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In a coherent system, enhanced nonlinearity can be reached via far-detuned coupling fields in the presence of Autler—
Townes splitting. We explore the absorption spectra and the Kerr nonlinearity of the coherent system via the interaction
between a four-level atomic system and triple fields. We obtain the absorption spectra with double, triple and even quadruple
peaks which depend on both the magnitude and the difference of the coupling fields. The Kerr nonlinearity always remains
reversely correlated with the absorption spectra. We find that the large coupling detunings can lead to a significant growth
of the Kerr nonlinearity and the degenerate four-wave mixing. Both the Kerr nonlinearity and the four-wave mixing can be

managed by adjusting the detunings of the coupling fields.

Keywords: double electromagnetically induced transparency (EIT), Autler—Townes splitting, Kerr nonlinear-

ity, four-wave mixing
PACS: 42.50.Gy, 32.80.Qk, 42.65.-k

1. Introduction

Third-order nonlinearities, including Kerr nonlinearity,
four-wave mixing (FWM), Raman effect and so on, have
attracted considerable interests in these years due to their
promising applications such as optical quantum computing,
quantum logic gates and nonlinear optical control.!'=*) Atoms
interacting with coherent radiation fields can give rise to
many interesting physical phenomena, such as electromag-
netically induced transparency (EIT),[!%!!] Autler-Townes
(AT) splitting,[1>13] electromagnetically induced absorption
(EIA),[1415] coherent population trapping (CPT)!'%!17] and so
on. In the past decades, researchers have conducted exten-
sive studies on various kinds of nonlinearities caused by de-
structive and constructive quantum coherence in atomic sys-
tems with different energy level structures.!'822! For a three-
level EIT system, the Kerr nonlinearity was measured by
applying an optical ring cavity and obtained a greatly en-

(231 However,

hanced Kerr nonlinearity consistent with theory.
in three-level systems, significant nonlinear susceptibilities
rely on a low-intensity coupling field, which may result in
a heightened loss of the probe field. Compared to three-
level systems, four-level systems have a more intricate energy
level configuration, resulting in a comparatively complex ab-
sorption spectrum involving more absorption peaks and trans-
parency windows.?*] Additionally, four-level systems provide
more manipulation means for effective control of absorption,
dispersion, and nonlinearity.’>>! Thus, the Kerr nonlinearity

can be greatly improved by selecting appropriate controllable
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26271 Tn a four-level inverted-Y coherent system,

parameters. !
a large optical nonlinearity at the single photon level which
leads to the phase shift over 7 in Rydberg excitons media was
obtained.?® Alotaibi and Sanders introduced double-double
EIT in the four-level tripod-type system, and obtained a greatly
enhanced nonlinear optical susceptibility in the region of the
second transparency window.!?°! Moreover, in the four-level
N-type system, EIT can suppress the linear absorption and
greatly enhance the nonlinear susceptibilities by increasing the
Kerr nonlinearity by several orders of magnitude compared to
the traditional three-level system.!**! Sheng et al. studied the
power of the additional switching beam to control the magni-
tude, as well as the sign of the Kerr nonlinearity in a four-level
N-type atomic system. 3!l Therefore, the four-level configura-
tions are indeed an efficient model for nonlinear effects, with
significant benefits over three-level configurations.

As the intensity of the coupling field increases, the EIT
will be replaced by AT splitting.[*?) Many works in previ-
ous papers for Kerr nonlinearity were based on the EIT sys-
tem, whereas the work based on AT splitting was hardly
reached. For AT splitting, the large nonlinear susceptibili-
ties can be achieved with large coupling detunings and strong
coupling fields, and need not worry about the loss of the
probe field. These large nonlinear susceptibilities can effec-
tively excite third-order nonlinear effects such as FWM and
Raman effect. Literatures show that quantum entanglement
based on FWM is related to such coherent systems with large

513334

detuning | Glorieux et al. proposed that the generation

of FWM in a double-A system driven by a far-detuned pump,
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s.34 Tt is worth noting

and obtained quantum-correlated beam:
that the double-A system is essentially a four-level N-type sys-
tem even if the conjugate light is considered, where two pumps
and a seed correspond to the three fields of the four-level N-
type system, respectively. Motivated by the above work, we
apply strong coupling fields and large detunings to explore the
Kerr nonlinearity and FWM of the four-level N-type system,
and attempt to control of the nonlinearities by adjusting the
detunings of the coupling fields. An important result of our
study is that under AT splitting due to strong optical fields,
far coupling detunings can lead to an increase of three orders
of magnitude in the third-order nonlinearity and the associ-
ated FWM intensity. Our study may provide guidance for the
achievement of strong FWM in experiments. In addition, this
work can contribute to a systematic understanding of the linear
and nonlinear properties of the four-level N-type system.

In this paper, we set up the probe field to be coupled to a
transition of the four-level N-type system, allowing the probe
field to balance both the three-level A-type EIT scheme and
the three-level V-type EIT scheme. To begin with, we study
the absorption spectra under the combined contributions of the
A-type system and the V-type system, taking into account the
EIT in the weak coupling fields and the AT splitting in the
strong coupling fields. Afterwards, we examine the Kerr non-
linearity using an iterative method based on perturbation the-
ory. We discuss in detail the enhancement of the Kerr nonlin-
earity under large detunings of the coupling fields and finally
investigate the FWM associated with the Kerr nonlinearity.

2. Theoretical model and calculation

The four-level N-type system is shown in Fig. 1, which
can be formed by atomic Rubidium 3’Rb. The hyperfine lev-
els 5281/2, F =1 and 2 of 8’Rb are chosen to be |1) and
3), 5°Py /2. F =110 be [2) and 5?P; 5, F =2 to be [4), re-
spectively. The weak probe field €, with a frequency of @y, is
used for the atomic transition between levels |2) and |3), with
a corresponding Rabi frequency of 2Q, = po3-ep/h. The
control field e; with a frequency of @, and the signal field
€s with a frequency of s are used for the atomic transitions
|2) —|1) and |4) —|3), with corresponding Rabi frequencies
of 2Q. = py; -/l and 2Qg = 43 - €5 /1, respectively. Here,
pij denote the dipole moments of the atomic transitions, and
e; correspond to the electric field amplitudes. The spontaneous
decay rates from |2) to |3), |4) to |3), and |2) to |1) are 273,
243, and 27, respectively. The relaxations of |1) to |3) and
|2) to |4) are 2793 and 27,4, respectively.

In the interaction picture, the Hamiltonian under the
dipole and rotation-wave approximation is given by

Hi = R[Ac|1) (1|46 [3) (3[4 (6 — A) |4) (4]]
—h(Qe[2) (1] + 2, 2) 3]+ [4) 3| +H.C.), ()

in which 0 = @, — @3, Ac = 0. — @»; and Ay = @ — W43
are the detunings of the probe, control and signal fields, re-
spectively, and @;; is the atomic transition frequency between
levels |i) and | ). The dynamic evolution of the system is gov-
erned by the master equation of the density matrix

dp _ i
dt  k

here, Ap represents the atomic damping to the background

[Hlvp]+Ap7 (2)

modes and p is the density matrix operator. The density ma-
trix equations of motion can be written as

Pt = —2%13p11 + 2010 +12: pr1 —12:p12, (3a)
P22 = Mxnppn +iQcpi2 — Q7 pa1 +1Q2pp32 — 12, p23, (3b)
P33 = 2713P11 +223p22 + 2Va3paa + 125023

—1Q,p30 + 12, paz — 1Qp34, (3¢)
P43 = Muy3paz — 1Q2,p42 +1Q4(p33 — Paa), (3d)
pa2 = Mapar —1Q; par +1Qsp32 — 12 pas, (3e)
Pa1 = Ma1pa1 — 1Qcpap +105p31, (3)

P32 = Mapsr —iQ:p31 +iQ0pan +12;(p22 — p33),  (32)
P31 = Mz1p31 +1iQ25p21 — 1Qcp32 +1Q pai, (3h)
P21 = Mp1pa1 +12,p31 +iQc(p11 — p22), (31)

where My = —2(%1 + 3 + 1o4), Muaz = iAs — Va3, Map =
—[i(6 — As) + (121 + 123 + a3 + 124)], My = —[i(6 — Ac —
A) + (a3 +713)], Mao = —[i6 + (Vo1 + 13 + 14)], M3 =
—[i(6 — Ac) + 73], Ma1 = [iAc — (Y21 + Y23 + Y24 +713)]. The
above equations are constrained by p11 + P22 +p33 +paa =1
and pj; = pij.

Fig. 1. Schematic diagram of the four-level N-type system.

It is familiar that the response of atoms to a probe field
is ruled by the polarization P = &(E,x + E;x*)/2, where
x is the susceptibility of the atoms. Averaging the dipole
moments of an ensemble of N atoms, we are able to get
P = N(u32023 + H23p32).%%! To deduce the linear and nonlin-
ear susceptibilities, we should attain the steady-state solution
of the density matrix equations. In the present method, an it-
erative approach based on perturbation theory is applied and
l.(;)) + pi(jl) +
i,j=1,2,3,4. The zeroth-order populations

the density matrix elements are denoted as p;; = p,

NI
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satisfy p{\) + %) + 3 +piy

tions satisfy pl(';) + pég) +p3('31> +pﬂ) =0,n=1,2,3,.... With
these arrangements, the zeroth-order density matrix equations

= 1 and the n-th-order popula-

are

pi = —2m3pl) +2piply) +iQlpl) —iQeply,  (4a)
Py = Maply) +iQcp|y —10:pYy . (4b)
pé?’ - 2713P1((1)) +2stp§2) +2Y43P£401)

+Hipl —i2ply, (40)
55 = Mispyy +iQ(ply —pif), (4d)
P = Mapy) —iQ:pi) +i2pY), (4e)
P = Mapl) —iQepid +i2pl), ()
Py = Mypl) —iQ:pl) +iQ:p, (4g)
) = Maipl)) —iQepl) +10Qpy, (4h)
iy = Mapl) +i2(pf) — ). ()

The solutions of the zeroth-order density matrix equations
provide the constant terms for the first-order density matrix
equations, thus making the first-order density matrix equations
solvable and leading to a unique and deterministic solution.
Similarly, the solutions of the i-th-order density matrix equa-
tions provide the constant terms for the (i 4 1)-th-order density
matrix equations, making the (i + 1)-th-order density matrix
equations solvable. The i-th-order density matrix equations
are as follows:

pil = —2m3py) +2mip% +1Q0pY —iQpll,  (5a)
Py = Mnpy) +iQepi3 —1920p5)

+ipy, il Y, (5b)
= 21apl] + 2130l + 2mapy) +195p%s

il + il — iy, (5¢)
Pl = Mup —i2pls V+i0 (Y —pi),  (50)

P = Muopl) —iQ:pl) +ip —ipl V. (Se)

Py = Mapy) —iQepi) +i2p) (5)

Py = Mxpl) —iQ:pY) +iQ:p})
+i25 (08 —pls ), (59)

oY) = mapl) +igpplV —i0epl +iQ:p)),  (5h)

(i ), i—1) | . j ‘ .

Py = Maupy) +i2pl "V ie(pl) — k). (5D
where i = 1,2,3,.... To solve the equations, numerical calcu-
lation must be used. From the above equations one can obtain
the solutions for the third-order density matrix elements, and
the Kerr nonlinear susceptibility of the medium on the probe

field is related to the density matrix element pg), as follows:
(3) _ 2N|uos/* ﬁ 6
e 6)
where the density matrix elements satisfy pg) = pg)*. With
this susceptibility, the nonlinear properties of the medium can
be presented. The Kerr nonlinear absorption corresponds to
the imaginary part of the third-order susceptibility, while the
real part of the third-order susceptibility determines the Kerr
nonlinearity. For simplicity, we assume that all the detun-
ings, spontaneous decay rates, Rabi frequencies, and relax-
ation rates are in units of }43, and that £, = 0.01743 is always
maintained.

3. Results and discussion
3.1. Analysis of linear absorption

EIT converts to AT splitting in the increase of the cou-
pling fields. Figure 2 shows the absorption of the probe field
at different .. In Fig. 2(a), there are three absorption peaks
and two transparent windows at £, = 1. The central peak is
the strongest, forming an EIA, with the two equal peaks on
both sides being lower than the EIA. Here neither €. nor £
leads to complete energy level splitting or complete quantum
coherence, so quantum coherence and AT splitting exist simul-
taneously. In this case, if we consider partial AT splitting, the
absorption of the triple-peaked frame can be easily explained.
As Q. =2, level |2) undergoes a strong AT splitting and forms
two sets of V-type EIT systems with levels |3) and |4), but ow-
ing to the weak coherence of the V-type system (£ = 1), weak
EITs appear at the absorption peaks on both sides. Therefore,
as €. increases, the AT splitting increases and the transparent
window at the resonance becomes wider and deeper, while the
weak EITs on both sides are maintained. The above discus-
sion is the probe absorption at 3 = 1, where both quantum
coherence and AT splitting are possible and the situation is
relatively complicated. The following discussion turns to the
probe absorption at g = 5, as shown in Fig. 2(b), where the
AT splitting plays an important role. We find that the probe
absorption spectra show four peaks as Q. = 1,2,3,4, and the
transparent windows on both sides of the absorption spectra
widen with the increasing .. Contrastly, as . =5, triple
peaks appear for the probe absorption spectra, and the height
of the central peak is twice than that of the two side bands.
Figure 4 provides an explanation for the cause of the above ab-
sorption spectra. The AT splitting of levels |2) and |3) depends
on . and €, and their splitting widths are 20 and 2£, re-
spectively, so that the sub-transition from |3) to |2) will have
four transition paths, as shown in Fig. 4(a). As Q. = €, two
of the four transition paths have equal frequencies, eventually
leading to three absorption peaks, with the central absorption

114214-3
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peak being twice as high as either peaks; while Q. # Q, four
absorption peaks appear corresponding to four transition paths
with different frequencies, as shown in Fig. 4(b).

o
S
S

= 0.24 —2.=1 g —02. =1

g (a) Tz B (b) —0=2

4 i 4 0.16 :

% 0.18 5

= = 0.12

S 0.12 S

B 2 0.08

= =

Qo o

2 0.06 2 0.04

o o

e} Q 0

g 0 =

& =15-10 =5 0 5 10 15 & —-15-10 -5 0 5 10 15
8/vus 8/vus

Fig. 2. Probe absorption versus its detuning for (a) Q5 = 1 and
(b) Q5 =5 with the parameters Y5 = 3 = 1, Y4 = 13 = 0.01,
Ac=A=0,02,=00L.

The impact of the changes in €2 on the absorption of the
probe field is shown in Fig. 3. The absorption at 2. = 1 and
Q¢ =1 in Fig. 3(a) is consistent with Fig. 2(a). As € in-
creases, the level |3) splits, but Q. # Qg leads to the incon-
sistency of the two splits of levels |2) and |3), forming four
absorption peaks. Although as Qg = 2, it still shows three
absorption peaks, the central absorption peak is a partial su-
perposition of two adjacent absorption peaks. Since €. is un-
changed, the transparent windows on either side remain con-
stant and the distance between the two EIT windows is 2.
The probe absorption at . = 5 is shown in Fig. 3(b), it is
doubtless that there is a significant AT splitting at the level |2).
First, as can be seen, the probe absorption at s = 1 is the
same as in Fig. 2(a). As s =2,3,4, the AT splitting at level
|3) becomes clear. As is mentioned, since €. # €2, the split-
ting is unequal, thus leading to four absorption peaks. Finally,
at Qg = 5, this case is consistent with Fig. 2(b).

z 0.25 z 0.20

5 7 () —Q.=1[ = 7 |(b) —0=1
3 —0,=2 3 0.16 —2,=2
E 0.20 o=3| 20 2.=3
= o015 —.=4| = —02,=4
z 0 [\ —2=5| g 012 — 2. =5
Z Z

2 0.10 £ 0.08

2 2

g 0.05 2 0.04

2 3

0 s o

A —-15-10 -5 0 5 10 15 A~ —15-10 -5 0 5 10 15

/a3 8/
Fig. 3. Probe absorption versus its detuning for (a) 2. = 1 and (b) 2. =5.
The other parameters are the same as in Fig. 2.

In a word, the number of absorption peaks is closely re-
lated to the AT splitting, when the splits of upper level |2) and
lower level |3) are identical, two of the four transition paths
have equal transition frequencies, and the probe absorption
shows three peaks; if the splits of upper level |2) and lower
level |3) are not identical, the probe absorption usually shows
four peaks, and the distance between a pair of peaks always re-
mains twice of the Rabi frequency of the corresponding field.
Since Q. determines the splitting of upper level |2) and Qg
determines the splitting of lower level |3), it shows three ab-
sorption peaks for 2. = €2 and partially four absorption peaks

for Q. # Q. The schematic diagram of the AT splitting is
given in Fig. 4(a), and the corresponding absorption spectra at
Q. = Qg and Q. # € are shown in Fig. 4(b).

(a) | (b)
[2) 20,
i
|
13) 202, L 0,2 0
—0la

i

Fig. 4. (a) Schematic diagram of the energy level splitting; (b) absorption
spectra of the probe field at Qg = Q. and Qg # Q..

3.2. Analysis of Kerr nonlinearity

Using iterative calculations, we can obtain the Kerr non-
linearity of the system. Figure 5 displays the imaginary and
real parts of the Kerr nonlinear susceptibility. The Kerr non-
linear absorption and nonlinear coefficients for different Q. at
Qg =1 are given in Figs. 5(a) and 5(b). It can be observed that
when Q. = 1, the Kerr nonlinear absorption exhibits strong
nonlinear gain at the zero probe detuning, which corresponds
to an EIA in the linear absorption as shown in Fig. 2(a). As Q.
increases, quantum coherence weakens, and AT splitting in-
creases, and consequently the gain at the zero probe detuning
decreases, corresponding to an increasingly large transparency
window in the linear absorption also as shown in Fig. 2(a).
Each nonlinear absorption shows four gain peaks, with faint
concave gains on both sides corresponding to the weak EITs
in the linear absorption. Overall, the gain in the Kerr non-
linearity corresponds to the absorption in its absorption spec-
trum, which reflects the reverse relationship between the Kerr
nonlinearity and the linear absorption spectrum. Figure 5(b)
shows the real part of the Kerr nonlinear susceptibility under
the same conditions. It can be observed that there is a strong
Kerr nonlinear coefficient at 23 = 2. = 1, corresponding to
the strong quantum coherence from the EIA. The rest of the
Kerr nonlinear coefficients have double rounds of dispersion
and satisfy the Kramers—Kronig relations with the imaginary
part. The variation of the Kerr nonlinear absorption and the
Kerr nonlinear coefficient with Qg at Q. = 1 are shown in
Figs. 5(c) and 5(d). Since the case €5 = 1 is consistent with
Fig. 5(a), it is not discussed here to avoid repetition. From
Fig. 5(c), it can be observed that for g = 2, there are four
gain peaks, with the pair in the midest partially overlapping,
corresponding to the overlap of two peaks in the linear ab-
sorption as shown in Fig. 3(a). As € increases, there are still
four gain peaks, but the distance between the central pair of
peaks increases, correlating to the AT splitting caused by €.
The evident gain concaves on both sides are a result of the EIT
2) and
[3). In the Kerr nonlinear coefficient shown in Fig. 5(d), the

or AT splitting of the A system consisting of levels |1),
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quadruple rounds change can be observed, and also satisfy the
Kramers—Kronig relations with its imaginary part.

0
E —0.2 é
—0.3
(2)
—10 -5 0 5 10 —10 -5 0 5 10
0/Ya3 /a3
0
0.04
~ —0.04 ~
= = 0
E —0.08 \/“ ”\/ 2
—0.04
—0.12 (c)
—-10 -5 0 5 10 —-10

0/Ya3 8/Ya3

Fig. 5. The imaginary (a) and real (b) parts of the Kerr-nonlinear susceptibil-
ity x () at Q5 =1 versus probe detuning; the imaginary (c) and real (d) parts
of the Kerr-nonlinear susceptibility ¥(®) at Q. = 1 versus probe detuning.
The other parameters are the same as in Fig. 2.

3.3. Enhanced Kerr nonlinearity and FWM

Motivated by Ref. [34], the nonlinear effect of strong
four-wave mixing can be excited via far detunings of the cou-
pling fields in the four-level N-type system. Here, we focus on
the effect of large detuning of the optical field on the Kerr non-
linearity. In Figs. 6(a) and 6(b), the signal detuning is given
by 100 and the control detuning by 15, 30, 45, 60, 75, respec-
tively, with identical Rabi frequencies of 5 for the coupling
fields. We find that two dispersions occur, one of which grad-
ually approaches the resonance position of the probe field with
the growth of the control detuning, while the other is sharper
and its position depends on the control detuning, both of them
showing normal dispersion. The amplitude of the dispersion
for the former gradually increases with the growth of the con-
trol detuning, while that of the latter has an increase in the first
period and then followed by a decrease, with the inflection
point being at A, = 40, as shown in Fig. 6(b). It indicates that
the significantly enhanced Kerr nonlinearity can be obtained
via large detunings of the control field, and the Kerr nonlin-
earity can be managed by adjusting the two detunings of the
coupling fields.

The Kerr nonlinearity is also correlated with an FWM or
Raman effect, and we use ‘ pg)(Za)p - cop)‘ to describe the

FWM process.*®) For many cases, for example, a degener-
ate two-level atomic system, the control and signal fields are
a common field, in which case the detuning of the control and
signal fields remains identical.’”! Figure 7 shows the evolu-
tion of the FWM with the variation of the equal detunings of
the control and signal fields. It is evident that there are two
peaks for the FWM, with one being sharp and the other being
normal. The sharp one occurs at the position of d = A, whose

peak value grows with the increase of the detuning A () in the
graph. The other otherwise happens beside the resonant posi-
tion of the probe field, whose peak value also increases with
the growth of the detuning A (), and whose position gradually
moves towards the resonant position of the probe field. To il-
lustrate the effect of the detunings A ) on the intensity of the
FWM, we define the parameter Q being the ratio of the inten-
sity of FWM with the detuning to that without the detuning.
Figure 7(b) provides the ratio Q as a function of the detun-
ings A(s) for the FWM intensity for the normal one. As A
are small, e.g., A.(s) = 1, the ratio is about 2.2. As A in-
creases, the ratio increases rapidly, reaching 34 for A.) = 10
and reaching 105 for A.(;) = 20. However, as A increases
further, the growth rate slows down, and at A, = 200, the ratio
is as high as 495. This fact indicates that a significant FWM
can be achieved via providing large detunings of the coupling
fields in the present atomic system, and thus the intensity of the
FWM can be managed by adjusting the coupling detunings.
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Fig. 6. Kerr nonlinearity coefficient versus probe detuning (a) at A =
100, Kerr nonlinearity coefficient versus control detuning (b) at A, = 100.
The other parameters are 51 = Y53 = 1, o4 = 713 = 0.01, Q. = Qs =5,
0, =0.01.
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Fig. 7. ‘pz(g)(Za)p — wp)‘ versus probe detuning (a) at A, = Ag; (b) the
ratio Q versus A (). The other parameters are the same as in Fig. 6.

4. Conclusion

We have explored the linearity and the nonlinearity of the
four-level N-type coherent system. As the two coupling fields
are weak, the absorption spectrum is principally influenced by
EIT or EIA, and as the two coupling fields are strong, the ab-
sorption spectrum is controlled by the AT splitting. A three-
peak absorption spectrum has emerged as the Rabi frequencies
of the two coupling fields are equal, while a four-peak absorp-
tion spectrum has turned up as the Rabi frequencies of the two
coupling fields have a big difference. We have found that the
Kerr nonlinear absorption has an opposite behaviour to the lin-
ear absorption under the same condition. Although the Kerr

114214-5



Chin. Phys. B 32, 114214 (2023)

nonlinearity is small as the detunings of the coupling fields
are small, it can reach a growth of three orders of magnitude
at large detunings of the coupling fields. Using the detunings
of the coupling fields, we can control the Kerr nonlinearity
and the intensity of the FWM. The proposed FWM scheme
provides a practical approach for the experimental preparation
of squeezed states and multipartite entanglement in an atomic
system.

Acknowledgment

Project supported by the Open Subject of the State Key
Laboratory of Quantum Optics and Quantum Optics Devices
(Grant No. KF202209).

References

[1] Zibrov A S, Lukin M D and Scully M O 1999 Phys. Rev. Lett. 83 4049
[2] Liang H, Niu Y, Deng L and Gong S 2017 Phys. Lett. A 381 3978
[3] Eckhardt G, Hellwarth R W, McClung F J, Schwarz S E, Weiner D and
Woodbury E J 1962 Phys. Rev. Lett. 9 455
[4] Sinclair J, Angulo D, Lupu-Gladstein N, Bonsma-Fisher K and Stein-
berg A M 2019 Phys. Rev. Res. 1 033193
[5] Schmid D, Marshall K and James D F 'V 2017 J. Mod. Opt. 64 2306
[6] Nemoto K and Munro W J 2004 Phys. Rev. Lett. 93 250502
[71 Wan R G, Kou J, Jiang L, Jiang Y and Gao J Y 2011 Phys. Rev. A 83
033824
[8] Dey T N and Agarwal G S 2007 Phys. Rev. A 76 015802
[9] Wu'Y and Yang X 2007 Phys. Rev. B 76 054425
[10] Harris S E 1997 Phys. Today 50 36
[11] Braje D A, Bali¢ V, Yin G Y and Harris S E 2003 Phys. Rev. A 68
041801

[12]
[13]
[14]
[15]

[16]
[17]
(18]

[19]
[20]
[21]

[22]
(23]
[24]
[25]

[26]
[27]
[28]
[29]
[30]
[31]
(32]
(33]
[34]

[35]
(36]

(371

114214-6

Cahuzac P and Vetter R 1976 Phys. Rev. A 14 270

Autler S H and Townes C H 1955 Phys. Rev. 100 703

Lezama A, Barreiro S and Akulshin A M 1999 Phys. Rev. A 59 4732
Zhao J M, Zhao Y T, Huang T, Xiao L T and Jia S T 2005 Chin. Phys.
14 725

Zhao S M and Zhuang P 2014 Chin. Phys. B 23 054203

Zhang Y, Qu S and Gu S 2012 Opt. Express 20 6400

Distante E, Padrén-Brito A, Cristiani M, Paredes-Barato D and de
Riedmatten H 2016 Phys. Rev. Lett. 117 113001

Harris S E, Field J E and Imamoglu A 1990 Phys. Rev. Lett. 64 1107
Wang H, Goorskey D and Xiao M 2002 Opt. Lett. 27 1354

Michinel H, Paz-Alonso M J and Pérez-Garcia V M 2006 Phys. Rev.
Lett. 96 023903

Carvalho S A and de Araujo L E E 2011 Phys. Rev. A 83 053825
Wang H, Goorskey D and Xiao M 2001 Phys. Rev. Lett. 87 073601

Gu Y, Sun Q and Gong Q 2003 Phys. Rev. A 67 063809

Raczynski A, Rzepecka M, Zaremba J and Zieliniska-Kaniasty S 2006
Opt. Commun. 260 73

Li S, Yang X, Cao X, Zhang C, Xie C and Wang H 2008 Phys. Rev.
Lett. 101 073602

Asadpour S H, Hamedi H R and Sahrai M 2012 J. Lumin. 132 2188
Ziemkiewicz D and Zieliiska-Raczyiiska S 2020 Entropy 22 160
Alotaibi HM M and Sanders B C 2016 Phys. Rev. A 94 053832

Kang H and Zhu Y 2003 Phys. Rev. Lett. 91 093601

Sheng J, Yang X, Wu H and Xiao M 2011 Phys. Rev. A 84 053820
JiaFD, Liu XB,MeiJ, Yun Y H, Zhang H Y, Lin Z Q, Dong H Y,
Zhang J, Xie F and Zhong Z P 2021 Phys. Rev. A 103 063113

Pooser R C, Marino A M, Boyer V, Jones K M and Lett P D 2009 Opt.
Express 17 16722

Glorieux Q, Dubessy R, Guibal S, Guidoni L, Likforman J P, Coudreau
T and Arimondo E 2010 Phys. Rev. A 82 033819

Niu Y and Gong S 2006 Phys. Rev. A 73 053811

Boyd R W, Raymer M G, Narum P and Harter D J 1981 Phys. Rev. A
24411

Taichenachev A V, Tumaikin A M and Yudin V 11999 Phys. Rev. A 61
011802


https://doi.org/10.1103/PhysRevLett.83.4049
https://doi.org/10.1016/j.physleta.2017.10.048
https://doi.org/10.1103/PhysRevLett.9.455
https://doi.org/10.1103/PhysRevResearch.1.033193
https://doi.org/10.1080/09500340.2017.1357852
https://doi.org/10.1103/PhysRevLett.93.250502
https://doi.org/10.1103/PhysRevA.83.033824
https://doi.org/10.1103/PhysRevA.83.033824
https://doi.org/10.1103/PhysRevA.76.015802
https://doi.org/10.1103/PhysRevB.76.054425
https://doi.org/10.1063/1.881806
https://doi.org/10.1103/PhysRevA.68.041801
https://doi.org/10.1103/PhysRevA.68.041801
https://doi.org/10.1103/PhysRevA.14.270
https://doi.org/10.1103/PhysRev.100.703
https://doi.org/10.1103/PhysRevA.59.4732
https://doi.org/10.1088/1009-1963/14/4/015
https://doi.org/10.1088/1009-1963/14/4/015
https://doi.org/10.1088/1674-1056/23/5/054203
https://doi.org/10.1364/OE.20.006400
https://doi.org/10.1103/PhysRevLett.117.113001
https://doi.org/10.1103/PhysRevLett.64.1107
https://doi.org/10.1364/OL.27.001354
https://doi.org/10.1103/PhysRevLett.96.023903
https://doi.org/10.1103/PhysRevLett.96.023903
https://doi.org/10.1103/PhysRevA.83.053825
https://doi.org/10.1103/PhysRevLett.87.073601
https://doi.org/10.1103/PhysRevA.67.063809
https://doi.org/10.1016/j.optcom.2005.10.021
https://doi.org/10.1016/j.optcom.2005.10.021
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1016/j.jlumin.2012.03.049
https://doi.org/10.3390/e22020160
https://doi.org/10.1103/PhysRevA.94.053832
https://doi.org/10.1103/PhysRevLett.91.093601
https://doi.org/10.1103/PhysRevA.84.053820
https://doi.org/10.1103/PhysRevA.103.063113
https://doi.org/10.1364/OE.17.016722
https://doi.org/10.1364/OE.17.016722
https://doi.org/10.1103/PhysRevA.82.033819
https://doi.org/10.1103/PhysRevA.73.053811
https://doi.org/10.1103/PhysRevA.24.411
https://doi.org/10.1103/PhysRevA.24.411
https://doi.org/10.1103/PhysRevA.61.011802
https://doi.org/10.1103/PhysRevA.61.011802

	1. Introduction
	2. Theoretical model and calculation
	3. Results and discussion
	3.1. Analysis of linear absorption
	3.2. Analysis of Kerr nonlinearity
	3.3. Enhanced Kerr nonlinearity and FWM

	4. Conclusion
	References

