Commun. Theor. Phys. 71 (2019) 947-954

Vol. 71, No. 8, August 1, 2019

Comparative Study of Light Manipulation in Three-Level Systems Via Spontaneously

Generated Coherence and Relative Phase of Laser Fields*

Nguyen Huy Bang,' Le Nguyen Mai Anh,"? Nguyen Tien Dung,! and Le Van Doai®>t

Vinh University, 182 Le Duan Street, Vinh City, Vietnam
2Nong Lam University, Ho Chi Minh City, Vietnam

(Received March 21, 2019; revised manuscript received April 23, 2019)

Abstract We present a comparative study of the control of group velocity in three-level atomic systems including
A-, Ladder-, and V-types via spontaneously generated coherence (SGC) and relative phase of laser fields. In the steady
regime, expressions of group index are derived as an analytical function of controllable parameters related to SGC
and relative phase. It is shown that the group velocity can be further slowed down or speeded up under SGC in
which modifications of group velocity due to the SGC in A- and V-systems are stronger than that in Ladder-system.
In particular, when interference strength of SGC p increases from 0.7 to 1.0, the light propagation is switched from
superluminal to subluminal modes (for A- and Ladder-systems) or from subluminal to superluminal modes (for V-
system). In the presence of relative phase, the group velocity changes between subluminal and superluminal modes with
a period of 2r. In resonant region, the largest positive value of group index reaches at the relative phase ¢ = m while
the largest negative value of group index reaches at ¢ = 0 and 2r for the A- and Ladder-systems, otherwise, for the
V-system the largest positive group index occurs at ¢ = 0 and 2m, and the largest negative group index occurs at ¢ = 7.
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1 Introduction

The manipulation of subluminal and superluminal
light propagation in optical medium has attracted many
attentions due to its potential applications during the
last decades, such as controllable optical delay lines, opti-
cal switching, telecommunication, interferometry, optical
data storage, and optical memories quantum information
processing, and so on.l) The most important key to ma-
nipulate subluminal and superluminal light propagations
lies in its ability to control the absorption and dispersion
properties of a medium by a laser field. Slow light or
subluminal propagation takes place in positive dispersion
region, whereas negative dispersion region leads to fast
light or superluminal propagation.

As we know that coherent interaction between atom
and light field can lead to interesting quantum interference
effects such as electromagnetically induced transparency
(EIT)!! and spontaneously generated coherence (SGC).[!
The EIT is a quantum interference effect between the
probability amplitudes that leads to a reduction of res-
onant absorption for a weak probe light field propagat-
ing through a medium induced by a strong coupling light
field.[) Basic configurations of the EIT effect are three-
level atomic systems including the A-; Ladder-, and V-
type configurations. In each configuration, the EIT effi-
ciency is different, in which the A-type configuration is

the best, whereas the V-type configuration is the worst,[®!
therefore, the manipulation of light in each configuration
are also different. Whereas, the SGC effect can be cre-
ated by the interference of spontaneously emission of ei-
ther a single exited level to two closely lying atomic lev-
els (A-type), two closely lying atomic levels to a common
atomic level (V-type), or nearly equispaced atomic level
case (Ladder-type). In 1996, Xia et al.l% carried out the
first experimental investigation of spontaneously emission
interference by using the sodium molecule.

Since the discovery of EIT, the control of opti-
cal properties of the medium becomes possible such
as controlling group velocity,["”) enhancement of Kerr
nonlinearity,!8! controlling optical bistability,!®) control-
ling pulse propagation,'® and so on. Also, the ef-
fect of SGC on the optical properties in atomic systems
was investigated for absorption and dispersion,'!) group
velocity, 12! (14]
and pulse propagation.['®! It was shown that the atomic
responses under SGC are sensitive to relative phase of

Kerr nonlinearity,"®! optical bistability,

the applied fields.['5=17] Recently, several researchers have
studied the possibility of switching light propagation from
subluminal to superluminal modes in the EIT media by
changing the interference strength of SGC effect or/and
relative phase of applied fields.!*8-22]

So far, the influence of SGC on the group velocity in
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three-level atomic systems investigated numerically,!18—22]

however, there is a lack of comparison of light manipula-
tion between configurations. In this work, we develop an
analytic model for a comparative study of influences of
SGC and relative phase on group velocity in three-level
systems including the A-, Ladder-, and V-type configura-
tions. Such a comparison would be useful to choose an
appropriate excitation configuration and parameters for
experimental observations and related applications. More-
over, the analytical results have some advantages, such as
it is easy to investigate the effect of controllable param-
eters on optical properties,?3=24 to verify experimental
observations(?’! and to study related applications, e.g.,
enhancement of Kerr nonlinearity,[%] controlling optical
bistability,?” controlling group velocity.?8—29]

2 Theoretical Models

2.1 A-system

We first consider a A-type system as shown in Fig. 1(a).
A coupling laser E. with frequency w,. couples the transi-
tion |3) ¢ |2) while a probe laser E, with frequency w,
applies the transition |1) <> |2). We denote I'; and T’y are
the spontaneous decay rates of the excited state |2) to the
ground states |1) and |3), whereas I'y is population relax-
ation between the hyperfine levels |1) and |3). When the
two lower levels [1) and |3) are closely spaced such that
the two transitions to the excited state interact with the
same vacuum mode, spontaneously generated coherence
can be present.

12) 5 13)
o/ fmc 12)
13)
1) 1)
(a)
Fig. 1 (Color online) Three-level excitation schemes: (a)
A, (b) Ladder, and (c) V.

(b)

The frequency detuning of the probe and coupling
lasers from the relevant atomic transitions are respectively
determined by:

Ap = Wp — W21, Ac:wc—w23. (1)

The Rabi frequencies of probe and coupling fields are
given by:

Qp = 2,[_1:21 . Ep/h, Qc = 2ﬁ23 : Ec/ha (2)

with po1 and pog being the electric dipole matrix elements.
To ensure that one field acts on only one transition we
chosen E. L fi1 and E, L fis3. We denote 6 is the angle
between the two dipole moments fis; and fis3. We have:

fli21 - fi23

p=cost = ————,
|fi21] | 23]

(3)

is called as quantum interference parameter resulting from
the cross coupling between spontaneous emission paths |2)
— |1) and |2) — |3). If the two dipole moments are or-
thogonal to each other than p = 0, which clearly shows
that there is no quantum interference due to spontaneous
emission. When the two dipole moments are parallel to
each other than the quantum interference is maximal and
p = 1. So the quantum interference strength can be ad-
justed by control the alignments of two dipole moments.

Using a restriction that each of the linearly polarized
field couples only one of the optical transitions, we can find
that the Rabi frequencies are connected to the parameter
p by the following relation:

Q, = Gopy/1 — p? = Gopsind,

Qe = Goe/1 — p? = Goesin b, (4)
where Gy, and Gy, are the Rabi frequencies when p = 0,
namely Qg = 2|fi1] - |E;,|/n and Qo. = 2|as] - |EC|/n.
If we consider the phase of laser fields, so that the Rabi fre-

quencies of the probe and coupling fields can respectively
define as:

Q, =Gpexp (ipp), Q= Geexp (ipe) (5)
with, G, and G, are the real parameters, ¢, and ¢. are
phase of the probe and coupling fields, respectively.

The evolution of the system, which is represented via
the density operator p, is determined by the following Li-

ouville equation:!23]
dp i
o6 = "7 U el + A, (6)

where H represents the total Hamiltonian and Ap repre-
sents the decay part, given by:[3]

2
Ap=—> Ty(SFS;p+pSHs;y —257pSH), (7)

ij=1
where S; = i) (2], S = [2) (i, S; = 13){jl, and
Sj+ = |7) (3| represent respectively symmetric and anti-

symmetric superpositions of the dipole moments of the
two bare systems; I';; describes cross-damping rates be-
tween the superpositions.

In the framework of the semiclassical theory, the den-
sity matrix equations involving the SGC and relative
phase can be written as:

p11 = iGp(p21 — p12) + 21 pa2 — Lop1r, (8a)
p22 = 1Gp(p12—p21) +iGe(p3z —p23) —2(I'1 +1'2) p22, (8b)
p33 = 1Gc (p23 — p32) + 2l'2p22 — Lopas, (8¢)
pa1 = y21p21 +1Gp(p11 — paz) +1Gepa1, (8d)
P31 = ¥31p31 — iGppas +iGepar + 20ep\/T1l2p22,  (8e)
P32 = va2p32 — iGppa1 — 1Ge(p3z — p22). (8f)

The above equations are restricted by p11 + p22 + ps33
=1 and pj; = pj;. Here, we are set n, = nel¥, vz =
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—1(Ap—A), 21 = 1A, = (T'14T'2), 723 = —iA.—T'1 =Ty, Bi1 = A Ajs + Af; Aias, (13)
Yoo = 2(T'1 + I'3), and ¢ = ¢, — @, is the relative

phase between the probe and the coupling fields. Term and (*) denotes the complex conjugation.

'y = pvI'11s represents the SGC effect that resulting With

from the cross coupling between the spontaneously emis-

_ _ 2 2
sions of the transitions |2)«+|1) and |2)+>|3). It depends Ar23 = M3725200T = 201 Gems + 2GToly, (14)
on the nonorthogonality of the dipole moments fis; and A1g = 2G I'gl'1703, (15)
il23, that is, depends on the interference parameter p. Az = 2G2F1’Y317 (16)
Now, we analytically solve the density matrix equa- 9G.I's;
tions under the steady-state condition by setting the time A = GGyl [2F2 —To— (ne + 77:;)}
derivatives to zero. From Egs. (8a), (8e), and (8f), we o2 y i 17
determine the terms ps3; as follows: +2Lol 217237, (17)
: : _ 2G . IN'ay .
pa1 = iBagpa1 + lnglz Biip11 ’ ) A=2GT + Gf,GC {21‘2 —Ty— G, (n, + %)}
where +2GpTo21723m;- (18)
B = Aj53A%,, — Az A7 10
12347521 318 (10) By substituting Eq. (9) into Eq. (8d) and using the initial
Bao = A" A13 — A3y A1as + AAT3, (11) conditions: p1; & 1, pos = p33 =~ 0, we find the solution
Big = A12AT3 — A¥Ajo3 — AA7S, (12) | p21 for the probe transition as:
i[(GpB — GcBu1)(112B) — GeB1o(GpB* — G.BY )
P21 = (19)

G2B10Bjy — (712B* — G:Bj) (721 B — G.Bay)

2.2 Ladder-System Ny = nel¥ vz = (A, +A:) —Ta,v21 =14, = T'1,7v32 =
iA,—T1 —Ts.
From Egs. (20a), (20c), (20e), and (20f), we find the

terms p3; as follows:

The Ladder-type system is shown in Fig. 1(b). A cou-
pling laser FE. with frequency w. couples the transition

|2)4>|3) while a probe laser E, with frequency w, applies
_ iB1p21 +iBap12

the transition |1)<+|2). The frequency detuning of the P31 = (21)
probe and coupling lasers from the relevant atomic tran- Bs
sitions are respectively determined as A,= wy, — wa1, A where

* *
= w, — ws2. The spontaneous decay rate from the higher By = AAzy, + A13A — A3z Ay, (22)
excited state [3) to the lower excited state |2) is I'y and By = Aig AL, — AigA — AAL,,, (23)

the state |2) decays to the group state |1) with a rate
I';. When nearly equispaced levels than the effect of SGC B3 = As21A%9; — Al A3, (24)

can occur. The alignment of the two dipole moments jia; . .
S . T and (*) denotes the complex conjugation.
and [izg is determined by p = cost = fia; - fisa/|f21]|(is2],

With
with @ being the angle between the two dipole moments. !
Similarly, the density matrix equations of the Ladder-type Agop = 215N y39y31 + 20021 G; — Ty G2, (25)
system involving the SGC and relative phase are given by: Agy = 20901 732Ge,s (26)
: . Az =T 2 2
p11 = 201 p22 +iGp(p21 — p12), (20a) 13 = TimsGe, (27)
A =G [NMG:+ TGy (28)

p22 = =21 pag + 22 p33 +iGp(p12 — p21)

+iGe(p32 — pa3), (20b) By substituting Eq. (21) into Eq. (20e), we find the terms

p32 as follows:

p33 = —2D'2p33 +1Gc(p2s — pa2), (20c)

) ) . _ (v31B1 + GeB3)par + v31 Bapi2 99

P21 = Y21p21 —1Gp(p22 — p11) +1Geps Ps2 = G,Bs . (29)
+ 2n,pv T1l2ps2, (20d)  Substituting Eqs. (21) and (29) into Eq. (20d) and using

p32 = Y32p32 — 1Gp(p31 — iGe(p33 — p22), (20e)  the initial conditions: p11 & 1, pag &2 p33 ~ 0, we find the
solution ps; for the probe transition as:

_ iGp(y12 + F1 + Fy)
where p11 + pa2 + p33 = 1 and pj; = pj;. Here, we set P21 FyFf — (721 + Fa) (712 + F3)’

p31 = y31p31 — iGp(p32 +1Gepar, (201)

(30)
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where , probe field of frequency w,. The frequency detuning of the
i
= (m — GC) @, (31) probe and coupling lasers from the relevant atomic transi-
G, B3 . . . )
B o B tions are respectively determined by: A, = wp—wai, A =
Fy = 2T'19€'% (731 ! + —C) — Gc—l. (32) w.—ws1. We also denote I'; and I'y are spontaneous emis-
G,Bs G B3

2.3 V-type System

Atomic excitation for the three-level V-type configu-
ration is shown in Fig. 1(c), where two closely spaced ex-
cited states |2) and |3) are coupled to the ground state |1).
The transition |3)<>|1) is excited by a coupling field of fre-

quency w,, whereas the transition |2)«+|1) is excited by a

sion rates from |2) and |3) levels to |1), respectively. The
alignment of the two dipole moments fi; and fi3; is de-
termined as, p = cos 6 = [iay - fi31/|fi21] |fi31] with 6 being
the angle between the two dipole moments. Similarly, the
evolution of the system in the presence of the SGC effect
and relative phase can be represented by the following

density matrix equations:

p11 = iGy(pa1 — p12) +1Ge(ps1 — p13) + 20122 + 2T2p33 + 2p/ 12 (05 p32 + 1pp23), (33a)
paz = 1Gp(p12 — pa1) — 2L1p2a — pv/T1l2 (05 p32 + 1,p23), (33b)
p33 = iGp(p13 — p31) — 2L2p3s — pV/T'1l2(ngps2 + Npp23), (33c)
pa1 = Ya1p21 +iGp(p11 — pa2) — iGepas — p/T'1ilangpa1, (33d)
p31 = Y31p31 — iGpp32 +1Ge(p11 — paz) — pv/I'1l2ngpa1, (33e)
P32 = Y32p32 — iGppa1 + iGepr2 — pv/I'1l2n,(p22 + pa3), (33f)
where Y31 = —iAC — FQ, Y21 = —iAp — Fl, and Y32 = I(Ap — Ac) — Fl — Fg.
From Egs. (33b), (33c), and (33f), we have
—1A3pa3—1A3p32 —1ATX + Afpa1 + A3y p12
p31 = e ) (34)
_ 1A3pza +1A2pez + 14, X + A1p12 + A21pn
P13 = ) (35)

A
and (*) denotes the complex conjugation, where
Az = =275 T oI 12e ¥ G,

AQ = 2723F%F2 (Flgei@Gc — 2GpF2),

Ay = —T301G(Ty 4+ Ty) + T1T35e (T + To) (12 G, — 2G,Ts),
Ay =Tl Tee #[(2G T — T12eG,)Ge + Gp(T126'¢G.. — 2G,T5)],
Agy =T T9[T3,G,G. + (2G.T1 — T12e7G,) (T12e G, — 2G,T2)],
A=T3T2G? —~T?(T19e G, — 2G,I'9)(T126'?G.. — 2G,Ty),

X =Ta1(e ¥ p32 + €' pog).

~ o~ o~ o~ o~ o~ o~
=~ s W W W
_ o © 0 3

—_ D D D e D

By substituting Eqs. (34) and (35) into Eq. (33e), we derive the terms pso as follows:

_ Cr1p11 — iCap21 —iC1p12

P32 C )
_ Cfip11 +iC3p12 +1CT pay
P23 = C'* ’

where

Cll = B(B; + B;{F2lei¢) - B*(erglehp + BQ),
Cy = Bf (BxT'216" + By) 4 Ba1(Bj + BxI'21¢'%),
Cl = B;l(erglein + Bg) + Bl(B;: + B}Fglei@),

C = (BxDa1e7'% + By)(BxI'21€"¥ + By) — (Bj 4+ BxI'21€'?)(Bs + BxTa1e7'%).
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With
B3 = GE (A3A* + A;A) - 2’}/31FQAA§ - QGPFQAA*, (49)
Bl = G?(AlA* — A;lA) + 2"}/31F2AA§2, (50)
Bgl = G?(AglA* — ATA) + 2’}’311—‘214:{14 - 2F21F26_1WAA*, (51)
B =2G.I3AA", (52)
By = G2(A, A" + A3A) — 2951 T2 AAS, (53)
By = G2(A% A+ Ax A*) + G AA* — 2y3, T AA%. (54)
Substituting Eqs. (43) and (44) into Eq. (42), we have
(CuC’*E*i“" + CflC’ei“")Fglpn + i(C’fC’ew — CQO*eiin)Fglpgl + i(C;C’ei‘p — C’lC*e*i“")leplg
X = co . (55)
Substituting Eqgs. (43), (44), and (55) into Eq. (34), we have:
P31 = D11 p11 +D25P21 ‘|'Dlzp127 (56)
where
Diy = A5 (CCH)?" + AC*C3C? + (C5C6lY — O1C* e )Ty AXCC* — A3CC, (CF)?, (57)
Dyy = A} (CC*)? + (C7Ce¥ — CoC*e )9 ALCC™ — ASCCoH(C*)? 4 A5C*CrC?, (58)
D11 = —AgC*CﬁCQ — A;‘;[(CllC*e_i“” + C’flCei“@)Fgl]CC* — iA;CCll(C*)z, (59)
D = (CC*)?A*. (60)

Substituting Egs. (44) and (56) into Eq. (33d) and using | 3 Light Manipulation Via SGC and Relative
the initial conditions: p11 = 1, pag =~ p33 ~ 0, we find the Phase

solution for the probe transition:
P21 P In order to illustrate the analytical results, we consid-

. FFy + 1 F* g5 ) ]

P21 = —1<W>7 (61)  ered the case of Rb atomic medium at D; and Do tran-
where 2 ! sitions with the atomic parameters are chosen as:[31=32

. _ —29 _ 12 _1
F = GCC;D _ Fue’legC*, (62) to1 = 2.53x10 Cm, Wp= 377x10“ Hz, I'y =Ty = 5.7
P C*D — Tooe—% Dor CO* + G.C*D 5 MHz for the A- and V-systems, while I'y = 5.7 MHz and
2= e 2 + T (63) I'y = 0.97 MHz for the Ladder-system. For simplicity, all
F=G,C"D - G.C D —T'ae” ¥ Dy C7. (64)  the parameters related to frequency are given in units of

In order to derive expressions for group velocity, we v =1 MHz.

start from the susceptibility of atomic medium for the To start with, in order to see the change of the group
probe light that is determined by the following relation:

L2
_ 2N | i1 |
ht’:‘oGp

where N is the atomic density, ¢ and ¢y are the speed of

index ny according to the interference parameter p of the
SGC effect, we keep the relative phase at ¢ = 0 and plot

ng versus the probe detuning for different values of p, as

p21- (65)

shown in Fig. 2(a) for the A-type system, (b) for the

light and permittivity of free space, respectively. Ladder-type system and (c) for the V-type system. Other

The linear dispersion coefficient n for the probe light parameters used in Fig. 2 arej = 1, A, = 0, G,= 57, and

is written as

Re(x)

n=1+ 5 (66)
The group velocity is defined by
c
= — 67
Vg ny’ (67)

where ngy is the group index which is related to the linear

dispersion as:
on

G. = 107. From figure we can see that under SGC effect,
the absolute value of n, is greatly enhanced (both positive
and negative parts), therefore, the group velocity becomes
slower or faster than those without SGC. In comparison
between the three configurations, enhancement of group
index due to the SGC in A- and V-systems are greater than
that in the Ladder-system; variation of group index in V-

system is opposite to the other two systems. In addition,
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spectral regions corresponding to slow light or fast light
in the presence of SGC are narrower than those without
SGC, so a frequency region of slow light in the case of the
absence of SGC can switch into a region of fast light when
the SGC presents, and vice versa. The physical reason for
these phenomena arises from the influence of SGC on the
absorption and dispersion that leads to the linewidth of
absorption line deeper and narrower compared to in the
case of SGC absents, therefore, the dispersion curve is also
steeper as p increases.!']

In order to see more clearly the ability to control group

velocity according to parameter p, we plot ng, versus p

X10°

when fixing the parameters of the laser fields at ¢ = 0,
A, =0, A, = 4v, Gp= 57, and G, = 10. The results
are described as in Fig. 3. It shows that the influence
of SGC on group index or velocity becomes more obvi-
ous when p > 0.7. In particular, when p increases from
0.7 to 1.0, ng, also varies from negative to positive values
(for A- and Ladded-systems) or from positive to negative
values (for V-system). That is, the light propagation is
switched from superluminal to subluminal modes (for A-
and Ladded-systems) or from subluminal to superluminal

modes (for V-system).

5 5
(a) (b)
01 ST TN N7 0 ANT VA7
Yot v Y v \/
v ]
v v
5] -5 5
—_—p=0
——p=07
——p=09
—10 : r —10 » —10 T T i
—20 —10 0 10 20 —20 —10 0 10 20 —20 —10 0 10 20
Ay A /vy A /vy

Fig. 2 (Color online) Variations of the group refractive index ny versus A, for different values of p = 0 (dashed line),
p = 0.7 (dot-dashed line), and p = 0.9 (solid line) when n =1, ¢ = 0, Ac = 0, Gp= 5y, G. = 107: (a) A-type system,

(b) Ladder-type system, and (c) V-type system.

X10°
10
5.
2 0
-5
— A system
= .= Ladder system
— —V system
—10 - - - .
0 0.2 0.4 0.6 0.8 1

p
Fig. 3 (Color online) Variations of ng versus p in A-type sys-
tem (solid line), Ladder-type system (dot-dashed line) and
(c) V-type system (dashed line). The other parameters are
chosen the same with those for Fig. 2, except A, = 4.

Under the SGC effect, we can switch the propagation

mode of light by changing the intensity (a) and the fre-
quency (b) of the coupling laser as illustrated in Fig. 4 for
the A-type system (solid line), for the Ladder-type system
(dot-dashed line) and for the V-type system (dashed line).
Other parameters used in Fig. 4 are n =1, p = 0.9, A,=
4y, Gp= 57, A= 0 (a) and G. = 10y (b). It is clear
that the group index varies between negative and positive
values with changing intensity and/or frequency of the
coupling field. Similar to Figs. 2 and 3, variation of group
index ny according to G. (a) and A. (b) in V-system is
opposite to the other two systems.

Now, we investigate the influence of relative phase on
the group velocity by plotting n, versus A, for different
values of relative phase ¢ in the presence of SGC with p
= 0.9, as displayed in Fig. 5. Other parameters used in
Fig. 5 are Ap,= 0, Gp= 5y, A= 0, and G. = 10y. We
found that, under the SGC condition, the group index is
quite sensitive to variation in the relative phase, namely,
by changing the value of the relative phase, the value of
the group index is greatly modified, in particular, at ¢ =
/2 or 31 /2.
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X10° X10°
10
(2)
—— A system _ed— A system
—+= Ladder system — = Ladder system
— — V system 15| — — V system
—10% 5 10 15 15 —-10 -5 0 5 10 15
Go/v A/
Fig. 4 (Color online) Variations of n, versus G. (a) and A. (b) in A-type (solid line), Ladder-system (dot-dashed line),
V-system (dashed line). The employed parameters are ¢ = 0, p = 0.9, A,= 4v, G,= 5v, A= 0 (a) and G. = 107 (b).
X10° 5
10 6 X10° X10
(a) (b)
4
2

—4

—6 —6
—10 -5 0 5 10 —10 -5 0 5 10

A /v A /v Ay

Fig. 5 (Color online) Variations of ng versus A, for different values of ¢ = 0 (solid line), ¢ = 7/2 (dot-dashed line),
¢ = m (dashed line), and ¢ = 37/2 (dotted line) when n =1, p = 0.9, A. = 0, Gp= 5y, G. = 107: (a) A-type system,

(b) Ladder-type system, and (c) V-type system.

15 X10° | In order to see more clearly this change, we plot ng
according to ¢ as shown in Fig. 6, here the parameters
are similar to those in Fig. 5, except A, = 0. It is shown

10 that the group index varies periodically between a maxi-
mal positive to a minimal negative values with a period of

51 2m. Correspondingly, the group velocity changes between

g subluminal and superluminal modes. Therefore, we can
0 also use the relative phase as a knob to switch the light
propagation from subluminal to superluminal. In addi-

5] tion, we also find that in each period of 27, the largest
positive value of group index reaches at the relative phase

—10 ¢ = m, while the largest negative value of group index

27

Fig. 6 (Color online) Variations of the group index ny on
relative phase ¢ in A-type (solid line), Ladder-system (dot-
dashed line), V-system (dashed line). The employed param-
etersaren =1, p = 0.9, A,= 0, A;.= 0, Gp= 0.01~v, and G.
= 5.

reaches at ¢ = 0 and 27 for the A- and Ladder-systems,
otherwise, for the V-system the largest positive group in-
dex occurs at = 0 and 27, and the largest negative group
index occurs at ¢ =m.

4 Conclusions

We have made a comparative study of light manipula-
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tion via the SGC and relative phase in three-level atomic
systems including A-, Ladder-, and V-types under EIT
condition. Under the SGC effect, the group velocity be-
comes slower or faster than those without SGC. The influ-
ence of SGC is significant when the interference strength
of SGC p increases from 0.7 to 1.0, which leads to the light
propagation is switched from superluminal to subluminal
modes. In the presence of relative phase, the group veloc-
ity changes between subluminal and superluminal modes
with a period of 2w. Thus, we can use the SGC effect
and the relative phase as a knob to switch the light prop-
agation from subluminal to superluminal modes. In com-
parison between the three configurations, modifications

of group index due to the SGC and relative phase in A-
and V-systems are greater than that in the Ladder-system;
variation of group index according to the SGC and relative
phase in V-system is opposite to the other two systems.
We note that unlike previous works, here we do not use
incoherent pumping so the SGC effect requires that the
intensity of probe field must be greater that with incoher-
ent pumping, therefore the found analytical solutions did
not use the weak field approximation. In addition, the
analytical results are convenient to determine controllable
parameters for experimental observations and study other
related applications.
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