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Abstract Generation of ultraslow solitons and dynamic behaviors of soliton pairs with low intensity input pulse in
semiconductor asymmetrical quantum wells (QWs) are investigated. It shows that the QWs structure can provide gi-
ant Kerr-type nonlinearity via resonant tunneling, therefore the group velocity dispersion can be balanced, which re-
sults in the generation of the ultraslow solitons and soliton pairs, and the initial relative phase of the soliton pairs
plays an important role in the propagation of soliton pairs in such a semiconductor QW system. These properties are

very useful in practical applications, such as quantum information processing and optical buffers.
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As a fascinating phenomenon of nonlinearities,
solitons have attracted extensive attention in vari-

ous scientific fields, such as nonlinear optics'! and
2.3]

Bose-Einstein condensates-“**. While optical waves
propagate in the nonlinear media, the balance of the
interplay between nonlinearity and dispersion (dif-
fraction) results in the shape-preserving propaga-
tion phenomena. In early researches. most optical
solitons are produced with intense electromagnetic
fields, and far-off resonance excitation schemes are
generally employed, which results in optical soli-
tons propagation at a speed close to light velocity ¢
in vacuum. But wave propagation in highly reso-
nant media via electromagnetically induced trans-
parency (EIT) has a significant feature of the re-
duction of the propagation velocity™”. Such an ul-
traslow propagation of optical waves brings about
some new interesting propagation effects™®,
which may be applied in modern optical and tele-
communication engineering., such as high fidelity
optical buffers, switches, and wavelength convert-
ers. Similar ultraslow propagation of optical pulses
in semiconductor quantum well (QW) systems has

also drawn great attention due to the potentially im-
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[10~16] © Tp asymmetric QWs,

portant applications
resonant tunneling induced quantum interference
causes giant Kerr-type nonlinear enhancement!”,
which can balance the group velocity dispersion,
then resulting in the generation of the solitons.
This paper considers an #n-doped asymmetric
AlGaAs/GaAs double QWs system. The basic idea is
to combine resonant tunneling induced constructive
interference in cross phase modulation (XPM) and
tunneling induced transparency (TIT). The band
structure is shown in Fig. 1, which is designed at
small electron decay rates to reduce the linear ab-
sorption effectively. An Aly.o; Gag o3 As layer with
thickness of 8. 3 nm is separated from a 6. 9-nm
GaAs layer by a 4.8-nm Al 5, Ga, es Al potential bar-
rier. On the right side of the right well, these is a
thin (3.4 nm) Aly 3, Gay ¢s As barrier. In this struc-
ture, one can observe the ground subbands |1) and
| 2) with energies of 51.53 meV and 97.78 meV,
respectively. Two new subbands |3) and [4) are
created by mixing the ground subband of the shal-
low well | se) and the first excited subband of the
right deep well | de) by tunneling, which have en-
ergies of 191.30 meV and 203 meV, respectively.
The low intensity light pulse propagates in the z di-
rection along the growth axis of the QWs and the
polarization does likewise. As in Ref.[10], a trans-
verse magnetic polarized probe incident at an angle
of 45° with respect to the growth axis is considered
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so that all transition dipole moments include a factor

1/4/2 as the intersubband transition is polarized a-
long the growth axis.
The weak probe field propagating in such a

QWs system can be described by the following cou-

pled Shrédinger-Maxwell equations, which mani-

Fig.1 Energy level diagram and excitation scheme of a fests the media response and time-dependence of
asymmetric QW with energies E, = 51. 53 meV, the probe field:
E,=97.78 meV, E; =191. 30 meV, and E, =
203.06 meV
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dA, . . .
Tl‘ — LQ,JQA] +LQS(]A2 JFKIA{ + [1(A1 _8) - 7,1:IA1 ’ (1d>
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where A, (j = 1,2,3,4) is the probability amplitude of the finding electron in subband level |j), 20, and
20), are the Rabi frequencies for the relevant transitions, 2y;(j = 3,4) is the decay rate of level \ j>, and &5
= N | w,/(2he,c) is a constant related to media and probe field with N being electron density of the
QWs and p; being the dipole moment of the |1)—|3) transition. The cross coupling term « is added phe-
nomenologically in 1¢ and 1d, representing resonant tunneling induced Fano interference®**. To obtain
those equations mentioned above, we define A, = w, — (ws —w1) [As = w, — (ws —w,) ] as probe (control)
field detuning and use the rotating wave approximation and the slowly varying amplitude approximation.
To obtain the dispersion relation of this system, we apply perturbation treatment to the system respon-

ding to the first order of the weak probe field. We assume A; = Zk A with A{” being the kth order part

of A, in terms of ,. Under the adiabatic following regime, we prepare all the electrons on the ground state
1), thus Af” =1, A (j# 1) =0, and A{” = 0. Taking the Fourier transformation of Eqs. (1b) ~(le),
we derive

(w+ A — AR +00 (B +gBi") =0, (2a)

03" + (w+ A +iy)p" —igl” =—A,, (2b)

a@Q. B’ — B + (w+ A —5+iy)ORY =—kA,, (20

d . .

%71%/‘[)71/813(&1) +k‘8.(1”) =0, (2d)
with gV = %AP and i = %Ap , where 8" and A, are the Fourier transformation terms of A" and (2, , re-

spectively. To simplify the above equations, some new variables are defined as
D3 :k(w+A1 _Az)l:‘gg ‘ 2(1+U€(w+A1 _Az):l -

(w+A1 *Az)[‘Q\ ‘Zq* (w+A1 *Ag)(w_’_Al *8—’_171)]’ (38.)
D4 :(wJFA]_Az)[‘Qs Zq+iK(w+A]_Az)]_
]3((1)_’_A1*AZ)|:‘.(2s 2*(w+A1*AZ)(w+A1—|—1}’g)], (Sb)

D —_ [IC2 +(w+A1 +17;)(w+A1 —8+171)](w+A1 _Az)+
[2ikg + ¢* (w+ A +iy) + (w+A —8+ir) 1|0 )%, (3e)
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whereD, D5, and D, are all related to w. Then we
can rewrite Eq. (2d) as

A, _ . @ & & —

Lo — I[C + o (TS HA — iK()A, » (D)
where K(w) = Ky + Ko+ K, +O(0*) . K, = ¢
+ia/2 describes the phase shift ¢ per unit length

and absorption coefficient o of the probe field,
whereas K, = 1/V, offers a group velocity of the
probe field, and K, represents the group velocity
dispersion. Note that we neglecte the terms of
higher orders than those of the third order. This
approximation is sufficiently accurate for the prob-

197 Thus we look for the solution

lem we consider
of the form Q, = 2,exp(iK,z) to the wave propaga-
tion. Using the method in Ref. [20], we get the

nonlinear wave equation of the slowly varying enve-

lope 0, as
20, 00, | . 90, _
J% + K, 9z +1K, 97 -

4
— ik [ (A RAL) DTIA [ Jexp(—iK ). (5)

j=2

D: JFqu * Da)

W __ Dy @ — Dy
where AS D, (A — A, ).(25 0,, A; Dy 0, and
AL = %QP with D, = D(w = 0) and D;, (G = 3,4)

0

= D;(w= 0). In Eq. (5), the terms on the right
side represent the nonlinearity resulting from self-
phase modulation and cross-phase modulation. To
make analysis simple, we use the variable transfor-
mation § = zand y = t — =/V,, thus Eq. (5) is re-
duced to the nonlinear Shrédinger equation with

plural coefficient K, and W
ic7(2,, ok 2’0,
Je : 97]2
where K, is the coefficient of the third term in the

=Wla,

“O,exp(—iaé), (6)

series expansion of the K (w) about w, and W is the
nonlinear coefficient being independent of probe
field 0, :

W =k, +

Dy, + kD [ | Dy | + | Dy |?
D | D, |
‘D:so + 4D, ‘2 ‘\Qs ‘2:|
‘D()(AliAz)‘z ’
We notice that, if a reasonable and realistic set of pa-

0

D

rameters can be selected to make almost vanishing ab-
sorptionas K, = K,, +iK,; and W = W, 4 iW, with
K, > K;; and W, = W,, Eq. (6) can be changed to
the standard nonlinear Shrodinger equation :
R
dE (777‘
which has the bright or dark soliton solution depen-

0,170, (8)

ding on the sign of K,, W, . The fundamental
bright soliton solution of Eq. (8) is

Q, = Qusech(yp/Dexp(— W, [Q, |7 /2), (9
where arbitrary amplitude 2, and pulse width r,
must satisfy the relation of |Q, 7|’ = 2K, /W,,
which the hyperbolic secant function.

Using the realistic parameters, we investigate
propagation of the ultraslow bright soliton and soli-
ton pairs in this QWs system. Considering the decay
ratesy; = 2. 9947 X 10 s ',y, = 2. 8431 X 10" s,
and the single photon detuning A, = 4. 5001 X 10" s ',
A, = 4.5X10" s7! with the wavelength of the probe
field A, = 8896 nm. We obtain the very weak
absorption @ = 0. 000493 um™ ', ultraslow group ve-
locity of the probe field V,/¢=4.92%10"". Figure
2(a) is [ 2,/0y | exp(—iaé) as a function of 5/r and
¢/L withz = 107 s and L = 1 pm, which is gov-
erned by Eq. (6), while Fig.2(b) shows the evolu-
tion of |2,/
find that they are almost identical only except a

in Eq. (8). Comparing them, we

slight loss in Fig. 2 (a). The resonant tunneling
provides giant Kerr nonlinearity for balancing the
group velocity dispersion of the pulse, which re-
sults in the formation of the ultraslow solitons.

We also investigate the propagation of the ul-
traslow soliton pairs in such a medium by only chan-
ging the input pulse but with the same parameters
mentioned above. The soliton pairs with the same
initial phase experience constructive interference in
interfering regions, whereas they perform destruc-
tive interference with opposite relative phase, as
shown in Figs.2(c¢) and (d). But in our observing
length, they hardly perform other interactions,
which may be an important advantage in optical
communication.

In conclusion, we investigate the propagation
of ultraslow soliton and soliton pairs with weak in-
put intensity in asymmetric double QW systems.
Owing to the balance between the dispersion and gi-
ant Kerr-type nonlinearity provided by the resonant
tunneling, ultraslow solitons and soliton pairs are
generated and kept stable propagation in such a
semiconductor system. With different initial rela-
tive phases. soliton pairs can experience construc-
tive or destructive interference in the interfering
regions. These properties of ultraslow soliton and
soliton pairs are useful in the applications of optical
communication, quantum information processing,
and also optical buffer.
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Fig.2 Evolution of the ultraslow solitons and soliton pairs in semiconductor double QWs systems. (a) Numerical soliton solu-

tion of Eq. (6). (b) soliton solution given in Eq. (8)., (¢) soliton pairs with identical initial phase, (d) soliton pairs

with adverse phase
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