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Abstract

®

CrossMark

We propose an analytical model to study the effect of giant Kerr nonlinearity on group velocity
of probe light in a six-level inverted-Y atomic system under electromagnetically induced
transparency (EIT). In this scheme, a nonlinearity of the medium is enhanced greatly around in
three spectral regions corresponding to transparent windows. As a consequence, such a giant
Kerr nonlinearity of the medium changes significantly group index for probe light which can
obstruct light slowdown. Moreover, this model shows also that the probe propagation can switch
between subluminal and superluminal modes in three EIT windows by adjusting the parameters
of the signal and coupling fields. Such analytical model is not only convenient for considering
the influence of laser parameters on group velocity but is also easy used to fit the experimental

results.
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1. Introduction

One of the exciting effects is generated by quantum coherence
and interference in multi-level atomic systems as electro-
magnetically induced transparency (EIT) [1]. In addition to
eliminated resonant absorption, the EIT effect can create giant
Kerr-nonlinearity [2-6] and subluminal and superluminal
light propagations [7-11]. Such a giant cross-Kerr non-
linearity associated with controllable group velocity have
many applications in quantum phase gates [12-15], fast-phase
switching [16], storage and retrieval of the light pulse [17],
plasmonic wave propagation [18, 19], atomic and frequency
combs [20, 21], quantum entanglement [22] and so on.

In general, the group velocity of light pulses is dependent
on the dispersion properties of a medium, and is given by the
standard expression, v, = ¢/n, and n, = n + w(dn/dw),
where # is the refractive index of medium, c is the speed of
light in vacuum and w is the angular frequency of light field.
Exactly, the effective refractive index of the medium for a
light beam is therefore determined by n = ny + n,l, where ng
is the linear refractive index and n, is the nonlinear coefficient
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of the medium, [ is the light intensity. In the fact, early studies
on light group velocity in traditional medium often over-
looked the nonlinear component (7,), however, for the EIT
medium with giant nonlinearity we need to consider the effect
of nonlinear dispersion on the group velocity of light. Indeed,
Xiao et al [23] considered the effect of self-Kerr nonlinearity
on the group index and shown that due to the greatly
enhanced nonlinear dispersion near resonance and an opposite
sign (anomalous dispersion) from the linear dispersion
therefore it obstructs the slowing down of light. Meanwhile,
Dey and Agarwal [24] studied the effect of cross-Kerr non-
linearity on the slow light propagation through a four-level
N-type system under an EIT condition. Their numerical
results clearly show the group index of the probe field
changes significantly due to the presence of Kerr nonlinearity.

Early research works on the effect of Kerr nonlinearity on
group velocity have been investigated in three- or four- level
atomic systems with single transparent window [23, 24],
therefore, the group velocity is only manipulated in a narrow
spectrum region corresponding to the EIT window. However,
recent studies have focused on multi-level atomic systems to

© 2020 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Schematic diagram of the six-level inverted-Y system,
(b) energy level diagram of ®Rb atom.

create multiple EIT windows [25-29], and therefore the group
velocity [30-32] as well as giant Kerr-nonlinearity [33-37] is
also controlled at multiple frequency regions. Very recently,
we have investigated the effect of self-Kerr nonlinearity on
light group velocity in a five-level cascade system [38]. It is
shown that the effect of self-Kerr nonlinearity can reduce the
group index or enhance the group velocity of the probe light.

Along with this interest, in this paper, we propose an

2. Theoretical model

The six-level inverted-Y atomic system interacting with three
laser beams is shown in figure 1(a), which can be experi-
mentally realized in Rb atoms (b). A weak probe laser beam,
(2, drives the transition |1) < |2), whereas an intense cou-
pling laser beam, (2. couples simultaneously transitions
between the state |2) and three closely-spacing states |3), |4)
and |5). The frequency separations between the levels |3)-{4)
and |5)-3) are 6, and 6,, respectively. A signal laser beam, €2
is applied to the transition |2) < |6), here state |6) (and state
[1)) are hyperfine levels of ground state. The frequency
detuning of the probe, coupling and signal lasers respectively
defined as:

A = we — w3, Ap = Wp — wWyi and Ay = wy — wer (1)

with w), w. and w; are the frequency of probe, coupling and
signal beams, respectively.

The equation of the motion for the density operator
describing an atomic system can be expressed as:

ap

i
= ——[H, Ap, 2
o ﬁ[ pl + Ap ()

where, H and Ap represent the total Hamiltonian and the
relaxation term, respectively. The total Hamiltonian of the

analytical method to study the effect of cross-Kerr system in the interaction picture can be written as [38]:
0 Q, 0 0 0 0
Q, 24, — Ay Qeaz Qcagp Qecas; Q
o nlo Qecasz 208, + Ap) 0 0 0 ’ 3)
210 Qean 0 2(A, + As + 0) 0 0
0 Qcasy 0 0 200, + A= 8) 0O
0 Qs 0 0 0 0

nonlinearity on group velocity of probe light in a six-level
inverted-Y atomic medium. This configuration has several
interesting features: firstly, it is possible to generate three EIT
windows therefore the giant Kerr nonlinearity and the group
index can be controlled at multiple frequencies; secondly, the
configuration uses closely-spaced hyperfine levels excited by
just one coupling laser field instead of using three coupling
laser fields (for creating three-EIT windows), so that it can be
advantageous for experimental observation and investigating
related applications. By deriving the expression of group
index associated with cross-Kerr nonlinear coefficient for
probe light, we consider the dependence of group index for
the probe light on the coupling and signal lights and then
show possible ways to switch the propagation of probe light
between the subluminal and superluminal modes in different
frequency regions. Such analytical model is not only con-
venient for investigating the influence of laser parameters on
group velocity but is also easy used to fit the experimental
results.

From equations (2) and (3) we derive the following equations
of motion for the density matrix elements:

Pes = —L62P6s + %(Pez — P26)> “
pss = —Isapss + %QCQSZ(/)SZ — P25)> %)
g = —Tuopyy + %Qca42(f’42 = Pag)s (6)
P33 = —Inps; + %Qca32(,032 — P23)s (7

pry = —Da1pys + Drapay + Tuopyy + Tsapss

1 1
+ To2p66 + EQP(/OZI - )+ EQcaSZ(pﬂ, = P3)
i i
+ EQca42(p24 — ) + EQcaSZ(st — Ps3)

i
+ EQS(pZG — Pe2)s
()
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i = La1pp + EQP(pIZ — P21)s ©)

, . i
par = 1A, — malpy + Eﬂp(Pzz = P11

i i i i
——Q.a — —Q.a — —Q.a — —QPe1s
> 32031 > 42 P41 2 52 P51 2 Pe1
(10)

, . i i
P31 = [i(A, + Ap) - 731]031 + EQppjiz - EQcaﬂle,

(11)
,b41 = [I(Ac + Ap + 61) - ’)/41]p41
i i
+ EQP/D42 - Eﬂcanﬂzp (12)
P51 = [i(A, + Ap — &) — 751]P51
i 1
+ Eﬂppsz - 590052/&1, (13)

. i i
por = [1(Ay — Ay) — Y61l per + EQPIO& - EQSPZI’ (14)

, . i i
P32 = [IAC - '732]/)32 + EQppM + Eﬂga42p34

i i i
+ EQCtlszms + EQca32(P33 = pxn) + EQsP%’
15)

, . i i
i = [1(A: + 61) — y2lps + EQme + 59&132@13

1 1 i
+ EQcaszms + EQca42(P44 = p22) + =y
(16)

. . i i
Psy = [i(Ac — 62) — ¥s2lpsp + EQppsl + EQcanpss

1 1 i
+ EQCG42P54 + EQcasz(Pss - pp) + EQxﬂss’

a7
, . i i
Per = [1A; — 1261 pgy — Eﬂs(l)zz — Pes) + EQP/JGI
ch IQ(; IQL
+ T 2P T a2 Pes T T mA52 Pes: (18)

, . i i

paz = [—161 — Y3l pus + EQca3zﬂ4z - 5@-042[)23, (19)
, . i i
P53 = [—162 — Y531 ps3 + EQcanPsz - EQCC’SZPZS’ (20)

, . i i
Pz = [1(A; — Ap) — Y36 pes3 + EQcan%z - 59s023,

2D
Psa = [—1(01 + 82) — Y541 pss
+ %Qca42p52 - %Qca52p247 (22)
pes = 1A — As + 61) — 16l pes
+ %Qca42p62 - %Qspzm (23)

Pes = [—i(A; — Ay — 6) — Y561 Pgs

i i
+ EQcasngz - EQS:DZS’ (24)

The above equations are to be supplemented by p,, = p;’;
and pyy + Py + P33+ g+ Pss T+ P = 1

Where, Qp = dz]Ep/h, QC = d32Ec/h and QS = deES/h;
dy is element of dipole moment of the |k)-/) transition;
azy = dzp/ds, as = dyp/ds, and as, = dsy/ds, are the
relative transition strengths; Iy, is the decay rate of population
from level |k) to level |I), and ~y is the decay rate of the
atomic coherence py;.

In a weak field limit of the probe light intensity, the
solution for the matrix element p,; to the first order in the
probe field €2, and to all order in coupling field €2, and signal
field €2, is found as:

iQ,/2

= , 25
(A, —721) + LA+ B+ C) + QD (2)

P21

where A, B, C and D are controllable parameters given by
2

A= , (26)
4[1(Ap + AL) - 731]
2
B=— =k , @7
4[i(Ap + A + 61) — il
2
C=— A2 , (28)
4[L(Ap + Ar — 82) — 751]
1

D=— , (29)
4[1(Ap + Ay — Y1l

The susceptibility of the atomic medium for the probe field is
given by
_ Ndy)* i

heo 1A, — 21 + QXA + B+ C) + 2D’

X = (30)
where, N is density of particles, ¢ is the permittivity in
vacuum and E,, is electric field of probe light.

In the other hand, the total susceptibility in equation (30)
can be written in an alternative form as [39]:

x = xO + 3E2\®, 31

with E; is electric field of signal light.

In order to extract the linear and nonlinearity terms, we
make Taylor expansion in {2 of the susceptibility (30) to give
the linear and nonlinearity terms:

_iNd3, 1

, 5 . (32
goh (A, — 1) + QA+ B+ C)

Y =

iNd3d2, D

3
X 3e0 (D, — 72) + QA + B+ OF

(33)

From the linear and third order susceptibility, we found the
linear index n( and cross-Kerr nonlinearity n, for the probe
light as [39]:

(34)
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In the presence of cross-Kerr nonlinearity, the effective index
of the atomic medium for the probe light is determined by
[39]:

n = ngy + nyl. (36)

with [ is the signal laser intensity.
The group index of the atomic medium for the probe
light can therefore be calculated as:

0 0 0
Mg =1+ wy— = ng + mol, + wy| 22 + 21 37)
Ow, Ow,  Ow,

here, ny and n, are calculated from the expressions (34) and
(35), respectively. We note here that the group index 7, in
equation (37) is proportional to the signal intensity /;, while
ne in [40] is proportional to the probe intensity I,,.

The group velocity v, of the probe field is determined by:
(38)

Vg = —.
ng

3. Results and discussion

In this section, we apply the calculation results to cold **Rb
atoms in which Doppler broadening can be ignored. The level
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diagram of 85Rb atom indicated as in figure 1(b) with the states,
[1), 16), 12), |3), |4) and |5) are chosen as 5S,»(F = 2),
5S1/a(F = 3), 5P3/(F' = 3), 5Ds/o(F" = 3), 5Dso(F" = 4),
and 5Ds,»(F” = 3), respectively. The atomic parameters
are [25, 41]: N= 10" atoms cm 2, I3 =T =1I5=
0.97 MHZ, le = F62 = 6MHZ, 51 = 9MHZ, 62 =76 MHZ,
dy = 1.6 x 1072°Cm, w, = 3.77 x 10° MHz and as,: asy:
as, = 1:1.4:0.6.

First of all, we investigate the variation of linear
absorption and dispersion versus probe frequency detuning in
the presence of coupling field with 2, = 10 MHz and A. = 0
as shown in figure 2(a). From the solid curve in figure 2(a),
we can see that there are three EIT windows appear at the
positions A, =0, A, = —9MHz and A, = 7.6 MHz. Cor-
respondingly, normal dispersion curves are also present in the
three EIT windows as indicated by the dashed line in
figure 2(a), therefore the group velocity can be controlled at
these frequency regions. In figure 2(b) we consider the var-
iation of Kerr nonlinearity n, with the respect to probe fre-
quency detuning in two cases of the presence (solid line)
and absence (dashed line) of EIT effect. From figure shows
that cross-Kerr nonlinearity is significantly enhanced around
three transparent spectral regions at the positions A, = 0,
A, = —9MHz and A, = 7.6 MHz. Namely, in each trans-
parent window there is a pair of positive-negative peaks of n,.

In order to see the effect of cross-Kerr nonlinearity on
group velocity, we plot the group index versus the probe
frequency detuning in the absence (dashed line) and presence
(solid line) of cross-Kerr nonlinearity as displayed in
figure 3(a). Here, the coupling frequency is resonant with the
transition |2) < |3), i.e. A. = 0, and Q. = 3 MHz while the
intensity of signal laser is chosen as I, = 6 mWcm *
(€2, = 0.78 MHz). It shows that there are three frequency
regions centered at A,=-9MHz, A,=0, and
A, = 7.6 MHz have normal dispersion therefore the group
index is large and positive in each region. This means that the
probe light can be slowed down simultaneously at three
transparent frequency regions. However, the effect of cross-
Kerr nonlinearity reduces the effective index and hence
enhances the group velocity of the probe light (see the solid
line in figure 3(a)) which is similar to the effect of self-Kerr
nonlinearity (see [40]). In order to explain this phenomenon,
we also plot the cross-Kerr nonlinearity n, (solid line) and
linear index of refraction no (dashed line) versus the probe
frequency detuning A, as in figure 3(b). It is clear that the
linear dispersion (Ong/0w,) is opposite sign with the non-
linear dispersion (On, /Ow,) which leads to a decrease in the
effective refractive index of the medium for the probe light.

In figure 4 we consider the influence of intensity of
coupling and signal fields on the group index by plotting the
group index versus the Rabi frequency of coupling field 2. at
different values of the signal laser intensity for three EIT
windows centered at A, =0 (a), A, =7.6MHz (b) and
A, = —9MHz (c). It is shows that, when the signal laser
intensity is small (I, = 6 mW cm2), the effect of cross-Kerr
nonlinearity on the group index for the probe laser at EIT
windows A, = 7.6 MHz and A, = —9MHz is also small,
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but for EIT window at A, = 0 there is a significant deviation
between the two curves (see the solid and dashed lines).
When the signal laser intensity is increased to 40 mW cm ™2
(€2, = 3 MHz), the effect of cross-Kerr nonlinearity on group
index becomes apparent at the three EIT windows, particu-
larly at the EIT window A, = 0, the sign of the group index
switched from positive to negative and vice versa. In all cases,
the influence of cross-Kerr nonlinearity can be negligible as

the coupling laser intensity is much stronger than the signal
laser intensity.

Thus, the influence of cross-Kerr nonlinearity leads to
variation of both magnitude and sign of the group index under
changing the signal field intensity, therefore one may manip-
ulate the probe light propagation between sub- and supper-
luminal modes by tuning the intensity of signal field, as in
figure 5. For the selected parameters as shown in figure 5, the
value of the group index can change from positive to negative
when the signal laser intensity is greater than 30 mW cm 2.

Finally, we consider the variations of group index versus
the coupling frequency detuning in the absence (dashed line)
and presence (solid line) of cross-Kerr nonlinearity as illu-
strated in figure 6. Here, the parameters are chosen as
Q. =3MHz, I, =6mWecm > and A, = A; =0. From
figure we see that by changing the frequency of the coupling
field, the group index also varies between negative and
positive values. Moreover, there is a significant deviation
between the two curves in the cases of the absence and pre-
sence of cross-Kerr nonlinearity, namely, the value of group
index is considerably reduced when cross-Kerr nonlinearity is
present.

4. Conclusion

We have studied the effect of giant Kerr nonlinearity on group
velocity for probe light in a six-level inverted-Y atomic
medium. Under EIT condition, the cross-Kerr nonlinearity is
basically modified and enhanced greatly around in three
spectral regions corresponding to transparent windows. Such
a giant Kerr nonlinearity changes significantly group index of
the medium for the probe light that leads to enhancement of
group velocity. However, in the presence of cross-Kerr non-
linearity we can use the signal and/or coupling fields as
knobs to control the group velocity of probe light between
subluminal and superluminal in three transparent frequency
regions. The analytical result not only gives sufficient
knowledge on the effect of cross-Kerr nonlinearity on the
group velocity, but is also convenient to make direct com-
parisons with experiments and supports future studies.
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