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Abstract

®

CrossMark

We propose an ef cient four-wave mixing (FWM) scheme in asymmetric semiconductor
quantum wells (SQWSs) via two-photon resonance. By using the coupled Schrodinger—
Maxwell formalism, we derive explicitly the corresponding analytical expressions of the inter-
probe pulse and generated FWM eld in the linear regime under the steady-state condition.
With the aid of cross coupling between one ground state and two closely adjacent excited
states, the ef ciency of the generated FWM eld is found to be signi cantly enhanced, up to
60%. More interestingly, a wide region of the maximum FWM ef ciency is demonstrated as

the ratio of transition dipole moments is within the values ranging from 1.1 to 1.3, which can
be maintained for a certain propagation distance (i.e. 100 um).
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1 Introduction

Over the past few decades, a great deal of nonlinear optical
properties have been extensively investigated via the manipu-
lation of quantum coherence and quantum interference. The
motivation of such studies lies in the considerable potential
applications, such as electromagnetically induced transpar-
ency (EIT) [1-5], lasing without population inversion [6, 7],
enhanced nonlinearity [8-10] and Raman gain process [11,
12]. Associated with these nonlinear optical properties, a
variety of interesting optical phenomena based on the quan-
tum coherence and quantum interference effects have been
demonstrated for optical solitons [13, 14], optical bistabil-
ity (OB) and optical multistability (OM) [15], and the multi-
wave mixing process [16-18]. In particular, numerous groups
[19-25] have paid much attention to the multi-wave mixing
process in EIT media, which have given rise to wide range
of applications in diverse elds, including the high-ef ciency
generation of short-wave length coherent radiation, nonlin-
ear spectroscopy with low-light intensity, quantum single-
photon nonlinear optics and quantum information science

1612-2011/15/095202+8$33.00

[16-18, 26-35]. As an example, Deng et al [28] proposed a
multi-wave mixing scheme by the ultraslow propagation of
apump eld based on the dual EIT, and gained the enhanced
conversion ef ciency. Then, Wu and coworkers [27] analysed
a four-wave mixing (FWM) scheme in a double-A system in
the ultraslow propagation regime and the maximum FWM
ef ciency was greater than 25%. More recently, Sun et al [25]
suggested and achieved a highly ef cient FWM scheme in an
asymmetric double quantum well structure with resonant tun-
neling. However, the low conversion ef ciency for multi-wave
mixing has so far been restricted to its applications.

On the other hand, the semiconductor quantum wells
(SQWs) appear to be a good candidate for providing large
electric dipole moments based on intersubband transitions
(ISBTSs), due to the small effective electron mass, high non-
linear optical coef cient, and great exibility in device
design by choosing the materials and structure dimensions.
Speci cally, the SQW system has the more accessible cross
coupling between optical transitions, which arises from two
transitions between one ground state and two closely spaced
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excited states coupling by a continuous-wave (cw) control

eld. This cross coupling can modify the linear and nonlinear
optical responses of another probe pulsing transition and trig-
ger a strong coherence between the two closely spaced excited
states. To the best of our knowledge, although the cross cou-
pling has been applied to investigating slow dark optical
solitons [36], a signi cant gain [37] and enhanced Kerr non-
linearities [38]; the enhanced multi-wave mixing scheme in
asymmetric quantum wells by cross coupling between optical
transitions has been unexplored.

In this paper, we propose and analyse a highly ef cient
FWM scheme ina ve-subband SQW con guration. By solv-
ing the coupled Schrodinger—Maxwell equations, we obtain
the corresponding explicit analytical expressions for the probe
pulse, the generated FWM pulse eld, the phase shifts and
absorption coef cients, as well as the conversion ef ciency of
the FWM. Differently to the previous scheme, we implement
a two-photon resonance scheme to induce FWM processes
driven by one weak probe pulse interacting with two cw pump

elds. Owing to the existence of cross coupling between opti-
cal transitions, a novel wave-mixing channel may be opened
and the maximum FWM conversion ef ciency can be dramat-
ically enhanced, up to 60%. Last but not least, a wide region
of the maximum FWM ef ciency is demonstrated as the ratio
of transition dipole moments is within the values ranging from
1.1 to 1.3, which can be maintained for a certain propagation
distance (i.e. 100 um).

2. The theoretical model and basic equations

The SQW structure with the relevant band energy levels
and wave functions, which is associated with intersubband
transitions(ISBTSs), is shown in gure 1. The material of the
SQW structure can be demonstrated as follows. The left shal-
low well and right deep well consist of an Al 04Gag gsAS layer
with a thickness of 11.0nm and a 9.5nm GaAs layer, which
are separated by a 3.8nm Al 4Gag gAs potential barrier. Both
the left side of shallow well and the right side of deep well are
Alg.4GaggAs potential barriers. The eigenenergies of the ve
conduction subbands can be obtained by solving the effec-
tive mass Schrodinger equations. Thus, the energies of the two
ground subbands|1)and|2)are obtained asE; = 34.5meV and
E, = 62.3 meV, respectively. Two closely spaced delocalised
subbands |3) and |4) with the eigenenergies E3 = 135.5 meV
and E4 = 141.5 meV are separated by the splitting 2A (see

gure 1(b)), which lies in between the two ground subbands
and the subband|5). The energy of second excited subband |5)
is 296.3 meV in the right deep well. As shown in gure 1(a),
the dashed lines represent the relevant energy levels while the
solid curves show the corresponding wave functions for the

ve subbands. The SQW system is driven by a weak probe
pulse (central frequency wp, and wave vector k) via the excited
subbands|3) and|4), while|3)and |4) are coupled with the sub-
bands |2) and |5) by two continuous-wave (cw) control elds
(central frequencies wc, we2 and wave vectors ke, ke ), then
generates a FWM pulse eld (central frequency wr, and wave
vector Ky,). The process based on IBTS contains the transitions

11) = [3)11) < 14),12) < [3),12) < |4),12) < [5) and |5) < |1).
In the present analysis, we use the following conditions: (1) to
reduce the electron—electron effects, the quantum well struc-
ture is designed with a low electron sheet density, so that it is
reasonable to neglect the electron—electron interactions; (2)
all the subbands have the same effective mass.

In the interaction picture, with the rotating-wave approxi-
mation and the electric-dipole approximation, the interac-
tion Hamiltonian of the system under study can be written as
(h=1):

Hin/h = (Ap = Ac)[2)(2] +(Ap = A)[3)(3]
+(Ap + A)[4)(4] +(Acz + Ap — Acp)|5)(5]
— (gQpe™T13)(1] + Qe |4)(1|+f Que*erT|3)(2| +h.c.)
— (Quie™r"14)(2] +Qcoe™2"15)(2] + Qe 15)(1] +h.c.),
@

where Ap = (% - El) —wp, A1 = (% - Ez) — we and

A2 = Es — E» — w2 denote the corresponding  eld detunings,
while 2A = E4 — E3 represents the energy splitting between
the subbands |3) and |4), in which w;(i = p, c1,c2, m) are the
optical frequencies of the relevant optical elds and kj(j = p,
cl, c2, m) are the wave vectors of the probe pulse, two con-
tinuous wave laser elds and the generated FWM eld.
Qq(n = p, cl,c2, m)are one-half Rabi frequencies for the rele-
vant laser-driven intersubband transitions, i.e. Qp = uy,Ep/28,
Qo = ,u42Ec1/27l, Qe = ,uszEcg/Zfl and Q, = ,Ltlem/Zfl, while
9 = pgi/pyy and = pgy/u,, represent the ratios of the transi-
tion dipole moments between the relevant subbands, where
wij(i,j =1 —5;i#])denote the dipole moments for the transi-
tion between subbands |i) <> |j) and E; c1, c2, m are the slowly
varying electric eld amplitudes of the corresponding elds.

We assume that the wave function of the system
is W) = A1) 4+ Agel®o—ke) T2y 4 AgekoT|3) 4 Age o T|4) + Ag
gike—kertke2) 1|5 where Aj(j = 1 — 5)means the time-dependent
probability amplitudes of the particle in the corresponding
subbands. By substituting |¥) into the Schrodinger equa-
tion i0%/ot = H ¥, the equations of motion for the probabil-
ity amplitude can be written as

0A

== —gQpAs — QpAs — QrAse!* T, (@3]

.0

'a—AtZ = oo — FQE A — QFAL — O, @)

.0

I% = d3A3 — 9QpA — FQc1Ay, (4)

.0A

1= = diAa = QA - Qurfy, ()

H A5 _ —isk-r

IE - dﬁ - QCZAZ - Qme Alu (6)
here  we have introduced the new de nitions

dy = (Ap —Ag) — i}’zydB = (Ap -A) - i731d4 = (Ap +4) - i74,
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Figure 1. (a) Schematic band diagram of the asymmetric semiconductor quantum wells with a deep well and a shallow well, which mix to
create ve subbands|j) (j = 1-5). The related energy levels and the corresponding wave functions are illustrated by the dashed and solid
lines, respectively. (b) Schematic of the relevant energy levels with a ve-subband |j) con guration. Accurately, the ground state |1) is driven
by a weak probe pulse (frequency wp and Rabi frequency 2€3,) via excited subbands |3) and |4), while the |3) and |4) are coupled with the
subbands |2) and |5) by two continuous-wave (cw) control elds (frequencies wci, @, and Rabi frequencies 2Q¢g, 2Q)).

ds = (Acx + Ap —Aq) — i)/s. The k= kp — Ke1+ Keo — K
denotes the phase mismatching factor. The decay rates can
be phenomenologically included in the above equations. In
SQW, the total decay rates y; of subband |i) comprise the popu-
lation decay rates y; and the pure dipole dephasing rates yg,
i.e.%(i = 1 = 5) = 5 + 5y, Where the population decay rates y
are primarily due to the longitudinal optical photon emission
events at low temperature and the pure dipole dephasing rates
%q are assumed to be a combination of quasi-elastic interface
roughness scattering or acoustic photon scattering. Moreover,
the dipole transition rate from subband |2) to |1) is very small
because of the high inter-well barrier, i.e. y, = 4.

In order to predict correctly the propagation of the input
probe pulse and the generated FWM eld, the probability
amplitudes of the above equations (2)—(6) must be simultane-
ously solved with Maxwells equation in a self-consistent man-
ner. Under the slowly varying amplitude approximation, the
input probe and the generated FWM eld propagating along
the direction of z (i.e. 5k - r = 6k - ) evolve according to

0Q, 10Q, . N

P 4 = = iky(0As + AAT,

% T a kp(9As + Ag)A (7
0Qn  10Qnm . *
=4z =i . 8
oo KmPs Ay 8)

For the sake of simplicity, we assume phase mismatch-
ing factor sk = 0. The parameters xp = 2zNwp |uz[*/Ac and
km = 27N |us[>/AC are the propagation constants with the
electron concentration N. The standard method of the weak nonlin-
ear theory can be usefully applied to solve the nonlinear equations,
that is, we assume the Rabi frequency €2, of the input probe pulse
is comparatively very weak (€p| << [Qc1,c2)) so that almost all the
electrons will remain in subband |1) i.e. Ay ~ 1. Simultaneously,
we preform the Fourier transformations for equations (2)—(8),

A = % / " aj(@)e dw, j = 2,3,4,5, 9)

Qpm() = % /°° Apm(@)e ' do, (10)

with w being the Fourier transform variable, we have

(0 —dy)ay + fQ:;klag + Q::kla4 + Q:zas =0, (12)

(w — da)ag + FQc1a; = —gA,, (12)

(w — d4)a4 + Quay = —Apy (13)

(o — ds)as + Qeoay = —Ap, (14)
Ny o .

—L2 _iZA, = iky(gas + as)a, (15)
o M kp(gaz + a4)ay

OAm _ i Am = ikmasas’, (16)
oz c

where a,_s and A, and Ay, are the Fourier transforms of A,_s,
Qp and Qp, respectively. The solutions of the equations (11)-
(14) are noted

Dpi(@) Dmi(@)

gaz+ag = D) Ap+ D() Am, 17)
ag= 202\, Dm(@) \ (18)
D(w) D(w)

here we have introduced the de nitions Dpi(@w), Dmi(w),
Dp2(w), Dma(w) and D(w), which can be expressed as Dpi(w)
= [(@— d3) + g% — do)][(@ — d2) (@ — ds) — Q2,] — (e — ds)
(f = 9)% Dma(®) = (@ — d3) Q125 + 9FQe1Q5( — da), Dpo(w)
= (0 - dg)QiQc2 + 9fQLQe2(w — ds), Dna(w) = (0 — da)
(@ — da) (@ — de) — Qfy(@ - da)+(w — de) 207 and D(w) = (w -
da)(@ — da) Q% + (0 — dg) (@ — ds) 22 + F2( — da) (0 — ds) 2%, —
(0 — do)(w — d3)(w — dg)(@ — ds). Making the initial condi-
tion of the probe pulse and generated FWM eld, i.e. Ap(0,w)
and An(0,w) = 0 and applying the equations (15) and (16) and
equations (17) and (18), we obtain the solutions as follows

Ap(Z, @) = Ap(0, 0)(Up(@)e! K@) — U_(w)e™-@), (19)
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Figure 2. The amplitudes of the probe pulse and the generated FWM eld versus the depth z of penetration in the SQW system with the
different ratio values of transition dipole moments: (a) g = 1.2, (b) g = 1.6. The other parameter values are y, = 2x 107 meV, =, = 9
meV, 5 =4meV,A =35meV,Ap=Ac1 = A =0,k =kp = 3um~t meV and |Qc| = |Qc2| = 20 meV.

An(z, ) = Ap(0, @)S(w)(7K+@) — K@)y (70)
where
Ky(o) = ® N Dm2(@)km + Dpa(@)xp F i/ G(@) — K,(0)
c 2D(w)
+K Y(@) + o(w?),
Dpy(@)xp — Dm2(@)xm £ G(@)
Uy (w) = = U,(0 ,
(@) 2G@) .(0) + o(w)
kmDp2(®)
S(w) = =22 =50 ,
(@) ED) (0) + o(w)

with G(®) = (Dma(@)kim — Dp1(@)kp)? + 4Dm1(@)Dp2(@ )kmkp.
Apm(0, w) are the initial conditions for the probe pulse and
the generated FWM eld at the entrance of the SQW struc-
tures z = 0. Equations (19) and (20) demonstrate clearly that
there exist two modes (K. modes) described by the linearised
dispersion relations K = K (@) and K = K_(w), respectively.
In the following, we focus on the adiabatic regime, where the
expressions of the probe pulse and the generated FWM eld
are expanded into a rapid conversion power series around
the centre frequencies wys (i.e. @ = 0). In order to analyse
the expressions of the probe pulse and the generated FWM

eld, the approximation is applied by neglecting the high
order terms, i.e. O(w?) in K (@) and O(w) in S(w), respec-
tively. Generally, Re[K_.(0)] represent the phase shifts per
unit length, and Im[K.(0)] are the absorption coef cients.
The group velocities V.. of the two modes are determined by

Vg = LRe[K ] Subsequently, we applied an inverse Fourier
transform to Ap m

1
Jr

We can achieve the linearised results of the probe pulse and
the generated FWM eld

Qp’m(z, t) =

f ~ exp(—iwt) Agm(z, ) do.

Qp(z, w) = Qp(0, 7,)U(0)e™+0 — Q,(0, n_)U_(0)e™-©,
(21)

Qn(z, w) = S(0)(Qp(0, 7,)e™+® — 0,0, n)eK-©),  (22)

where , =t —z2/Vg,. Qu(t) =Qp(z = 0,1) is the initial probe
pulse at z = 0. The above two equations (21) and (22) are the
accurate expressions that govern the propagation dynamics of
the probe pulse and the generated FWM eld in the present
SQW system. In such a feasible case, the enhancement of the
FWM signal can be achieved by properly adjusting the system
parameters via cross coupling between optical transitions.

3. The numerical results and discussions

In the case of high-quality SQW, for temperatures up to 10
K [39], the electric density keeps below 10%m~=3. The typi-
cal decay parameters are chosen as y,=2x107° meV,
Ya=7ry=7.8 meV, ;=3 meV, py=7y4y=12 meV and
%54 = 1 MeV, as a result, we can obtain y; =y, = 9 meV and
=4 meV. In addition, we choose Ap=A¢=Ac=0
and kp=kn =3 um~t meV. Here, the two-photon reso-
nance occurs in the intersubband transition |1) < |2) (i.e.
Ap + Acp = 0). Within these parameter regimes, we plot the
amplitudes of the probe pulse and the generated FWM eld
versus the depth z of penetration in the SQW system with the
different ratio values of the transition dipole moments in g-
ure 2. For the one case where the ratio value of the transition
dipole moments g = 1.2 in gure 2(a), it can be seen that the
amplitude of the probe pulse decreases monotonically with
the increase in the propagation distance z, while the generated
FWM eld increases monotonically. When the propagation
distance z continues to extend, the amplitudes of the gener-
ated FWM elds reach the saturation value and are indepen-
dent of the propagation z. These results can be explained by
the behaviour of the multiphoton quantum destructive inter-
ference between the two different excitation channels: cou-
pling excitation pathways |1) — |3), |1) — |4) and feedback
excitation pathways |1) — |3), |1) — |4) mediated by |5) [35].
Physically, when the amplitude of the generated FWM eld
reaches a saturation value whereby the generated FWM eld
is suf ciently intense, an ef cient feedback excitation path-
way to the subband |5) becomes important, which is z out of
phase with respect to the coupling excitation pathway. Then
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Figure 3. (a) The ratio of the absorption coef cients a_/a, versus the amplitude |Q.,| of the cw control eld for the ratio of the transition
dipole moments g = 1.2 as xed and the other amplitude | Q1| = 10 meV, 20 meV and 30 meV. (b) The ratio of the absorption coef cients
a_la, versus the amplitude |Q,| for the other amplitude |Q¢| = 20 meV as xed and the ratio of transition dipole moments g = 1.0, 1.4, 1.6.
The other parameter values are f = 1.2, , = 2x107°meV, i3 = 7, = 9 meV, 5 = 4 meV, A = 3.5 meV, Ap=Au=Ax=0andk, =k, =3

um~tmeV.

the amplitude of the generated FWM eld was suppressed
due to the feedback excitation pathway leading to multi-
photon destructive interference. For the other case where
the ratio value of the transition dipole moments g = 1.6 in

gure 2(b), the two amplitudes of the probe pulse and the
generated FWM eld show an obvious gap and attenuation
after a certain propagation distance. As a matter of fact, the
linear absorption—dispersion properties of the SQW medium
play an important role in the above phenomenon. When the
ratio value of the transition dipole moment g is far from f,
the according absorption increases rapidly, so that the ampli-
tudes of the probe pulse and generated FWM eld decay
rapidly.

Both equations (21) and (22) can demonstrate that the two
modes (i.e. K, modes) exist in the SQW system, which are
contained in the probe pulse and FWM eld. By comparing
the two absorption coef cients a, = Im[K(0)], the key con-
sequence is that one of the modes always decays much faster
than the other, resulting in the neglect of the fast decaying
mode after a short propagation distance. To give a clear illus-
tration, gure 3(a) plots the absorption coef cient ratio a_/a,
versus the amplitude |Qc,| of the cw control eld, while we
show the absorption coef cient ratio a_/a, versus the ampli-
tude |Qc,| for several different ratios g of the transition dipole
moments in gure 3(b). When the two ratios of the transition
dipole moments are within appropriate parameter ranges, g-
ures 3(a) and (b) show directly that the ratio of the absorption
coef cients increases monotonously with the increase in the
amplitudes of the two cw pump elds. The absorption coef -
cients satisfy a; < a_, which can be also obtained in gure 3.
That is to say, the K _ mode decays more quickly than the
K ;. mode, thus the faster variable K _ can be neglected safely
after a short characteristic propagation distance. In a word, the
above approximation method can be implemented, as long as
the ratio g of the transition dipole moments is con ned from
1.0 to 1.6. In the following discussion, we present all of the
results under the condition of approximation. This is indeed
the case for the situations considered here. Speci cally, under
this approximation of neglecting the K _mode, the probe
pulse and generated FWM eld €, » can be rewritten as

Qp(2, 1) = Qp(0, t — 2/Vy)U, (0)e? -2, (23)

Qn(z,t) = Qp(0,t — 2/Vy)S(0)e 2, (24)

where Vy = 1/Re[K "] is the group velocity, @ = Im[K,(0)]
denotes the absorption coef cient, and § = Re[K,(0)] repre-
sents the phase shift per unit length. On applying the de ni-
tion of [27], the ef ciency of the generated FWM eld can be
derived, i.e. p =|E§,°“°/Eéi”>‘, where E" is the electric eld
Em(|Eml?= 472 |Qn|*/|usg|?) of the FWM-generated eld at
the exit z = L and ES™(|EpP= 47? |Qpf2/|uyy ) is the electric
eld of the probe pulse at the entrance z = 0. According to
equations (23) and (24), the ef ciency has the form,

2
(out) 2 212 2
p= Em_ — Hay (KchlgczAz) —2aL (25)
EM" py MepkmQH QLA + B2

with A= (gfA — A —ip—idgfy) and B =xmQu3A - f2A
+Hirg + if27,) — kpQc2?(A — G2A + ips +igPy,) —ikp(f — 9Y°Qcr%
By means of the relation u2/ug = kyom/kmop, it is found
that the expression of the ef ciency p can be simpli ed as
p = (wme™2")/4wy. In the following, we present a few numer-
ical results for the dependence of the generated FWM ef -
ciency on different parameters of the system, as illustrated in
gures 4-7.
First of all, we will analyse how the amplitudes of the cw
pump elds modify the ef ciency of the generated FWM
eld. In order to demonstrate this explicitly, in gure 4 we
plot the FWM ef ciency p as a function of the amplitude | Q.|
of the cw pump eld for the different cw pump eld |Q¢4| by
adjusting the ratio value g of the transition dipole moments,
while keeping all the other parameters xed. It can be seen
that the maximum ef ciency is achieved under the condition
|Qc1] = |Q¢2| and the maximum ef ciencies have exceed 50%
both gures 4(a) and (b). If our SQW system does not contain
the subband |4), the scheme is simpli ed, as in the scheme
of Wu [27], in which the maximum ef ciency of the FWM
eld has just half of our scheme. In other words, the giant



Laser Phys. Lett. 12 (2015) 095202

S Liuetal

0.7
06/ (3) T
a 05l ’ "/‘ N
Q 04 R >
() o
‘S 03} L
= s
’ J
LW 0.2t KRS I 12,,1=10 meV
o4 S - - -1Q,[=20 meV
. .
.- - = 1Q _|=30 meV
okie2” ‘ 2 ‘
0 10 20 30 40
|2 | meV
c2

06
0.5—( ) R PUbi
O_ ’I,:' ,/;’ S o
= 04f RS .
3] o
C 17 ‘I
.g 0.3 II "/ o
’ ’
E 02 s .
w P 2, |=10 meV
01l ,’l/' - - -1Q, =20 meV
R4 - = ]Q |=30 meV
o &l
ok : ‘ ‘
0 10 20 30 40
| .| meV
c2

Figure 4. The generated FWM ef ciency p versus the amplitude |Qc,| for |Q¢q|= 10 meV, 20 meV and 30 meV: (a) g = 1.2, (b) g=1.6.
The other parameter values are f = 1.2, L = 10 um, , = 2x 107 meV, 5 = y, = 9 meV, y; = 4 meV, A = 3.5meV, Ap=Ag=Ac=0and

Kp = kp = 3um~L meV.

0.64 y
0.62 (a)
o 08
&
2 058
2
‘C 056 :
i 054 “A=3.5 meV
- =-A=13.5 meV B
0.52 == A=23.5 meV “*
—— A=33.5 meV
03 1.1 1.2 1.3 1.4 1.5 1.6
9

o
-

L~
>
S

o
o

Efficiency p
(=]

QU

16 e
14 . - 16

o
s
) : ;

Figure 5. (a) The conversion ef ciency p of the generated FWM eld versus the ratio g of the transition dipole moments for different
energy splitting A = 3.5 meV, A = 13.5meV, A = 23.5meV, A = 33.5 meV. (b) The conversion ef ciency p of the generated FWM eld as
a function of the two ratios of transition dipole moments (i.e g and f) with A = 3.5 meV. The other parameter values are f = 1.2, L = 10 um,

B=2x10"meV, ;=7 =9meV, s =4meV, Ap = Ay = A = 0, kp = kp = 3um~ meV and |Qq| = |Qco| = 20 meV.

enhanced FWM ef ciency can be observed when the cross
coupling between optical transitions are included in the asym-
metric quantum wells. This cross coupling driven by two tran-
sitions between one ground and two closely separated excited
states can induce the two generated FWM processes (i.e.
1) > [3) > |2) = |5) = |1) and |1) — |4) — |2) — |5) — |1)).
Simultaneously, the new channel is opened to modify the lin-
ear absorption of the SQW medium, which leads to the giant
enhancement of the FWM ef ciency. More interestingly, a
direct comparison of the results in gures 4(a) and (b) implies
that the conversion ef ciency can be obviously enhanced
when we go from g=1.6 (see gure 4(b)) to g =1.2 (see

gure 4(a)). The reason is that, with the decrease in the ratio
g of the transition dipole moments, the absorption for the
FWM-generated eld on the intersubband transition |1) < |5)
of the electronic medium can be reduced, as is already shown
in gure 3, which makes the ef ciency easily enhanced.

In the following, we show the conversion ef ciency p ver-
sus the ratio g of the transition dipole moments for different
energy splitting in gure 5(a). The result veri es clearly that
the maximum conversion ef ciency has a sensitive depend-
ence on the ratio of the transition dipole moments. Moreover,
a wide region of the maximum FWM ef ciency is achieved
as the ratio of the transition dipole moments is within the
values ranging from 1.1 to 1.3. For further investigation into
how the transition dipole moments affect the behaviour of

the generated conversion ef ciency, we plot the conversion
ef ciency p of the generated FWM eld as a function of the
two ratios of the transition dipole moments, as shown in g-
ure 5(b). Both gures 5(a) and (b) demonstrate clearly the
maximum conversion ef ciency p is achieved at around the
ratio of the transition dipole moments g = f. The enhance-
ment of the generated FWM signal comes from the cross cou-
pling caused by optical transitions between the ground and
two closely separated excited states. This cross coupling mod-
i es the neighbouring transitions and affects the multiphoton
quantum destructive interference between the two different
coupling pathways, thus leading to a reduction in the absorp-
tion of the pulsed probe and the generated FWM elds. We
can conclude that the presence of the cross coupling modi es
the linear and nonlinear optical responses of the probe pulsing
transition, as well as the generated FWM process. Finally, a
highly ef cient FWM scheme can be achieved.

In order to further show the effects of the energy splitting
A and the ratio g of the transition dipole moments on the con-
version ef ciency of the FWM eld, we plot in gure 6 the
conversion ef ciency p of the generated FWM eld as a func-
tion of the amplitude |Q.,| and the energy splitting A. Again,
the results in gure 6(a) clearly show the maximum FWM
ef ciency is greater than 60%, when the FWM process is
absolutely opened by an increase in the cw control eld |Qca.
Furthermore, when the ratio of the transition dipole moment
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Figure 6. The conversion ef ciency p of the generated FWM eld as a function of the amplitude |Q,| and the energy splitting A under the
condition of (a) g = 1.2; (b) g = 1.6. The other parameter values are A = 3.5meV, f = 1.2, L =10 um, , = 2x 107 meV, y; = y, = 9 meV,
B=4meV, Ay = Ay =Agp =0,k =kp=3um~t meV and |Qq| = 20 meV.
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Figure 7. Surface plot of the conversion ef ciency p as a function of time t/z and the propagation distance z under the condition of (a)
g =1.2; (b) g = 1.6. The other parameter values are A = 3.5meV, f = 1.2, L =10 um, , = 2x 1075 meV, 3 = 7, = 9 meV, y, = 4 meV,
A=35meV, A=A =A8c=0,kp=Kp= 3um~t meV and [Qc1| = |Qco| = 20 meV.

goes fromg =1.2tog = 1.6, as shown in gure 6(b), a similar
linear increase in the conversion ef ciency can be observed
with an increase in the energy splitting to a certain propaga-
tion distance. Under the condition of two-photon resonance,
the energy splitting between subbands |3) and |4) is employed
to control the linear absorption—dispersion properties of the
SQW structure, thus affecting the destructive interference
between the two different coupling pathways induced by the
cw control eld |Qc|.

According to our analysis, the highly ef cient FWM
scheme may be achieved in the present SQW system via prop-
erly adjusting the system parameters. In particular, we con-
sider the probe pulse at the entrance of the SQW structure has
the form of a Gaussian pulse shape €,(0,t) = €,(0, 0)e~ /77,
where 7 is the pulse width. The conversion ef ciency can be
rewritten as p = |Qu(z, t)/Qy(0, 0)]%. Therefore, we present the
numerical results for the analysis of the corresponding conver-
sion FWM ef ciency in gure 7. It can be clearly seen that the
conversion ef ciency p dramatically keeps its previous value
as the propagation distance increases in gure 7(a). Based
on the two-photon resonance, our system can cancel linear
absorption and reduce the group velocity of the pulse probe
and the generated FWM eld. As a result, such low absorp-
tion and reduced group velocity ensure, respectively, a high
FWM conversion ef ciency and a long interaction time, thus
leading to the enhanced FWM signal can be maintained for
a long propagation distance (i.e. 100 xgm). In addition, the

conversion ef ciency p decreases signi cantly as the ratio of
the transition dipole moment g = 1.6, as shown in gure 7(b).
The reason for the above results can be qualitatively explained
as follows, the intersubband transitions|1) < |3)and|1) < |4)
are suppressed due to the change in the ratio of the transition
dipole moments leading to an increase in the linear absorp-
tion of the SQW medium, which is also veri ed in gures 2
and 3. Furthermore, this might be useful to control the transi-
tion dipole moments, thus the high conversion ef ciency of
the generated FWM eld can remain in a long propagation
distance.

4. Conclusion

In conclusion, we have suggested a giant ef cient four-wave
mixing scheme via two-photon resonance in asymmet-
ric semiconductor quantum wells. Different from quantum
destructive interference directly driven by the cw control

eld, our scheme is based on cross coupling between optical
transitions induced by one weak probe pulse interacting with
two cw pump elds analysed for the enhanced FWM genera-
tion. On applying the Schrodinger—Maxwell formalism, we
obtain the corresponding analytical expressions of the input
probe pulse and the generated FWM pulsed eld in a linear
regime under the steady-state condition. Considering the cross
coupling in the ve-subband SQW system, the main advan-
tage of our proposed scheme is that the conversion ef ciency
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of FWM eld is revealed to be enhanced signi cantly, up to
60%. Furthermore, it is worth pointing out that a wide region
of the maximum FWM ef ciency is demonstrated as the ratio
of the transition dipole moments is within the values ranging
from 1.1 to 1.3, and the generated FWM signal can be main-
tained for a long propagation distance due to the two-photon
resonance condition. Finally, employing the advantages of

exibility and practicability in the SQW system, our scheme
provides a new possibility for technological applications in
such an optical modulated solid-state device.
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