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ABSTRACT

In this work, we proposed a simple model for control of optical properties via an external
magnetic field in a vee-type degenerated atomic medium. By numerically solving the density
matrix equations in the steady-state, we show that the absorption and dispersion properties are
influenced by the strength of coupling laser and external magnetic fields. Furthermore, it is
found that in the presence of an external magnetic field, a medium can be switched from
transparent to absorption, which corresponds with subluminal and superluminal lights. The
suggestions scheme may be useful in the applications of magneto-optic switches and magneto-
optic storage devices in processing telecommunication signals.

Keywords: Electromagnetically induced transparency, absorption, dispersion, subluminal and
superluminal light, magnetic-optical switching.

1. INTRODUCTION

Over the last few years, there has stimulated tremendous interests in the study of quantum
coherence and interference phenomena. One of the most significant phenomena is
electromagnetically induced transparency (EIT) phenomenon [1, 2], which originates from to
guantum interference between two different excitation pathways and an opaque optical
medium can be rendered transparent to a probe field by applying an intense coupling laser
field at a different frequency. EIT effect not only reduces the absorption but also enhances
linear and nonlinear dispersions in the vicinity of atomic resonant frequency. Furthermore,
along with absorption vanishment which on dispersion profile appears a normal dispersive
curve with its height and slope can be controlled which leads to a significant reduction of the
group velocity of light [3-5]. Based on the EIT effect, many interesting quantum optical
phenomena have been studied in atomic systems, for example, control and slow down the
group velocity of light and even to completely stop the light pulses propagating in a medium
[4], enhances in Kerr nonlinearity [6-8], optical bistability (OB) and all-optical switching
(AOS) [9-12], the formation and optical solitons propagation [13-18], and so on.

Beside absorptive and dispersive properties of EIT medium are controlled by the intensity
and frequency of the laser fields, recent studies show that the optical properties of EIT medium
are also controlled by external magnetic field and polarization of laser fields [19-21]. More
recently, optical switching and bistability schemes have been also implemented in a
degenerated two-level atomic medium under an external magnetic field effect [22]. Under the
presence of an external magnetic field, the transparent window can be shifted or the system
can switch from subluminal to superluminal light propagation which leads to the modification
of transparency window and allows the possibility of electromagnetically induced absorption
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(EIA), a phenomenon in which a transparent medium shows enhanced absorption at line
center. EIA has been studied both theoretically as well as experimentally in multi-level
systems [23-27]. However, most previous works on EIT and EIA have been studied in multi-
level media, which has been considered to lack of the influence of the external magnetic field
on the absorptive and dispersive properties in a vee-type degenerated atomic medium.

The organization of the paper is as follows. In Section 2, describe our theoretical model
and present the density matrix equations of a vee-type degenerated model. In Section 3, we
discuss the absorption-dispersion characteristics of the medium on the probe field under the
applied magnetic field. Finally, a conclusion of the present work is given in the last section.

2. MODEL AND BASIC EQUATIONS

We consider a vee-type degenerated atomic system under interacting of an external
magnetic field as shown in Figure 1. A weak probe laser field E, with the right-circularly
polarized component ¢* (carrier frequency ®p with Rabi frequency 2Q,) drives the transition
|1) to |3). At the same time, a strong coupling laser field E. with the left-circularly polarized
component o™ (carrier frequency oc with Rabi frequency 2€c) is introduced to couple the
transition |1) to |2). The medium is subject to an applied longitudinal magnetic field B that
removes the degeneracy of the states |2) and |3), whose Zeeman shift is determined by
Ay = sm.g-B/ 7, where ug is the Bohr magneton, gr is the Lande factor, and mgr = +1 is the

magnetic quantum number of the corresponding state. The decay rates from the states |3) and
|2) to |1) are given by ys1 and y21, respectively. Using the rotating-wave and the electric dipole
approximations, the interaction Hamiltonian of system in the interaction picture can be written
as (with the assumption of 7 =1):

|5P1/2, F= l, ms = l>

3
5Py, F =1, ms = -1) As

12)

1)
5S12, F = 1, ms = 0)

Figure 1. Schematic diagram of vee-type degenerate atoms in the media interacting with a weak probe
field with Rabi frequency 2€2p, and a strong control field with Rabi frequency 2.

a@+QJ$@+Hcy (1)

where A =w, —o,,and A, = a, -, are detunings of the probe field and coupling field

from the atomic transition frequencies, respectively. Ag is the Zeeman shift of the levels |2)
and |3) in the presence of the magnetic field (see Fig. 1) and Ag is taken to zero for zero
magnetic field. The dynamical evolution of the system can be described by the Liouville
equation [2]:

Him = _(Ac +Ag )|2><2| +(AB _AP )|3> <3| _<QC
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%p}i[Him,p]H\p, 2

and the relevant density matrix equations obtained for the three-level vee-type degenerate
system are given as follow:

Opy

F Vo1 Py + Va1 P+ 0y —1Q py, + iQ;p31 —iQ, 13, (3a)
agt_zz IO, I (30)
6553 = VP +1Q, 0, —IQ, py; (3¢)
% = —(i (Ac +A, )+%jp21 +iQ, (p11 —pzz)— iQ*pp23 , (3d)
% =—(i(A, —AP)JF%),;Sl +IQ, (P ) Qs » (3e)
%:—i(AC -A, +2AB)p32 +iQ:)p12 —iQ. P4, (3f)

where, the matrix elements obey conjugated and normalized conditions, namely p; = p;
(i=]), and p, + p,, + P =1, respectively.

In order to illustrate applications of the model, we apply to cold atomic medium of Rb on
the 5S-5P transitions as a realistic candidate. The designated states and the decay rates can be
chosen as follows: 1) = |5S1, F = 1, meg = 0), [2) = 5P, F = 1, meg = -1), |3) = |5P12, F =1,
me = 1), and y21 = ya1 = 27 X 5.3 MHz, and wavelength of the probe, as well as the coupling,
Ap= Ac= 795 nm, [28]. Landé factor gr = -1/2 and the Bohr magneton pg = 9.27401 x10724 JT 1,
[28], respectively. Note that the system parameters used in this paper are scaled by ya1, thus
when the Zeeman shift Ag is scaled by ys1, then the magnetic field strength B should be in units
of the combined constant y, =59 7, -

3. NUMERICAL RESULTS AND DISCUSSIONS

First of all, we will discuss the effect of the coupling field on absorption-dispersion
coefficients of the probe field by numerically solving the above density matrix equations (3a)-
(3f) in the steady state, that initial the atoms are assumed in the ground-state [1), i.e. p11 = 1. In
Figure 2, we display the properties of absorption and dispersion of the probe field versus the
probe detuning Ap/ys for different values of the coupling field ., when the magnetic field B is
turn off (i.e., B = 0), the levels |2) and |3) are the same. Figure 2(a) shows that for Q¢ = 0.5ys1,
the probe absorption presents a sharp peak around A, = 0, the EIT window is yet to appear. As
the value of the coupling field increases (i.e., Q¢ = 0.5ys1), the probe absorption exhibits two
absorption peaks and a dip around A, = 0, the transparency window arises, this is due to the
quantum interference between the two quantum paths [1) — |3) and |1) — |2) enhanced. It is
clear that the depth and width of the EIT window increase when the strength of the coupling
field Qc increasing and as the coupling field up to Q. = 3ys1 as shown in Figure 2(d), we obtain
a transparency window with vanishing probe absorption at the line center and the positive
steep dispersion curve, which corresponds to the subluminal propagation of the probe field.
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Figure 2. Plot of the absorption- dispersion curves versus the probe detuning Ap at different values of
the coupling field Qc: Q¢ = 0.5y3; for (a), Q¢ = 1ysi for (b), Qc = 2y3; for (), Qc = 3ya; for (d). Other
system parameters are chosen as Qp = 0.01y31, Ag = Ac = 0, and y21= ya1, respectively.

In this section, we consider the influence of the magnetic field on the absorption-
dispersion behaviors of the probe field in the presence of coupling field Q¢ = 3ys1. As shown
in Figure 3, when the magnetic field B is turn on (i.e., B = 0), the level splitting between |2)
and |3) is enhanced, the quantum interference between the two quantum paths |1) — |3) and
|1y — |2) is reduced, which increases the absorption of probe field. When the external magnetic
field B increases to a certain value B = 2y, the absorption of the probe field reaches a maximal
value as shown in Figure 2(d), i.e. the medium switched from the electromagnetically induced
transparency (EIT) to the electromagnetically induced absorption (EIA), which corresponds
to the superluminal propagation of the probe field. When B further increases, the magnitude
of the probe absorption decreases dramatically and finally trends to a small steady-state value.
Such, the absorption of the probe field can be controlled by properly adjusting the magnetic

field.
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Figure. 3. Plot of the absorption- dispersion curves versus the probe detuning Ap at different values of
the magnetic field B: B = 0.1y, for (a), B = 0.5y, for (b), B = 1y, for (c), B = 2y for (d). Other system
parameters are chosen as Qp = 0.01ya1, Q¢ = 3ya1, Ac = 0, and y21= ya1, respectively.

In order to further illustrate explicitly the dependence of the absorption spectra of the
weak optical field on the magnetic field strength B, the probe absorption coefficient Im(psz)
as a function of B (in units of yc) are plotted in Figure 4. From this figure, we find that the
magnitude of the probe absorption first increases rapidly from nearly zero to a maximal value,

then decreases dramatically and finally trends to a nearly zero small steady-state value with
increasing magnetic field strength B.
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Figure 4. The probe absorption Im(ps1) responses versus the magnetic field strength B. Other system
parameters are chosen as Qp = 0.01ya1, Q¢ = 3ya1, Ap = Ac = 0, and y21= ya1, respectively.
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4. CONCLUSIONS

We have studied the control of optical properties via an external magnetic field in a vee-
type degenerated atomic medium based on the EIT. We showed that in the absence of a
magnetic field, the system exhibits transparent for the probe field, therefore the subluminal
light propagation can be formed in a medium. When the magnetic field is turned on, the
medium can be switched from EIT to EIA, which performs as the magneto-optic switches.
Hence, the result indicates potential applications in magneto-optical switching and optical
storage devices in processing telecommunication signals.
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TOM TAT

PIEU KHIEN CAC PAC TRUNG TAN SAC VA HAP THU CUA MOI TRUONG
NGUYEN TU SUY BIEN CAU HINH CHU V DUOI TU TRUONG NGOAI

Nguyén Tuén Anh, Thai Doan Thanh, Hoang Minh Déng™*
Trwong Pai hoc Cong nghiép Thuc pham TP.HCM
*Email: donghmhufi@gmail.com

Trong bai béo niy, nhom tac gia dé xuat Mot mo hinh don gian dé diéu khién cac dac trung
quang hoc cua moi truong nguyeén tir suy bién cu hinh chir V duéi tac dung cia tir truong ngoai.
Bang cach gidi s6 bang cac phuong trinh ma tr@n mat do trong trang thai dung, két qua cho thay
tinh cht hap thu va tan sic cia méi trudng 13 bi anh huong boi cuong do cua laser diéu khién va
tir truong ngoai. Hon nita, két qua nghién ctiu ciing chi ra rang khi c6 mat cua tir truong ngoai, moi
trudng c6 thé dugc chuyén tir trong sudt sang hap thu ma tuong tng vai lan truyén anh séng siéu
cham va siéu nhanh. M5 hinh 13 hiru ich trong cac tng dung cua thiét bi chuyén mach va luu trit
quang-tir trong xir 1y tin hiu truyén thong.

Tir khéa: Trong sudt cam ung dién tir, hap thy, tan sic, anh sang siéu chdm va siéu nhanh,
chuyén mach quang-tur.
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