜋], the switch-
ing is anti-synchronously (see Figs. 8c and d) with the relative phase. In
two cases the switching efficiency is greatly increased (approximately
100%) in the presence of incoherent pumping even with 𝑅 = 0.5𝛾. From
the above investigations we can see that, although the SGC can distort
the switching probe pulse, however, by choosing the appropriate phase
and pumping rate, such pulse fluctuations can be easily overcome (can
see Fig. 8d).

4. Conclusion

We realized all-optical switching in a V-type three-level atomic
system with the presence of spontaneously generated coherence (SGC),
relative phase of applied fields and incoherent pumping. It is shown
that the continuous-wave probe field can be switched to a nearly square
pulse train by periodically modulating the coupling field intensity or
the relative phase of applied fields. Under SGC, the response of the
medium depends sensitively on the relative phase and the probe field
can be switched synchronous or anti-synchronous with relative phase,
depending on the relative phase being modulated in the range 0-
𝜋 or 𝜋-2𝜋. Although the SGC can distort the switching probe pulse,
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however, by choosing the appropriate phase and pumping rate, such
pulse fluctuations can be easily overcome.
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