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Optical bistability induced by quantum coherence
in a negative index atomic medium*
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Bistability behaviors in an optical ring cavity filled with a dense V-type four-level atomic medium are theoretically
investigated. It is found that the optical bistability can appear in the negative refraction frequency band, while both the
bistability and multi-stability can occur in the positive refraction frequency bands. Therefore, optical bistability can be
realized from conventional material to negative index material due to quantum coherence in our scheme.
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1. Introduction

Optical bistability (OB) is a phenomenon in which
the system exhibits two output intensities for the same in-
put intensity.!’?] It has been an interesting topic because
of its wide applications in optical transistors, memory el-
ements, all optical switches, and so on.!>* Not only has
it been realized in conventional schemes, such as a Fabry—
Pérot resonator filled with a nonlinear material,!>! nonlinear
couplers, [®7] layered periodic structures, ®1% an optical cav-
ity filled with Bose—Einstein condensate (BEC),!''~!4] and
quantum well,!'3! but also in schemes filled with negative in-
dex material (NIM).!'®191 NIM is a kind of material with a
negative refractive index, in which, the wave vector is oppo-
site to the direction of energy propagation.!?’! In 2004, Feise
et al.'"® demonstrated bistability for two types of band gaps
of a layered structure composed of two materials with posi-
tive and negative refractive index. Afterwards, Litichinister et
al.""! proposed a nonlinear optical coupler with one channel
filled with a negative index material, in which, optical bistabil-
ity was realized because the negative index material channel
could give rise to an effective feedback mechanism. Recently,
Chen et al."®! put forward a scheme composed of square plas-
monic loops loaded by Kerr nonlinearities. In their scheme, a
bistable and self-tunable negative index material can be real-
ized at optical frequency.

Based on quantum coherence, OB in atomic systems has
been studied theoretically and experimentally.[*!=>* For ex-
ample, as is well known, the OB and dynamic instability were
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experimentally observed and studied in a system consisting of
three-level A-type rubidium atoms in an optical ring cavity. [>!]
Also, it was found that spontaneously generated coherence
(SGC) could significantly affect OB behavior in a three-level
atomic scheme.?”! A noticeable Doppler effect on OB has
been investigated in an N-type active Raman gain atomic
system. >3] It is shown that the Doppler effect can greatly en-
hance the dispersion and create OB or increase the bistable
region. Furthermore, the phase fluctuation of the driven field
can be used to control the OB response to a A-type atomic
medium.?>*! Up to now, although OB has been studied in vari-
ous atomic systems, to our knowledge, little research work has
been reported in a negative index atomic medium.

In this paper, we will discuss the OB behaviors in an
atomic medium with a negative refractive index. We put for-
ward a V-type level atomic scheme. Based the quantum co-
herence, the negative refractive index can be realized by ad-
justing the applied fields in this atomic system. It is shown
that OB appears in the negative refraction frequency bands,
however, both OB and optical multistability (OM) can occur
in the positive refraction frequency bands. Changing the de-
tunings and intensities of the applied laser fields, OB can be
switched to OM from a negative index medium to a positive
index medium.

2. Model and equations

Consider a V-type four-level atomic system as shown in
Fig. 1. The two lower levels |1) and |2) have opposite parities
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with dj5 = (1|d|2) # 0, where d is the electric dipole opera-
tor. The two upper levels, |3) and |4), have the same parity
and 34 = (3|a]4) # 0, where fi is the magnetic dipole oper-
ator. Levels |1) and |2) are coupled by a weak probe field £,
with frequency @), while levels |1) and |3) are coupled by a
strong pump field Qg with frequency @s. Levels |2) and |4)
are coupled by a control field Q. with frequency @,, which is
a two-photon process. Here,

diy-E; dyy - E;
Q —=——-"T Q ==
P 2n ¢ 2n
and dir E
_ a3 By
&= 2h

denote the Rabi frequency for the corresponding transition,
and d;; are the corresponding electric dipole moment. The
detunings of the probe, pump, and control fields are defined
as Ap = 1 — Wp, Ay = W31 — 0%, and Ap = W42 — O, respec-
tively, in which @;; = ®; — w; is the transition frequency of
level |i) and |f) (i, j=1,2,3,4).

Fig. 1. A four-level V-type atomic scheme as described in the text.

Under the dipole approximation and the rotation wave ap-
proximation, the density matrix equations for such an atomic

System are

P11 = iQp(p21 — P12) +12(p31 — p13)

+ 131033 + Y21 P225 (la)
P22 = iQp(p21 — p12) +1Qc(Pa2 — p24)

+ Ya2Pa4 + V32033 — V210225 (1b)
P33 = 1Q(p13 — p31) — (V31 + ¥32) P33 + Wa3Paa, (1c)
pr2 = —(Ii2 —i4p)p12 +12p(p22 — p11)

+iQp32 —1Q2cp14, (1d)

P13 = _(HS_iAS)pIS‘FiQS(PB—Pll)+iQpP23, (le)
Pra = —[Ia —i(Ap+Ac)]p1a +1Qpp24

+iQp34 —1Q2cP12, (1f)
P23 = —[I23 — i(As — Ap)|pas — 1Q2p21

+iQcps3 +12p013, (1g)
P2 = — (34 —iAc)p2a+1iQpp1a+1Qc(pas — p22),  (1h)
Pz = —[I13 —i(Ap + Ac — As)|paz — 1Q5pa1 +1Qcp23, (11)

constrained by p;; = pj; and pi1 + p22 + p33 + pas = 1. Here,
I;; denotes the coherence damping coefficient due to sponta-
neous emission, which is given by Ij; = (¥ + 7;)/2, where

4
Y: = Y Y is the decay rate of level |i) and ¥4 (i = 1,2,3,4)
k=1

is the spontaneous emission decay rate from state |i) to state
|k). We assume that the atoms are initially in state |1) and the
strong pump approximation £, < Q. < €.

Firstly, we need to search the negative refraction fre-
quency band in this atomic system. As is well known, when
the permittivity and permeability are negative simultaneously,
the material is called a negative index material and the refrac-
tive index is defined as n = —, /€ correspondingly. 2025271
So we will discuss the relative permittivity and permeability
of the atomic medium to the probe field. Based on the quan-
tum coherence, the induced complex electric dipole moment
of the atom is given by p(®,) = Tr{pd} = di2p21. More-
over, according to the electromagnetic theory, the complex
atomic polarizability tensor & can be described as p(®,) =
€0t () Ep(@p). When we choose a probe electric field E;,
parallel to the atomic dipole d,, the electric polarizability ¢t
can be expressed as a scalar

_ di2p21
&kEp '

e @
Similarly, the magnetic response of the medium to the probe
field is relative to the coherent term p43 and the magnetizabil-
ity can also be a scalar expressed as

o — HocU34P43 7

m 3
nkEp )

where [ is the permeability of vacuum, c is the speed of light
in vacuum, and 7 is a unitary complex number depending on
the polarization of the probe field. Considering the local field
effects, we obtain the complex relative permittivity and per-

meability of the atomic medium with the density N as[?”]
Nop\ !
e:1+Noze<1— 3°) , “)
1
u (5)

T 1—Nop(1+x/3)

where Y. = Nt /(1 — Nt /3) is the electric susceptibility of
the medium relative to the probe field.

In order to study the bistability of the atomic system,
we put the ensemble of N homogeneously broadened V-type
atoms in a unidirectional ring cavity (see Fig. 2). Without loss
of generality, we assume that the mirrors 3 and 4 each have
100% reflectivity, and the intensity reflection and transmission
coefficient of mirrors 1 and 2 are R and T (with R+ T = 1),
respectively.
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Fig. 2. Unidirectional ring cavity with an atomic sample of length L,
E[I, and Eg are the incident and transmitted probe fields, respectively, Eg
and E, are respectively the coherent pump and control fields which are
noncirculating in the cavity.

The total electromagnetic field can be given as
E=E,e '® { E.e ' { Eee ' fc.c, (6)

where the probe field E;, circulates in the ring cavity and the
coupling field E; and the pump field E; do not circulate in
the cavity. We apply the coupling field and pump field in
the opposite directions so that the Doppler effects can be ne-
glected. Under slowly varying envelope approximation,?8! the
Maxwell’s equation is

JE, JE,

. @
—i_Ltp
ot ¢ 0z 1280 ((Op),
where & is the permittivity of vacuum. P(,) is the slowly
oscillating term of the induced polarization in the transition
|1) <> |2) and it is given by

)

P(w,) = Ndi2p21- (8)

In the steady-state case, setting the time derivative in

Eq. (7) to be zero, we can obtain the probe field amplitude
as

% _ iN Wpdi2pP21

dz 2c€y '

9

For a perfectly tuned cavity, in the steady state limit, the
boundary conditions impose the following conditions between
the incident field Ej and the transmitted field E, :

Ep(L) = Ey VT,
Ey(0) = VTE} +RE(L),

(10a)
(10b)

in which, L is the length of the atomic sample. Note that the
second term on the right-hand side of Eq. (10b) describes a
feedback mechanism due to the mirrors, which is responsible
for the bistibility. If R = 0, we do not expect any bistability.
According to the mean-field limit,**-*°! using boundary condi-
tions and normalizing the fields by setting y = dlgElI) /(m/T)
and x = dlgEg /(h\/T), we can obtain the input—output rela-
tionship as

y=x+Cy Im(p2;) —iCy1 Re(pa1), (11)

where C = LNw,d?, /(2hiceyTy) is the usual cooperation pa-
rameter in a ring cavity.

3. Results and discussion

The general solutions of Egs. (1a)—(1i) for the steady
state are tedious, and we only present the numerical analy-
sis here. In our numerical calculation, we consider the case
of atomic hydrogen to verify our scheme. In this case, the
state [1) (|2)) is the state 2P/, (2S;/,), while the state |3)
(|4)) is the excited state 3D3/, (3D5,). All the parameters are
scaled by the spontaneous emission rate of level |2), which is
Y21 = ¥ = 100 MHz. The wavelength of resonant probe field
transition is 21 c¢cm, which is in the radio wave range. The
transition |1) <> |3) is driven by the pump field Qg which is
resonant at 656.2 nm. The transition |2) <> |4) is a two-photon
process. Typical values for Y4 = Y30 = 131 = 0.5 and Y3 =
41 = 0.01y are used. The atomic density is N = 5 x 10%> /m?>.
The Rabi frequency of the control field is 2. = 0.17.

The probe-detuning dependence of the real part of the rel-
ative permittivity € and the real part of the relative permeabil-
ity u are shown in Fig. 3. It is obvious that the relative permit-
tivity € and the relative permeability  are negative simultane-
ously in a frequency band about 3 MHz (shown as shade zone
in Fig. 3). It is the result of quantum coherence. In our scheme,
the level difference between level |1) and level |2) is nearly the
same as that between level |3) and level |4). When the probe
field is applied to the levels |1) and |2), large coherence pa3
can be caused, which is related to magnetic transition. So it is
possible to change the permeability of the medium greatly into
being negative.>’] Then negative refractive index can be real-
ized based on the quantum coherence in this scheme. In other
words, we can obtain the negative index atomic medium by
adjusting the detuning and intensity of the applied laser fields.

0.20 0.30 0.40 0.50
Ap/y

Fig. 3. (color online) Probe-detuning dependences on the real part of
the relative permittivity € and the real part of the relative permeability
. The shade zone represents negative refraction band. The parame-
ters are N =5 x 1025/m3, Ya2 = Y32 = Y31 = 0.57, Y43 = 141 = 0.01y,
Q. =0.1y, 2, =5y, Ay = A. =0.17.

In what follows, we will focus on the optical bistability of
this atomic medium in the negative refraction band. Accord-
ing to Fig. 3, we set the probe detuning A, = 0.34y which is
in the negative refraction band, and other parameters are the
same as those in Fig. 3. The relationships between the input
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probe intensity and output probe intensity with different coop-
eration parameters are plotted in Fig. 4. It is shown that the
optical bistability appears with the gradual increase of the co-
operation parameter C in the negative refraction band. When
changing the detuning of the probe field in the negative refrac-
tion band, we find that the bistability still exists if the coop-
eration parameter is large enough. Quantum coherence plays
an important role in realizing the bistability of the negative in-
dex atomic medium. In the V-scheme considered here, most
of atoms are distributed not only in level |1), but also in level
|3). This produces large coherence between these two levels,
which makes it possible to achieve bistability in negative re-
fraction band. Therefore, the bistability can be realized by
quantum coherence in this negative index atomic medium.
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Fig. 4. (color online) Plots of output intensity |x| versus input inten-

sity |y| in negative refraction band for different cooperation parameters.
Ap = 0.34y. Other parameters are the same as those in Fig. 3.
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Fig. 5. (color online) Plots of output intensity |x| versus input intensity
|y| in negative refraction band (solid line) and positive refraction band
(dotted line and dashed line). C = 6000, other parameters are the same
as those in Fig. 3.

In order to compare with the condition of positive refrac-
tion band, we plot the bistability behaviors of the probe field
with different probe detunings in Fig. 5. It is shown that the
multi-stability appears when the detuning reaches 1.5y or 27,
and it is in the positive refraction band. If we continue to in-
crease the probe detuning in the positive refraction band, OM
will be switched to OB. However, only in the negative refrac-
tion band does bistability appear. It is easy to understand be-
cause the negative refraction only occurs with the small probe

detuning in which the quantum coherence is very large. Ac-
cording to Ref. [21], OB can appear near resonant region, but
OM appears in the condition of large field detunings. There-
fore, the bistability can be switched to multi-stability from the
negative refraction band to the positive refraction band in this
scheme by adjusting the detunings of the applied field.

4. Conclusions

In summary, we have illustrated the optical bistability and
optical multi-stability behaviors in a V-type four-level atomic
system. We find that optical bistability can appear in the neg-
ative refraction band. While, in the positive refraction band,
optical multi-stability occurs in such an atomic medium within
an appropriate parameter range. Our results provide a way to
obtain desired bistability in a negative index medium or multi-
stability in a positive index medium. We believe that this ex-
cellent performance offers the possibility of developing ultra-
fast all-optical switches and quantum information processes.
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