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This paper proposes a simple model to study the optical switching behavior of low-light intensities
in a degenerate V-configuration atomic system. It is shown that the optical bistability and switching
properties of the system in the resonant regime can be controlled by changing the intensity of the
magnetic or coupling field. The external magnetic field is used not only to realize magneto-optical
switching but also to assist the system in working at varying frequency domains for the probe field

without changing the frequency of the coupling field. Moreover, the switching properties also depend
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on the coupling field strength, detuning, and atomic cooperation parameter. The studied scheme may be
helpful for applications in optical switching optimization and signal processing.

© 2023 Elsevier B.V. All rights reserved.

1. Introduction

Light switching light is essential in optical communication sys-
tems and quantum computers thanks to exceptional characteristics
such as low switching power, high switching speed, and low sig-
nal loss [1]. As a result, many studies have been on all-optical
switching based on the optical bistability (OB) mechanism in two-
level systems [2]. However, traditional optical bistability systems
have limitations for applications because the behavior of the bista-
bility curves of the received signal beam at the output is only
controllable by the input beam itself [3]. To tackle this problem,
multi-level atomic systems applying the principles of quantum co-
herence and quantum interference have been an alternative solu-
tion in recent studies [4]. In the past several decades, the discovery
of electromagnetically induced transparency (EIT) [5,6] has yielded
atomic materials with giant nonlinearities and very tiny absorp-
tion in the resonance domain. As a result, EIT materials have cre-
ated many breakthrough applications in quantum and nonlinear
optics, such as slow light [7], Kerr nonlinearity [8-11], ultra-slow
light propagation and soliton [12-18], OB and all-optical switching
[19-21], and so on. A wide range of schemes in multi-level atomic
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systems was proposed to investigate the behavior of OB and optical
multistability (OM) [22-30]. Its distinct advantage is its capability
to create a large nonlinear medium inside an optical cavity at low
light intensity compared to a two-level one. Furthermore, it is easy
to manipulate the optical characteristics of the multi-level atomic
systems by controlling the external coupling fields.

Besides controlling the behavior of OB in a steady state, the dy-
namics of all-optical switching in multi-level atomic systems have
been under study. Schmidt and Ram [31] have proposed pioneering
research on this topic for a three-level system under EIT condi-
tions. Afterward, Ham and his colleagues offered several methods
for generating all-optical switching based on forming dark states in
three-level in 2002 [32] and four-level in 2006 [33] in ion-doped
crystals. In addition, Yavuz [34] proposed a switching technique
on a scale of femtoseconds under the condition of two-photon
absorption of an alkali metal vapor cell. Furthermore, all-optical
switching was investigated through a relative phase and sponta-
neously generated coherence in a three-level system [35,36] and
using a technique of double-dark resonance in a four-level system
[37-39]. Lately, propagation dynamics and magneto-optic switch-
ing have been launched in a four-level inverted-Y atomic medium
under an external magnetic field. Unlike those studies mentioned
earlier, this paper aims to control bistability behavior in a steady
state and the activities of all-optical switching through the propa-
gation dynamics of a weak probing field in both a continuous wave
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Fig. 1. (a) The degenerate vee-type atomic schema under the interaction of an external magnetic field and two laser probe and coupling fields; (b) the atomic sample has
length L contained in a unidirectional ring cavity E:, and E; is the incident and transmission fields, respectively.

mode (cw) and a pulse mode in respect of this vee-type configu-
ration atomic system. Moreover, the model can be easily generated
by experiment because of using a single laser source for both a
probing beam and a coupling beam in different frequencies.

This paper investigates the coherent control of light propaga-
tion and all-optical switching in a vee-type configuration degener-
ate atomic medium. By simultaneously solving the Maxwell-Bloch
equation systems, we indicate the independence of the absorption
characteristics in the medium under the interaction of a magnetic
field. Last but not least, the bistability behavior and switching dy-
namics of the pulse propagation process are under consideration.
This proposed model may be a useful application for magneto-
optic switches and magneto-optical storage devices in processing
communication signals.

2. Model and basic equations

The model of the degenerate vee-type atomic system is de-
scribed in Fig. 1(a). Here, the transition |3) <> |1) is coupled by
the o* polarized probe field E, whose Rabi frequency ) =
n31Ep/2h. At the same time, the transition |2) <> |1) is coupled
with the o~ polarized strong controlling field E. whose Rabi fre-
quency Q2 = u23E./2h. Besides, the degeneracy of the sublevels
[2) (mp =—1) and |3) (mg = +1) is eliminated by using a longi-
tudinal magnetic field B, which the Zeeman shift of the levels is
outfitted by Ap = upmpgrB/h, where up and gr are the Bohr
magneton and the Landé coefficients corresponding, and mp = +1
is the magnetic quantum number of the respective states. The de-
cay rates from the states |3) and |2) to |1) are respectively given by
y31 and y;1. Following the electric dipole approximation and the
rotating wave approximations, the total Hamiltonian of the system
can be given by (h =1) [11,40]:

0 - -
Hint = —Qc —Ac—Ap 0 s (1)
-Q, 0 —Ap+Ap

where A, = w31 —wp, and A¢ = wy1 —w, are the frequency detun-
ing of the probe and control fields. The Liouville equation describes
the dynamic evolution of the system [4]:

d .
a—f = —i[Hin. p] + Ap. 2)

Using equations (1) and (2), the density matrix equations can be
given by [4,11]:
P11 = Y2122 + V31033 — i 012

+ Q7 p21 — iQp P13 +1Q25 031, (3a)
P22 = —V21 022 — iQZ P21 +iQc 12, (3b)

P33 =—y31P33 — IQp P31 +iQp P13, (30)
P21 =—(i(Ac + Ap) + ¥21/2) p21

—iQc(p22 — p11) — i2, 023, (3d)
p31=(i(Ap — Ap) + ¥31/2) p31

—iQ2p (033 — P11) — 12032, (3e)
P32 =1(Ap — Ac — 2A) p32 + i2, 012 — iQ2 031, (3f)

where the matrix elements p;; = ,oi*j (with i # j), and normalized
condition p11 + p22 + p33 = 1, respectively.

Now, place the sample containing N atoms into the unidirec-
tional ring cavity as represented in Fig. 1(b). Mirrors M3 and
My are assumed to be perfectly reflectivity, while mirrors M;
and M> have the reflection and transmission coefficients R and T
(T =1 — R). Furthermore, only the probe field E, is propagated
through the cavity and the coupling field E. is not. The total elec-
tromagnetic field is represented by:

E=Epe ! { Ece™it . (4)

Under the slowly varying envelope approximation, the probe field

propagation is given by:

JdE, 0Ep,  wp

— 4+ c——=i—P(wy), 5
ot dz  2& (@p) )

where P(wp) is polarization induced in transition |1) < |3):

P(wp) = N 31 031. (6)
With the constants of the perfectly tuned cavity and the steady-
state limit, the boundary conditions between the input field Eé
and the transmitted field E; are described as [22]:

Ep(L)=E}/VT,  Ep(0) =+TEL +REy(L). (7)

The bistability behavior is caused by the reflection mechanism
of mirror M3, so if R =0, there is no bistability. Using the bound-
ary conditions and equation (7), we can obtain the input-output
relationship in the mean-field limit.

y=x—1iCpsi, (8)

where y = u31EL/AV/T and x = u31E] /Ay/T are the normaliza-
2

tion of the fields, and C = % is the cooperation parameter.

In the following section, the optical bistability behavior and op-
tical switching are considered in more detail. The 87Rb atom is
applied in this model where the states |3), |2), and |1) are cor-
respondingly 5P1, (F=1, mg ==£1), and 5512 (F=1, mg=0).
The selected parameters are [11,40,41]: y21 = y¥31 = 2w x 5.3 MHz,
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Fig. 2. (a) The probe absorption Im(p31) responses versus the strength of the magnetic field B at two different values of the coupling field: . = 5y31 (solid line) and
Q¢ = 10y31 (dashed line). (b) Transmission coefficient versus the probe detuning A, in the absence (B =0, corresponds to the solid line) and in the presence (B = 3.5y,
corresponds to the dashed line) for the coupling field Q¢ = 5y31. Other parameters are selected Qp =0.01y31, Ap = Ac =0, and y»1 = y31, respectively.

N = 4.5 x 107 atoms/m?, u3; = 1.6 x 1072° Cm., gr = —1/2
and pp = 9.27401 x 1072* JT~1. Thus, when the Zeeman shift
Ap is expressed with respect to y3q, then the magnetic field
strength according to the relationship B = Agh/upmpgr should
be in units of the combined constant y, = hug1g;1y31, which
also has the units of the Tesla. To illustrate, when the Zeeman
shift is selected as Ap = 3.5y31, then the magnetic field strength
B=3.5Y:~2.65x 1073 T=26.5 G, respectively.

3. Numerical results and discussions

First of all, we analyze the influence of magnetic field strength
B on the behavior of the probe absorption and transmission spec-
tra. The probe absorption coefficient Im(p31) is the function of
the magnetic field B with two different values of the coupling
field intensity: Q. = 5y31 (solid line) and 10y31 (dashed line) as
constructed in Fig. 2(a). From Fig. 2(a), it can be observed that
the magnitude of the probe absorption is first on the rapid in-
crease from nearly zero to a maximal value, then is on a dramatic
decrease, and finally has the tendency to reach a small steady-
state value with an increment of the magnetic field strength. Fur-
thermore, it is noticed that the most outstanding absorption in
corresponding cases of B = 3.5y, for Q. =5y31 and B = 7y, for
Q¢ = 10y31 at the center line of absorption spectra, while absorp-
tion is minimal in the absence of the magnetic field (B = 0) for
all cases. Physics for the shifts from transparency to absorption of
the system at the center line in the magnetic field is due to the
dressed states created under the interaction of the coupling field
[40]. Moreover, the higher intensity of the coupling field broad-
ens the EIT window. The transmission coefficient for the probe
field versus detuning Ap without and with the magnetic field is
also shown in Fig. 2(b). At the line center (A, = 0) of the probe
transmission spectrum, a complete transmission occurs and simul-
taneously appears two sideband deeps when the external magnetic
field is turned off, whereas very low transmission arises at the cen-
ter of the transmission profile when the magnetic field is turned
on. Consequently, the conclusion can be drawn that the ultra-
sensitive transformation from transparency to high absorption in
an atomic medium exhibits a means of appropriately adjusting the
intensity of the external magnetic field at a fixed intensity of the
coupling field.

Next, the influence of the external magnetic field B on the
shape of the OB curves is investigated by the numerical solving

10 T T

Output field |x|
(&)}

Input field |y|

Fig. 3. Graphs of the input-output field intensity for different values of the magnetic
field strength B. Other fixed system parameters are selected Q¢ =5y31, Ap =Ac =
0, ¥21 = ¥31, and C=150.

of equation (8) combined with equations (3) in the steady-state, as
displayed in Fig. 3 and Fig. 4. Fig. 3 demonstrates some numeri-
cal results of the output field amplitude |x| against the input field
amplitude |y| with different values of the intensity of the magnetic
field B with other fixed parameters. By gradually increasing the in-
tensity of the magnetic field B from 0 to 2y, it is obvious that
the bistability appears, the hysteresis cycle commences to rise and
there is a substantial increase in the threshold value. When B con-
tinues to increase up to 3.5y, it is found that the OB is obviously
recognized, and the area of the hysteresis cycle reaches maximum.
In contrast, when B increases from 3.5y, to 7y, the hysteresis
cycles undergo an adverse transformation, and the bistable thresh-
old significantly declines. Fig. 2 provides a physical mechanism
for the above phenomena. When the magnetic field B ceases to
exist (B=0), the levels |2) and |3) overlap each other, the absorp-
tion of the degenerate two-level medium under the EIT effect is
maximally suppressed, leading to the disappearance of OB [27,28].
When the external magnetic field is put into the system, under the
Zeeman effect splitting the level |2) and |3), change in the quan-
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Fig. 4. (a) Graphs of the input-output field intensity with different intensities of the coupling field €. with C = 150. (b) Curve diagram of the input-output field intensity
with different values of the cooperation parameter C with Q¢ = 5y31. Other parameters are kept unchanged as in Fig. 3, except B =3.5y.

tum paths between level |1) and level |2) and between level |1)
and level |3) results in the decreased quantum interference, caus-
ing the increase of the absorption of the probing field. When the
external magnetic field increases up to B = 3.5y, both the absorp-
tion of the probing field and the optical bistability threshold reach
the maximum. When B increases more, the magnitude of the ab-
sorption of the probing field significantly decreases and eventually
tends to reach a steady-state value, leading to the decline of the
optical bistability threshold. Such, the behavior of OB can be con-
trolled effectively via the external magnetic field.

Fig. 4 displays the dependence of OB on the intensity of the
coupling field Q. in Fig. 4(a) and on the atomic cooperation pa-
rameter C in Fig. 4(b), respectively. It can be seen from Fig. 4(a)
that the bistable threshold is on the marked rise when the cou-
pling field’s intensity increases, then decrease gradually. In fact, by
increasing the coupling field €. from 1y3; to a value in the neigh-
borhood of €. = 5y31, the optical bistability threshold reaches to
the maximum (red dashed line in Fig. 4(a)) because the absorp-
tion of the probe field reaches a saturated value. Nevertheless, the
optical bistability threshold then decreases with an increasing the
controlling field .. Physically, as the strength of the coupling field
increases, the probe absorption in the transition between states |3)
and |1) dramatically reduces and the nonlinearity of the medium
is enhanced [11], which leads to a change in the behavior of the
optical bistability. As a result, the threshold value can be easily
controlled by adjusting the intensity of the coherent coupling field
Q. In Fig. 4(b), OB relies on the cooperation parameter C. This is
called cooperation parameter C, which is proportional to the den-
sity N of the atom sample. So, an increase of parameter C leads to
an enhancement of the probe absorption and increases the thresh-
old of optical bistability.

For more practical interest and to demonstrate the analysis
given in the previous parts, the propagation of a weak probe pulse
through the degenerate vee-type atomic medium is addressed.
From equations (5) and (6), the probe field propagation equation
with Rabi frequency is obtained [14]:

8+18 Qp(z,t) =iap31(z,t) (9)
a9z " cot ) BB TIApL D,
2
where, o = % is the propagation constant, and &g is the

vacuum permittivity. We represent the Rabi frequency of the probe
field by Q,(z,t) = Qpo f(z,t), where Qpg is a real constant indi-
cating the maximal value of the Rabi frequency at the entrance

(ie., at z=0), and f(z,t) is a dimensionless spatiotemporal pulse-
shaped function. It is convenient to transform equations (3) and
(9) in a moving frame by replacing the space and time variables
in the laboratory frame, z and t by those in the moving frame, &
and 7 through the relations of § =z and 7 =t — z/c, with c is
the speed of light. In this frame, equations (3) remains unchanged
when substituting t — 7 and z — &, while Eq. (9) can be rewritten
as [14,21]:

UED _ & . (10)

(&) Qpo

In the following, we numerically solve the set of Egs. (3) and
(10) on a space-time grid by using a combination of the four-
order Runge-Kutta and finite difference methods, which developed
a computer code for this problem is expanded from the of our pre-
vious works [14,38]. In the slowly varying envelope at the entrance
to the medium f(§ =0, 7), assume that the Gaussian function is
[12,21]:

f(&=0,7) =exp[—(In2)(t —30)*/7¢], (11)

where 71 is the pulse temporal width of a probe pulse at the en-
trance of the medium.

Fig. 5 shows the temporal evolution of the normalized probe
pulse envelope | f (&, 7)|? at the exit of the medium with the prop-
agation distance & = 100/« with respect to the magnetic field B
at a fixed value of the coupling field Q2. = 10y3;. Fig. 5(a) shows
the intensity spectrum of the normalized probe pulse envelope
|f (&, 7)|* as a function of the time T and magnetic field strength
B, whereas Fig. 5(b) demonstrates the normalized probe pulse en-
velope |f(£, T)|*> as a function of the time T at different values
of the magnetic field B. Fig. 5 shown that the different values
of the magnetic field B have a significant influence on the pulse
intensity spectrum of the probing field during pulse propagation
in the medium. In particular, when the magnetic field is turned
off (B =0), the absorption of the probing field is mostly elimi-
nated and the atomic medium is nearly transparent with the probe
pulse after a characteristic propagation distance. In other words,
the probe pulse propagates through the atomic medium without
degeneracy (blue solid line). Conversely, when the magnetic field
is turned on (B # 0), in an increment of the intensity of the mag-
netic field, the intensity of the probing field was on the significant
decrease. When the intensity of the magnetic field increases up to
approximate value B = 7y, (green dash-dotted line), the pulse of
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Fig. 5. (a) Intensity spectrum of the normalized probe pulse envelope |f(&, 7)|? with respect to time T and magnetic field intensity B; (b) Magnitude squared of the
normalized probe pulse envelope |f (£, T)|? as a function of the time T at the different values of the magnetic field B. Other system parameters are fixed Qpo = 0.01y31,

1

Qc =10y31, Ap = Ac =0, ¥21 = ¥31, To =6/y31, £ = 100/, where time 7 and propagation distance & are calculated in units of y;;" and a~!, respectively.
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Fig. 6. Spatio-temporal evolution of the probe pulse intensity at different values of the magnetic field: B=0 for (a), and B =7y, for (b). Other parameters are Qpo = 0.01y31,

Qc=10y31, Ap = Ac =0, and y21 = ¥31, respectively.

the probing field is wholly absorbed by the medium in a character-
istic propagation distance, so the medium eliminates the incoming
probe beam. However, when the intensity of the magnetic field be-
comes larger B > 7y, the magnitude of the probe pulse increases
along with the magnetic field (orange line). As a result, by se-
lecting a suitable magnetic field value, magneto-optical modulation
can be realized for such a probe pulsed signal.

Next, we illustrate the spatio-temporal evolution of the magni-
tude squared of the normalized probe envelopes |f (&, T)|> when
the magnetic field is OFF (a) and ON (b) as shown in Fig. 6. The
selected parameters are: Qpo = 0.01y31, 2 =10y31, Ap = A =0.
Fig. 6(a) shows that when the magnetic field is OFF, 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. The probe pulse can maintain its shape at a relatively
long propagation distance. Conversely, when the magnetic field is
ON (and hence no EIT for the probe field), the medium becomes
opaque for the probe field, and thus the probe pulse is attenuated
extremely fast as entering the medium, as shown in Fig. 6(b). This
mechanism is key for magneto-optical switching through the mag-
netic field modulation and will be illustrated in Fig. 7.

Last but not least, magnetic-optical switching for the probe field
can be identified by adjusting the parameters of the magnetic field,
as shown in Fig. 7. The temporal evolution of the probe field (solid
line) is supposed to be a continuous wave, while the switching
magnetic field is supposed to be a nearly-square pulse with in-
creasing and decreasing smooth edges (dashed curve), and is the
function of T [21]:

B(t) =Bo{1 — 0.5tanh[0.4(t — 10)] + 0.5tanh[0.4(T — 35)]

—0.5tanh[0.4(7 — 60)] + 0.5tanh[0.4(T — 85)]}, (12)

which is normalized by its peak value By, with an approximate
period of 50/y31. As exhibited in Fig. 7, the transmission pro-
cess of the probing field is turned ON or OFF when the intensity
of the magnetic field is turned OFF or ON, respectively. Conse-
quently, with the OFF or ON switch of the magnetic field, the probe
pulse can be switched anti-synchronously from ON to OFF, and vice
versa. Nonetheless, the occurrence of small oscillations at the top
of the front edge of the probe pulse can be observed. It can be
explained that the conversion of the medium from absorption to
transparency corresponds to ON and OFF mode of the magnetic
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Ap = Ac =0, respectively.

field, which requires a time delay. This transition delay is the rea-
son for oscillation peaks in the front edges of the corresponding
probe pulse.

4. Conclusions

In summary, through an external magnetic field modulation, we
investigate magneto-optical switching and the propagation of the
probing laser beam in a degenerate vee-type atomic medium. The
results showed that the OB threshold could be altered by adjusting
the magnetic field, the intensity of the coupling field, or the atomic
cooperation parameter. Under the EIT condition, without the mag-
netic field, a probing laser pulse is observed to remain its shape in
the medium. In contrast, when the magnetic field is present, the
medium can be switched from transparency to absorption by the
magnetic field being switched from OFF to ON. A near-square pulse
from a continuous wave of the probe field was formed with a sim-
ilar modulation period of magnetic field intensity. Consequently,
the proposed model helps realize magneto-optical or optical stor-
age switches for applications in optical communications.
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