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a  b  s  t  r  a  c  t

We propose  a convenient  method  to manipulate  the  behavior  of optical  bistability  (OB)
and  optical  multistability  (OM)  in a double  �-type  atomic  system  with  hyperfine  structure
driven  by  a �-polarized  probe  field  and a �-polarized  elliptically  polarized  field  (EPF).  In
the scheme,  the  frequency  detuning  of  two circularly  polarized  components  of the  EPF  are
determined by  an  applied  magnetic  field,  and  the  amplitudes  and  the phase  difference  of
that can  be  modulated  by  rotating  a quarter-wave  plate,  which  can  be used  to  optimize
quantum  interference.  Our  numerical  results  show  that  not  only  the appearance  and  dis-
appearance  of  OB can  be  transformed  reciprocally,  but  also  the switch  from  OB to OM  or
vice can  be  easily  realized  only  by  adjusting  the magnetic  field  B or rotating  the  angle  �
with the  1/4  wave  plate.

©  2018  Published  by  Elsevier  GmbH.

1. Introduction

Optical bistability (OB) is one of the most active research topics in nonlinear optics because of its potential in all-optical
switching, optical transistors, all-optical logic gates and so on, which are necessary for quantum computing and quantum
communications. The physical mechanism of the optical bistability is the Kerr nonlinear effect of the medium in the cavity
with feedback and the absorption effect on the optical field. It is well known that the quantum coherence effects in atomic
systems and semiconductor quantum well systems can modify the optical properties of the medium [1–9]. Therefore, the
optical stable behavior based on quantum interference effects is extensively studied both experimentally and theoretically
in the recent past years [10–14]. Such as the effect of the phase fluctuation [15], the influence of the relative phase of applied
fields [9,16–18], double dark resonances (DDRs) [19,20], spontaneously generated coherence (SGC) [21,22]. It is found from
the above studies that the OB and OM can be effectively modulated by the controlling parameters.

On the other hand, the introduction of polarization field in an atomic system with hyperfine structure can change the
absorption and dispersion characteristics of the medium to the light field. More recently, Wu et al. [16] researched the OB
and OM in a generic double two-level atomic system driven by two  orthogonally polarized fields. Zhu et al. [21] proposed the
optical steady-state behavior can be switched from OB to OM by adjusting the phase difference between two  components
of the EPF in the presence of a perfect SGC effect. We  know that the Elliptically polarized field can be decomposed as the
left-handed polarized field and right-handed polarized field, which can induce the double dark resonances and influence
the optical response of the proper atomic system when being applied to the appropriate transition hyperfine levels. EPF can
be obtained when a linear polarized field with a rotating angle � entering into a quarter-wave plate, so we  can modulate
simultaneously the intensity and the phase difference between two components of EPF only by rotating angle �. Moreover,
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Fig. 1. Schematic diagram of the double �-type atomic system. A �-polarized probe field (with frequency �p) drives the |4> to |1> transition. a EPF (with
frequency �c) is consisted of two circularly polarized components �+ (the right- circularly polarized field E+

c ) and �- (the left-circularly polarized field E−
c ),

which are respectively applied to the transitions between levels |4> and |2> and between levels |4> and |3>. A possible realization of the scheme in 87Rb.

a longitudinal magnetic field B is applied to our considered system, which can control the Zeeman shift and change the
detuning of two components of EPF. Compared with the previous works in the field, this difference is that the induced
double dark resonances result from the controllable detuning and amplitude of two circularly polarized fields, which can
be manipulated easily by changing the applied B and rotating a quarter-wave respectively. Secondly, different from the
relative phase between the probe and control field, the phase difference between two circularly polarized fields is denoted
by the rotating angle �, and can be modulated conveniently by the quarter-wave. Therefore, based on the above-mentioned
quantum coherence effect, to rotate a quarter-wave plate and adjust a magnetic field offer a feasible and convenient scheme
for switching from OB to OM,  which motivates the current work.

2. Model and input-output relationship

In this paper, we analyze the interaction of a four-level quantum system in the double-tripod configuration illustrated in
Fig. 1 with a �-polarized probe field Ep and a �-polarized EPF. The EPF can be obtained after a control field Ec passing through
the 1/2 and 1/4 wave plates with a rotating angle � in turn properly. A possible realization of the proposed atomic system
can be found in 87Rb atoms. We  denote Zeeman sublevels |5S1/2, F = 1, mF = 0 > , |5S1/2, F = 1, mF = -1 > , |5S1/2, F = 1, mF = 1> as
the lower levels |1>, |2>, |3>, and |5P1/2, F = 2, mF = 0> as the excited level |4>, respectively. We  choose the �-polarized probe
field (with frequency ωp) to drive the |4> to |1> transition. The control field (with frequency ωc) is a EPF consisting of two
circularly polarized components �+ (the right- circularly polarized field E+

c ) and �- (the left-circularly polarized field E−
c ),

which are respectively applied to the transitions between levels |4> and |2> and between levels |4> and |3>. In the rotating
wave and dipole approximations, the Hamiltonian of this system is given by

HI = (�1 − �2)
∣∣2 >< 2

∣∣ + (�1 − �3)
∣∣3 >< 3

∣∣ + �1|4> 4| − [�p|1 >< 4| + �+
c

∣∣2 >< 4
∣∣ + �−

c

∣∣3 >< 4
∣∣ + H.C.] (1)

Here, �p = |�41|Ep
2� , �+

c = |�42|E+
c

�
= �c (cos� + sin�) ei� and �−

c = |�43|E−
c

�
= �c (cos� − sin�) e−i� are the Rabi frequencies

of the corresponding transitions, where �c = −�Ec√
2�

, and � =
∣∣�41

∣∣ = |�42| [23]. 	1 = ω41 - ωp, 	2 = ω42 - ωc, 	3 = ω43 - ωc are
the probe field and two circularly polarized fields detuning from resonance with the transitions from the excited level to the
three lower levels. In our studied atomic system, a longitudinal magnetic field B is applied to the medium and remove the
degeneracy of the levels |1>, |2> and |3>, which can let us find that �23 = 	2 − 	3 = 2�BBgF

2� , where �B is the Bohr magneton,
gF is the hyperfine Landé g-factor. Based on the above description, we can find that the intensity and the phase difference
between two components of the EPF are related to the rotating the angle �, which can be modulated easily by only rotating
a quarter-wave plate. On the hand, the detuning of two components can also be controlled by changing the magnetic field
B for convenience.
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