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ABSTRACT

In this work, we proposed a simple model for control of subluminal and superluminal light
propagation via an external magnetic field in a lambda configuration degenerate two-level atomic
medium. We show that the absorption-dispersion properties and group index under the influence
of the strength of coupling laser and external magnetic fields are controlled. By changing the
direction and magnitude of the magnetic field, the medium switches from transparency with normal
dispersion to enhanced absorption with anomalous dispersion at the line center, corresponding
with the transfer from slow light to fast light. This work may provide for the application realization
of magneto-optic switches and storage devices in quantum information processing.

Keywords: Electromagnetically induced transparency; Electromagnetically induced absorption; Degenerate two-level
atomic; Group index; Group velocity; Subluminal and superluminal light propagation.

1. INTRODUCTION

In recent years, there has been a surge of interest in the exploration of slow and fast light
propagation within dispersion materials due to their possible applications in quantum memory,
high-speed optical switches, optical delay lines and optical communication, and gquantum
information processing [1-3]. The key to successful investigations hinges on the capacity to
manipulate the optical characteristics of the medium using laser fields. A significant milestone was
achieved when Hau et al. observed light slowing down to 17 m/s in a Bose-Einstein condensate of
three-level sodium (Na) atoms at a temperature of approximately 50 nK through the application of
electromagnetically induced transparency (EIT) [3]. Subsequently, Kash et al. [4] slowed light
down to 90 m/s in rubidium vapor. This experiment was further refined by Budker and others,
resulting in light slowing down to 8 m/s [5]. Apart from atomic vapor media, numerous research
groups have explored the phenomenon of slow light in diverse materials such as optical fibers,
waveguides, crystals, semiconductors, and quantum wells [6-9], among others. Notably, based on
the EIT effect, some research groups completely stopped a light pulse [10, 11]. In these
experiments, information carried by light pulses could be temporarily stored within the dispersion
medium, permitting researchers to subsequently recreate light pulses carrying the same
information with relatively minimal losses.

In other studies, the subluminal and superluminal light pulse propagation can also be obtained by
combining electromagnetically induced transparency and electromagnetically induced absorption
(E1A) [12, 13]. EIA is a phenomenon where a transparent medium exhibits heightened absorption at
the center of a spectral line. Under conditions of EIT and EIA, numerous theoretical and experimental
studies have explored the subluminal and superluminal propagation of light [14, 15]. Besides that,
some studies have focused on the dynamic switching between subluminal and superluminal light
propagation within an atomic medium, achieved by manipulating factors like frequency, intensity,
phase, and polarization of applied fields [16-18]. More recently, research endeavors have honed in
on the utilization of an external magnetic field to exert control over EIT [19, 20] and pulse
propagation and all-optical switching [21, 25].
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Despite many proposals in multi-level atom systems for subluminal and superluminal light
propagation, 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, the studies
often neglect the degeneration of Zeeman levels, although it should be considered when the atoms
are immersed in external magnetic fields or polarized optical fields. Growing on this interest, in
this work, we propose a simple scheme based on a degenerate two-level medium under the external
magnetic field that can change the magnitude/sign of the group index. This outcome can be
archived by changing the strength/direction of the magnetical field, which corresponds with
switching the propagation of light from subluminal to superluminal.

2. MODEL AND BASIC EQUATIONS

We consider a lambda configuration degenerate two-level atomic system under the interaction
of an external magnetic field as shown in Fig.1. A weak probe laser field E, with the left-circularly
polarized component ¢~ (carrier frequency w, with Rabi frequency 2Q) drives the transition |2) to
|1). At the same time, a strong coupling laser field E. with the right-circularly polarized component
o" (carrier frequency wc with Rabi frequency 2€) is introduced to couple the transition |2) to |3).
In this configuration, the probe field is traveling in the direction parallel to both the polarization
of the control light E¢ and the direction of the applied longitudinal magnetic field B, which is used
to remove the degeneracy among the ground-state sublevels |1) and |3) (mr = £1). The Zeeman
shift of the levels |1) and |3) is given by 7A; = ;M. g B, where pg is the Bohr magneton, gs is the
Lande factor and ms = +1 is the magnetic quantum number of the corresponding state. All the
atoms are assumed to be optically pumped to the states |1) and |3), which therefore have the same
incoherent populations equal to 1/2, i.e., p11 = ps3 = 1/2 [22]. The decay rates from the state |2) to
the states |1) and |3) are given by 21 and 23, respectively. Using the rotating-wave and the electric
dipole approximations, the interaction Hamiltonian of a system in the interaction picture can be
written as (with the assumption of 7 =1):

Hin = (85 + 80 )[2) (2 + (8, = A +284 )[3)(3 = (@, [2) {1+ 2.

3)(2]+Hc) (1)

where A, =®, —,, and A, =w,; —a@, are detunings of the probe field and two coupling fields

from the atomic transition frequencies, respectively. Ag is the Zeeman shift of the levels |1) and |3)
in the presence of the magnetic field and Ag is taken to zero for zero magnetic field.
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Figure 1. Schematic model of a lambda degenerate two-level atom system interacting with a
static magnetic field, and two coupling and probe laser fields.

The dynamical evolution of the system can be described by the Liouville equation:

L —i[Hyp]+ A @

and the relevant density matrix equations obtained for this system are given as follows:
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agtll =2731P0 + 2V P5 +1Q, Py —IQ p), (32)

% = (200 + 235 ) Pp I, 1, — 1Y, D1+, — I (3b)
agt33 = V0P ~ VP +1QePy 1 p3y (3)

ag’tﬂ = (121 + 725 +1(A, +A5)) P =12, (0 — ) +IQ, (3d)
agtﬂ = (7 +1(A, — A, +28,)) py — i, 0+, (3¢)
athB == (7 72 +1(8 = 85)) 225 =1, (£ = 35 ) +12, 3

where, p; =p; (Li=1,2,3;i 2)), pu+pPn+pPe=17=(rs+75)!2,and y;is the decay rate
between levels |i) and |j), respectively.
The relationship of the refraction index of medium ng and the susceptibility y21 is expressed as [16].

1 1 ORe|y
n, =1+§Re[;(21]+5a)p% ()

p

where z,, =2N|d,,|* p,, / he, Q. According to the definition of the group velocity vq = c/ng with
¢ being the light speed in a vacuum, we can find that the group velocity is related to the coherence
term p21 from Eq. (4).

To obtain linear susceptibility, we need to give the steady-state solution of the density matrix
Egs. (3). To attain this aim, the perturbation approach is used to the density matrix elements, which

areexpressed as: p,, = pi% + p + p& 4 p¥4  HlV We assume that the coupling field is much

stronger than the probe field and the zeroth-order solution of the population o = p{ =1/2,

while the other elements are equal to zero. In the weak-probe field approximation, we obtain the
first-order solution of the matrix element p,, from Eq. (3d) and Eq. (3e):

e i, (p - FY) 2 _io, o
. Q 2F
A +A c
7 (A, B)+731+i(Ap—AC+2AB)

where:
. Q2
F=y +I(Ap+AB)+y3l+i(Ap—Ac+2AB) (6)

Therefore, the first-order susceptibility is determined as follows:

Z(l):_M @) __iN|/121|2i__iN|,u21|2( N . M j

= = —i
gthppﬂ gh 2F 25 \M?+N? "M?+N?

(7)

where the g, is the dipole moment for the |2) <> |1) transition, the expressions M and N are
determined by:
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QL (A, - A, +2A,)
v (A, - A +24, )
Q57/31
;/321+(Ap —A, +2AB)2

M =(A, +Ag)-

(8)

N=y+

(9)

As is well known, the imaginary part and the real part of susceptibility determine the absorption
and dispersion of the system, respectively. Therefore, from Eq. 4, the group index can be defined:

o
n =i=1+%Re[z(l)]+%mp—aRe[ll ]

’ dm,

) (10)

iN|y,|* [ M7(M?+N?)=2M (MM "+ NN’)

- p Zgoh (M 2 n N2)2
where M’ and N’ are respectively the derivatives of M and N over wp, that given by:
W QLA —A+2A,) QA —A, +2A,)(24, - 2A, +4A,)
- 2 2 11
7§1+(AP—AC+2AB) (;/321+(AP—AC+2AB)2) )
. Qlyy (28, -2A, +44,)

N'=- (12)

(7/321 (A, A, + 2AB)2)2

3. RESULTS AND DISCUSSION

To illustrate applications of the model, we apply a cold atomic medium of ’Rb on the 55-5P
transitions as a realistic candidate. The designated states and the decay rates can be chosen as
follows: |1> = |5Sl/2, F=1 me= 0>, |2> = |5P1/2, F=1 meg= -1), |3> = |5P1/2, F=1 meg= 1>, and Y21
= v31 = 21 X 5.3 MHz, and wavelength of the probe, coupling, A, = A= 795 nm. Landé factor gr =
-1/2 and the Bohr magneton ug = 9.27401 x1072* JT!, [22, 26], respectively. Note that the system
parameters used in this paper are scaled by y.1. Thus, when the Zeeman shift Ag is scaled by vy1,

then the magnetic field strength B should be in units of the combined constant ¥, = fiu" g 75,

First, we analyze the absorption and dispersion properties of the medium for the probe beam in
the absence of B = 0 (solid line) and the presence of B =+2y. (dashed line) of the external magnetic
field, as illustrated in Fig. 2. The coupling parameters are specified as Q¢ = 3y21, Qp = 0.01y21, and
Ac = 0. As shown in Fig. 2, the absorption-dispersion behavior of the probe field depends so
sensitively on the turn-on and off of the magnetic field. Specifically, in the case the magnetic field
is turned off, i.e., B = 0, the probe absorption can be completely suppressed, and the opaque
medium becomes transparent to the probe field at the center line [see solid line in Fig. 2 (a-b)]. At
the same time, the dispersion profile with the positive slope in the transparent regime appears [see
solid line in Fig. 2 (c-d)], which corresponds to subluminal light propagation. Contrarily, when the
magnetic field B is presented (i.e., B = 0), the level splitting between |1) and |3) is enhanced, the
guantum interference between the two quantum paths |1) — |2) and |3) — |2) is reduced, which
increases the absorption of probe field. When the external magnetic field B increases to a certain
value B = +2v¢ (i.e., As = £2y21), the absorption of the probe field reaches a maximal value at the
resonant frequency [see dashed line in Fig. 2 (a-b)], i.e., the medium switched from
electromagnetically induced transparency (EIT) at the resonant frequency is converted to
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electromagnetically induced absorption (EIA). Simultaneously, strong absorption peaks at the
positions of Ap = -3y21 or Ap = 3y21 are transformed into the transparency windows. As a
consequence, the normal dispersion properties found in transparency regions change into
anomalous dispersion in regions [see dashed line in Fig. 2 (c-d)], with strong absorption, which
leads to superluminal light propagation. These results show that the slope of the dispersion profile
changes from positive to negative by turning the magnetic field on or off. This leads to the
switching of the group velocity of the probe field from the sub- to the superluminal domain.
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Figure 2. Graph of the absorption - dispersion behavior versus the probe detuning A, for the
absence (B = 0) and presence (B = +2y¢) of the magnetic field. Other system parameters are

chosen as Qc = 5y, Qp = 0.011, Ac = 0, and y21= y23, respectively.

(b)
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Figure 3. Graph of the group index versus the probe frequency detuning A, when the absence
B =0 (solid line), and present B = £2y. (dashed line) of the magnetic field. Other parameters
are chosen in the same as in figure 2.
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Next, we demonstrate that the magnetic field can be used as a knob for changing the group
velocity of the probe light propagation. We illustrate a variation of group index ng versus probe
frequency detuning in two cases: as the magnetic field is absent B = 0 [see solid line in Fig. 3],
and as the magnetic field is present B =+2y. [see dashed line in Fig. 3]. Specifically, the subluminal
light behavior observed in the resonant region (A, = 0) when B = 0 transforms into superluminal
light behavior when B = 2y; or B = -2y.. Otherwise, the superluminal regime at positions A, =
+3v21 when B = 0 is converted into the subluminal light regime when B = 2yc or B = -2y..

0.04 T T T T T T T 0.04

M e 4 2 o 2 4 5 s o 1 2 3 4 5 s
B/, 0,07,
Figure 4. Graph of the group index versus Figure 5. Graph of the group index versus
the external magnetic field strength B. the controlling field strength Q.
Other system parameters are chosen as Qp = Other system parameters are chosen as Cp =
0.01]/21, Q.= 3}/21, Ap =A. =0, and V21= Y23, 0'01721’ B= 27/01 AP = _AC =0, and Y21= Y23,
respectively. respectively.

In Fig. 4, we illustrate the variation of group index versus the external magnetic field when A,
= Ac = 0 and Q¢ = 3y21. The variation in Fig. 4 shows that both the magnitude and the sign of the
group index are changed concerning the magnetic field. Notably, in the vicinity of the external
magnetic field B = 0, the group index is positive, whereas B = +2vc, the group index is negative.
Therefore, for the given values of parameters Ac, Ap, and Q¢ we can choose an optimized magnetic
field to attain the maximum value of the group index.

Finally, we consider the dependence of sub- and superluminal behavior on the strengths of the
control field under the presence of the magnetic field. Fig. 5 shows that appear a valley of negative
ng in the group index profile of the enhanced absorption region is obtained. In the region with the
strength of control field intensity from 2y»1 to 3.5y»1, superluminal will be produced, the rest will
be subluminal. Therefore, by using a lambda configuration degenerate two-level atomic system
via the external magnetic field, we can control the group index and so convert from sub- to
superluminal propagation and vice versa.

4. CONCLUSIONS

We have studied the dispersion and absorption properties of a lambda configuration degenerate
two-level atomic medium via an external magnetic field. It is shown that the medium can be
switched from EIT to EIA, corresponding with the shift from normal dispersion without absorption
to fully absorption anomalous dispersion regime by modulating the direction and magnitude of the
magnetic field. The magnetic field has been used as a “knob” to tune from subluminal to
superluminal light propagation in the degenerate two-level atomic medium. The proposed scheme
may be helpful for the storage and information processing devices in quantum communication.
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TOM TAT

Van toc nhom anh sing c6é thé diéu khién dwoc trong méi truwong hai mire suy bién
dwéi sw ho trg’ caa tir tredng bén ngoai

Trong nghién ciru ndy, ching t6i da dé xudt mot mé hinh don gian dé diéu khién sw
truyén anh sang siéu chdm va siéu nhanh thong qua tir truong bén ngodi trong moi truong
nguyén tu hai mirc suy bién co cdu hinh dang lambda. Két qud cho thdy rang cdc ddc tinh
hép thu-tan sdc va chiét suat nhom dwdi danh hwong cia cuong dg laser diéu khién va tir
triwong bén ngodi la dwoc diéu khién. Bang cach thay doi hurong va cwong do cua tu truong,
moi truong co the chuyen tir trong sudt véi tan sdc thwong sang hap thu manh voi tan sac
di thirong tai tan so cong hwong nguyén ti, twong ung voi sw chuyén tir dnh sang chim sang
anh sang nhanh. Nghién ciru nay c6 thé cung cdp cho viéc hién thiee héa g dung cdc thiét
bi lwu trit va chuyén mach quang tir trong xie Iy thong tin lwong tir.

Tir khod: Trong suét cam ung dién tir; Hip thu cam tng dién tir; Nguyén tir hai mirc suy bién; Chiét sudt nhém; Van
toc nhom; Lan truyén anh sang siéu chdm va siéu nhanh.
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