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We propose a simple system for both optical switching and bistability based on degenerated two-level atoms

placed in a ring cavity and an external magnetic field. The magnetic field splits a lower level into two separated
levels, both of which are connected to an upper level by coupling and probe laser fields. Under an electromag-
netically induced transparency regime, the system exhibits optical bistability and switching properties in which its

thresholds and switching rate can be controlled by modulating intensity of the magnetic field or the coupling light
field. Furthermore, the system can be controlled to work in varying frequency regimes by using a sole laser for
both coupling and probe fields. Such a proposed scheme may be useful for realization of optical switches and

storage devices. © 2019 Optical Society of America

https://doi.org/10.1364/A0.58.004192

1. INTRODUCTION

The optical switch is an essential element in optical commu-
nication, information networks, and quantum computing [1].
Opver the last few decades, all-optical switches based on optical
bistability (OB) in two-level atomic systems have been studied
[2]. However, much interest has been focused on multilevel
atom systems with a huge number of works relating to quan-
tum coherent phenomena. Among the novel phenomena, the
so-called electromagnetically induced transparency (EIT) [3,4]
has made significant progress. Because it significantly reduces
resonant absorption and sharpens dispersion, the EIT signifi-
cantly enhances the interaction time between light and matter
[5-8], which enhances nonlinear optical processes [9-18] or
nonlinear optics at low-light level.

From a practical point of view, all-optical switching at low-
light intensities based on quantum coherence has favorable ad-
vantages compared with conventional electro-optical switching,
such as high response speed and low switching thresholds. In
this context, Schmidt and Ram [19] proposed a way for imple-
mentation of an all-optical switching modulator and converter
in a three-level system based on EIT. Subsequently, Ham and
co-workers suggested techniques for the generation of all-
optical switching based on the creation of dark states in a
three-level system [20] and four-level system [21] in ion-doped
crystals. Moreover, Li et a/. [22] also demonstrated that OB can
be controlled efficiently in a four-subband quantum well sys-
tem via tuning the coupling strength of the tunneling and
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Fano-type interference. On the other hand, using a two-photon
absorption scheme in an alkali-metal vapor cell, Yavuz [23] sug-
gested a technique where a strong laser beam switches off
another laser beam in femtosecond time scales. Furthermore,
Antén er al. [24] proposed a method for all-optical switching
with a technique based on controlled double-dark resonances.
Li er al. [25] investigated light propagation and operation of
magneto-optics in a four-level inverted-Y atomic medium.
Recently, low-light-level optical switching and bistability
schemes have also been extensively investigated [26—29].
Despite the extensive proposals on this topic for multi-level
energy atoms, in which all interacting fields must be controlled
synchronously, there is a need for a simpler excitation scheme,
e.g., two-level, for comfortable realization. Furthermore, stud-
ies often neglect degeneration of Zeeman levels, which should
be considered when atoms are immersed in external magnetic
fields or polarized optical fields. Growing in this interest, in this
work, we propose a simple model for both optical switching
and bistability based on a degenerated two-level system under
assistance of a static magnetic field and EIT. We address how
the absorption characteristics of the medium under magnetic
field interact, which can result in optical switches and bista-
bility. In our model, the OB threshold can be controlled by
both the magnetic field and coupling field intensity as well
as the detuning of the applied fields. Then, by simultaneously
solving the coupled Maxwell-Bloch equations, it is found that
in the absence of a magnetic field, the system exhibits trans-
parency for the probe field. In this condition, the weak probe
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beam of light can propagate without attenuation in the
medium. In the presence of the magnetic field, the medium
becomes completely absorptive due to interacting dark reso-
nances. The suggested scheme may be useful in applications
of magneto-optic switches and magneto-optic storage devices
in processing telecommunication signals.

2. MODEL AND BASIC EQUATIONS

We consider a degenerated two-level lambda atomic system
under interaction of an external magnetic field, as shown in
Fig. 1. A weak probe laser field £, with the left-circularly
polarized component ¢~ (with carrier frequency ®, and a
one-half Rabi-frequency Q, = uy, E,,/2h) drives the transition
[1) - |2). At the same time, a strong coupling laser field £, with
the right-circularly polarized component ¢ (with carrier fre-
quency o, a one-half Rabi-frequency Q. = py3E,/2h) applies
the transition |3) - |2). In this configuration (Fig. 1), the probe
field travels in the same the direction as the magnetic field B,
which is used to lift up level |3) (mp = +1) and to pull down
level |1) (my = -1) via the Zeeman effect. The Zeeman shift of
levels |1) and |3) is given by AAz = upmpg;B, where pip is the
Bohr magneton, g is the Landé factor, and myz = %1 is the
magnetic quantum number. All the atoms are assumed initially
in states |1) and |3) with the same populations, i.e., p;; =
P33 = 1/2 [25,30]. The decay rates from states |2) and [1),
and |2) to |3) are given by y,; and y,3, respectively. The re-
laxation rates between ground states |1) and |3) by collisions
are negligible.

Using the rotating-wave and the electric dipole approxima-
tions, the Hamiltonian of the system in the interaction picture
can be written as (with the assumption of # = 1)

o - 0
Him = _Qp Ap + AB _Q:( > (1)
0 _QL‘ (Ap + AB) - (Ac - AB)

where A, = w,; - , and A, = @,3 - @, are detunings of the
probe field and coupling field from the atomic transition
frequencies, respectively; Ay is the Zeeman shift of levels |1)
and |3) in the presence of the magnetic field [see Fig. 1(b)], and
Ay is taken to zero for zero magnetic field. The dynamical evo-
lution of the system can be described by the Liouville equation:

o _ .
i ~i[H e, p] + Ap, 2
t
F=1, mr=0,tlz (mr=0) ,
— 12 % TN 12)
E.(c")
E, (o),
-+
F=1,mr=0,#1  Magnetic field B Ap (mr=+1)
11) > Y.
As /
—"_l:l)(fm-‘: - 1)
(a) (b)

Fig. 1. Degenerated two-level (a) and forming the three-level
lambda (b) under a static magnetic field.
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and the relevant density matrix equations obtained for this sys-
tem are given as follows:

ap Ok :
ail = YaPan + K250y - i1, (3a)
op ; iQF ' QF
0—;2 = (121 +723)P2 + 812 - 82 po1 + 13y — X o3,
(3b)
ap . ;
0;3 = Y23p22 + 1Q0p23 - i.p3), (3c)
d—jl: —(Z(AP+AB) +% P2
_ igp@zz _pll) + Z'Qcpal’ (3d)
0,
% = -i(A, - A, + 2Ap)p51 - iQyp3; + iQ0py1,  (3€)
o (Z(A[ ~8g) + ) 03 1Q (P2 p33) + i1,

(3f)

where the matrix elements obey conjugated and normalized
conditions, namely, p;; = pj; (i #j) and p1; + p2y + p33 = 1,
respectively.

3. RESULTS AND DISCUSSION

In order to illustrate applications of the model, we use the
cold atomic medium of 8Rb [31]. States |1), |2), and |3) are
chosen as 58,,,(F = 1,mp = 1), 5Py(F = 1,mp =0),
and 58, ,(F = 1,mp = -1), respectively. The decaying rates
are y5; = 23 = 27 x 5.3 MHz and laser wavelengths 1, =
Ae =795 nm. The Landé factor gz = -1/2, and the Bohr
magneton piz = 9.27401 x 10724 JT-! [31]. We also scale the
Zeeman shift Ap by y,;, then the magnetic field strength B
should be in units of the combined constant y, = Auz' g7y,

A. Probe Absorption Behaviors under Magnetic Field
First, we consider the influence of the magnetic field on the
absorption behaviors of the probe field in the presence of
the coupling field by numerically solving the above density ma-
trix Egs. (32)—(3f) in the steady state. As shown in Fig. 2, the
absorption behaviors of the probe fields depend on the mag-
netic field. Indeed, when the magnetic field is absent, i.e.,
B =0, the probe absorption can be completely suppressed
at the resonant center; thus, the medium becomes transparent
(dashed line in Fig. 2). This is due to destructive interference
between the transitional probability channels induced by the
coupling and probe fields (the EIT effect). However, the EIT
window is shifted to the blue [Fig. 2(a)] or the red [Fig. 2(b)] by
an amount of 2Ap when the magnetic field is turned on with
B =2y, or B = -2y, respectively (while keeping the coupling
field’s frequency unchanged). This shift can be explained by
the two-photon resonance condition for EIT under Zeeman
splitting [5], namely, A, -A,+2Az =0. Consequently,
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Fig. 2. Probe absorption coefficients versus the probe detuning A

for the absence B = 0 (red dashed line) and presence (blue solid line)
of the magnetic field: (a) B = 2y, and (b) B = -2y,. Other system
parameters are chosen as Q, = 0.01yy, Q. = 37,1, and 7,3 = 721,
respectively.

by choosing proper magnetic strengths and its direction, one
can switch the medium from the strong absorptive to transpar-
ent mode, and vice versa. Furthermore, the EIT window can be
shifted variously to red or blue side by tuning the magnetic field
without variation of the coupling light. This controllable
behavior is very important for controlling optical bistability
and optical switching in the degenerated two-level system.

B. Control of Optical Bistability

Now, we put this atomic sample inside a unidirectional ring
cavity comprising four mirrors, as shown in Fig. 3. For simplic-
ity, we assume that mirrors 3 and 4 have 100% reflectivity, and
the reflection intensity and transmission coefficient of mirrors 1
and 2 are R and 7 (with R + T = 1), respectively. For a per-
fectly tuned ring cavity, in the steady-state limit, the boundary
conditions impose the following conditions between the inci-
dent field E,{ and the transmitted field EPT [27]:

E,(L) = E(T)/NT, (4a)
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Fig. 3. Unidirectional ring cavity containing an atomic sample
of length L; £} and E are the incident and the transmitted fields,
respectively.

E,(0) = ~TEL + RE (L), (4b)

where L is the atomic sample length, and the second term on
the right-hand side of Eq. (4b) describes a feedback mechanism
that gives rise to bistability. In the mean-field limit, using the
boundary conditions, Eq. (4), and normalizing the fields by
letting y = ,uzlE;/h\/T and x = yZIE},T/h T, we can get
the input—output relationship

J)=x- iC/)Zl’ (5)
where C = a)PL|/121|2N /2heycT is the cooperation param-
eter. It is known that the second term on the right-hand side
of Eq. (5) is necessary to the appearance of OB.

In this section, we will analyze the influence of the magnetic
field B on the shape of the OB curve. It is easy to see in Fig. 4(a)
that the threshold of OB first increases dramatically, and the
threshold width becomes wider as the intensity of the external
magnetic field increases and then decreases gradually. In order
to gain deeper insight into this change, we plot the absorption
coefficients of the probe field Im(p,;) versus the magnetic field
strength B, as shown in Fig. 4(b). When the magnetic field B is
absent (i.e., B =0), levels [1) and |3) are degenerated. The
absorption of the degenerate two-level medium under EIT is
suppressed maximally, and there is no OB [Fig. 4(a)] because
of the absorptive bistability [27]. With the increase in strength
of the magnetic field, the level splitting between [1) and |3) is
enhanced, and the quantum interference between the two tran-
sition pathways |1) — |2) and |3) — |2) is reduced, which in-
creases the absorption of the probe field. When magnetic field
B increases to the value B = 2y,, the absorption of the probe
field reaches a maximal value, and the bistable threshold reaches
to the maximum [the star line in Fig. 4(b)]. When B further
increases, the magnitude of the probe absorption is decreased
dramatically and finally trends to a small steady-state value, the
bistable threshold decreases slowly. As such, the threshold value
and the hysteresis cycle width of the bistable curve can be con-
trolled by properly adjusting the magnetic field.

Figure 5 illustrates the dependence of the OB on the inten-
sity of the coupling field €, Fig. 5(a) and on the atomic
cooperation parameter C Fig. 5(b), respectively. It is easy to
see in Fig. 5(a) that the bistable threshold is dramatically in-
creased as the intensity of the coupling field increases, and then
decreases gradually. When the coupling field Q, increases from
1y, to a certain value (€, is around 3y,;), the absorption of
the probe field reaches a saturation value, and the bistable



Research Article

15 T T T T T T T T T
@ —
........... B=1,
.
& - - - B=2
g | ———— B =3~
7,
73 —«—B=4,
10F /
x /’/
- 7 /
% 7/
= /'/
5 A
i ’
3J 7 K
© ¢ |
T 1 ‘.\ J
1 %
\ !
> ~
- \~
e, R
~3o
0 =-—-:':':‘.—.":~:_,:': e ——— .
o 2 4 6 8 10 12 14 16 18 20
Input field |y|
103
6 X107 . T T T T r . i
(b)
5 I -
4 I ~
F\; 3
E
2 I —~
1 I .
0 1 1 1 L | " n :
0 1 2 3 4 5 6 7 8 9 10

Magnetic field strength B/f,c

Fig. 4. Output field |x| versus input field |y| for different values of
the magnetic field (a) and variation of the absorption versus magnetic
field strength (b). The parameters are: Q, = 0.01y,;, Q. = 375y,
A, = A, =0, and yy3 = y,, respectively.

threshold reaches the maximum (red curve). However, with Q,
further increasing, the bistable threshold decreases rapidly,
which can be easily explained in that an increasingly coherent
control field reduces the absorption for the probe field and en-
hances nonlinearity of the medium, thus leading to a change in
OB behavior. Consequently, one can control the OB threshold
by adjusting the intensity of the coherent control field .. On
the other hand, Fig. 5(b) shows the dependence of OB on the
cooperation parameter C. As we can see, the cooperation
parameter C is directly proportional to the atomic number den-
sity N. Therefore, an increase of C leads to an enhancement of
the absorption of the sample, which gives rise to dependence of
the OB threshold on the cooperation parameter C [27].

In Fig. 6, we show the influence of the frequency detuning
of the probe laser and control laser fields on the behavior of OB,
while keeping all other parameters fixed. It is clearly shown that
with increasing A, from 0 to 4y,;, the threshold of OB
decreases progressively. Furthermore, the OB disappears with
increasing A, to 4y,;. The reason for the above results can be
qualitatively interpreted as follows. A gradual increase in
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Fig. 5. Output field |x| versus input field |y| for different values
of the coupling field €, [panel (a), with C = 200] and for different
values of C [panel (b), with Q. = 3y,,]. Other parameters are: Q, =
0.01yy, A. = A, =0, B= 2y, and y3 = yy, respectively.

frequency detuning A, from 0 to 4y, leads to a progressive
change of the absorption for the probe laser field because
of shifting the EIT window to ensure two-photon resonance
[similar to the case explained in Fig. 2(a)].

C. Propagation Dynamics and Optical Switching

To be of practical interest and to demonstrate the analysis given
in the previous section, in the following, the propagation of a
weak probe pulse through the atomic medium is addressed.
Under the slowly varying envelope and rotating-wave approx-
imations, evolution of the probe field is represented by the fol-
lowing wave equation [18]:

0Q,(z, 1) N l@Qp(z, t)
0z c Ot
prle §
4eychyy;
ience, we represent Rabi frequency of the probe field by
Q,(z,1) = Q0 f (3, 1), where €, is a real constant indicating

the maximal value of the Rabi frequency at the entrance

= iay;1p21 (2 1), (6)

where a = is the propagation constant. For conven-
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Fig. 6. Output field |x| versus input field |y| for different values
of the probe detuning Ap [panel (a), with Ac = 0], and the control
detuning A, [panel (b), with A, =0l The parameters are: Q, =
0.01y,;, Q. = 3y,;, and y,3 = y,;, respectively.

(i.e., at z = 0), and f(z,¢) is a dimensionless spatiotemporal
pulse-shaped function. In a moving frame with £ = z and
7 = t-z/c, the optical Bloch matrix Egs. (32)—(3f) for the
density elements p;;(£,7) and the Maxwell’s wave Eq. (6)
for the probe field f(&,7) can be rewritten as

dap . .
a—;l = vuPn + Q0 (& D)par - Q0 f(§ Dp1,  (73)
a—jz = (a1 + 123)p22 + 10 f (&, T)p1a — iy f* (€, D)1
+ Q. p3y - 17 pa3, (7b)
ap33 _ Q* Q 7
o I»Pn + 2827 po3 - 182,035, (7¢)
dp . Y1 +v )
a—;l = - (Z(Ap + Ap) + % P+ i.p3
- Z'onf(ét’ 7)(p22 - P11)> (7d)
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9
% = -i(A, - A, + 28p)p31 - €0 f (&, 7)p32 + 127 p)1s
(7e)
9 ; Y21+ 7 ]
% T (Z(Af -Ap) + u)ﬂ% - i.(p2 - p33)
g 2
+ ionf(é:’ 7)p13 (7f)
af (& 1) Y21
=1 ,T). 7
o(aé) Q0 pn (& 7) (79)

In the following, we solve numerically the set of Eq. (7) 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
previous work [18]. The boundary condition for the probe
pulse is a Gaussian-type shape:

FE=00 = eapl-(n2)(-30%/53,  (8)

where 7y = 6/y,; is the temporal width of the pulse at the
entrance of the medium.

In Fig. 7, we plot the temporal evolution of the magnitude
squared of the normalized probe pulse envelope | £ (&, 7)|* at
the exit of the medium & = 30/a for the modulation cases
of magnetic field and control field intensity. In Fig. 7(a) can
be seen that the switching off and on of the magnetic field sig-
nificantly affects the amount of probe pulse absorption during
propagation in the medium. With a gradual increase in the
intensities of the magnetic field, the absorption of the probe
pulse increases considerably. Specifically, for the case in which
the magnetic field is turned off (i.e., B = 0), the absorption of
the probe pulse can be suppressed, and the atomic medium is
almost transparent to the probe pulse after a characteristic
propagation length (blue solid line). In contrast, for the case
in which B # 0, namely, when the magnetic field is turned
on, the probe pulse is absorbed obviously at the exit of the
medium. When the intensity of the magnetic field increases
to around value B = 2y, (red dashed line), the probe pulse
can be completely absorbed by the medium in a short propa-
gation distance. However, when the intensity of the magnetic
field continuously increases larger B > 2y,;, the probe absorp-
tion is decreased (see green and magenta lines). As a result, by
suitably varying the magnetic field, we can realize magneto-
optical modulation for such a probe pulsed signal. In Fig. 7(b),
for the cases in which Q, = 1y,; and 2y,;, the probe pulse is
gradually depleted and completely absorbed with Q. = 3y,,.
When the coupling field intensity continues to increase
le.g., Q. = 4y,;, and 575, ], the absorption of the probe pulse
decreases considerably.

In Fig. 8, we show the temporal evolution of the magnitude
squared of the normalized probe pulse envelope | (&, 7)|* at
the exit of the medium & = 30/a for the varying cases of
the probe field and control field detuning. In the figure, one
can see that the absorption of the probe pulse decreases con-
siderably with a gradual increase of the detuning of the applied
field. Furthermore, the probe detuning is more than signifi-
cantly influenced compared to the detuning of the control field.
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Fig. 7. Magnitude squared of probe pulse envelopes at the exit of
the medium & = 30/a for different values of the magnetic field B
[panel (a), &, = 3y;,] and for different values of the control field
Q. [panel (b), B =2y]. Other parameters are €,y = 0.01y,;,
A, =A =0, and y,3 = yy; time 7 and propagation distance &
are calculated in units of y31 and !, respectively.

Figure 9 shows the spatiotemporal evolution of the magni-
tude squared of the normalized probe pulse envelope | £ (&, 7)|?
via modulating the intensity of the external magnetic field as
the probe laser pulse propagates through atomic medium under
the conditions in which the Q. = 3y,;, A, = A, = 0. As can
be seen in Fig. 9, the switching off and on of the magnetic field
affects strongly the probe pulse absorption during propagation
in the medium. Specifically, for the case in which no external
magnetic field exists [i.e., B = 0], the atomic medium is trans-
parent to the probe pulse, which propagates over sufficiently
long distances. Furthermore, the pulse shape remains Gaussian
on propagation [see Fig. 9(a)]. In contrast, when the external
magnetic field is applied B = 2y,, the probe pulse can be com-
pletely absorbed by the medium in a very short propagation
distance. These results are consistent with the absorption spec-
tral profile of the probe field given in Figs. 2, 4(b), and 7.
Therefore, the medium can be switched between a strong ab-
sorptive and transparent mode by switching the magnetic field
on and off, respectively.
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Fig. 8. Magnitude squared of probe pulse envelopes at the exit of
the medium & = 30/« for different values of the probe detuning A,
[panel (a), A, = 0] and for different values of the control detuning A,
[panel (b), A, = 0]. Other parameters are Q,y = 0.01y,;, Q, =
3721, B =2y, and y,3 = y,;, respectively.

Finally, we consider a possible way to realize optical switch-
ing for the probe field by tuning the magnetic field, as shown in
Fig. 10. Here, the probe field (solid lines) is assumed to be a
continuous wave, whereas the switching magnetic field (dashed
lines) is a nearly square pulse with smooth rising and falling
edges: B(7) = By{1 - 0.5[tan $0.4(7 - 20) + tan 40.4(7 - 45)-
tan 40.4(7 - 70) 4 tan 40.4(z - 95)]}. The magnetic field is
normalized by its peak value By, with an approximate period
of 50/y,;. As shown in Fig. 10, the probe transmission is
switched to either ON or OFF mode when the magnetic field
is OFF or ON, respectively. This behavior can be explained by
noting that the presence or absence of the magnetic field can
switch, respectively, the medium to a strong absorptive or trans-
parent mode due to the Zeeman shift of levels |1) and |3), which
shift the EIT window followed by two-photon resonance.

4. POSSIBLE EXPERIMENTAL REALIZATION

In this section, we discuss a possible experimental realization
for the case of Rb atoms on the 58,,,>5P,, transitions.
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Fig. 9. Space—time evolution of normalized probe field intensity for
the absence and presence of the magnetic field: B = 0 for (a), and B =
2y, for (b). Other parameters are Qg, = 0.01yy, Q. = 3y,,
A, = A, =0, and yy3 = y,, respectively.

The excitation scheme and experiment can be arranged as in
Figs. 1 and 3, respectively. Here, states |1), |2), and |3) are
given as 5S81,(F = 1,mp =-1), 58 ,(F =1,mp=1),

Probe field o~

= = = Magnetic field B
!

1

X

Probe transmission |f((‘r)|2 and switching magnetic field B

100 120
Time

Fig. 10. Time evolution of a cw probe field (solid line) at & = 30/

when the magnetic field (dashed lines) switches at period 50/y3,.

Other parameters are f(§ =0,7) =1, Q,y = 0.01y,;, Q. = 372y,

By =2y, and A, = A, = 0, respectively.
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and 5P/, (F = 1,mp = 0), respectively. For the case of the
optical switching, the feedback arm of the ring cavity (in
Fig. 3) is removed. Both the probe and coupling fields can
be used by combination of a single-mode external cavity diode
laser (795 nm) and an acousto-optic modulator (AOM). The
magnetic field can be generated by using a solenoid tube con-
nected with a variation DC current source via an interchange-
able anode-cathode switch. Due to the Zeeman splitting in
opposite directions for levels 58, ,,(F = 1,my = -1)) and
581,(F = 1,mp = +1), the first-order blue shift and red
shift output beams from the AOM can be used to deliver
the coupling and probe lights, respectively.

In order to ensure selection rules for the excitation configu-
ration, the coupling and probe beams are directed to quarter-
wave plates to produce 6~ (probe beam) and ¢ (coupling)
polarized beams where both of which propagate in opposite
directions (see Fig. 3).

5. CONCLUSION

We have proposed a simple system for both optical switching
and bistability based on degenerated two-level atoms placed in a
ring cavity and an external magnetic field. The magnetic field
splits a lower level into two separated levels, both of which are
connected to an upper level by a coupling and probe laser fields.
It is shown that under the EIT regime, the system exhibits op-
tical bistability and switching properties in which its thresholds
and switching rate can be controlled by modulating intensity of
the magnetic field or the coupling light field. Furthermore, due
to symmetry of Zeeman splitting and the AOM effect, the sys-
tem can be controlled to work in varying frequency regimes by
using a sole laser for both coupling and probe fields. Such a
proposed scheme may be useful for realization of optical
switches and storage devices.

Funding. Ministry of Science and Technology (MOST)
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