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This paper investigates the nonlinear evolution of the pulse probe field in an asymmetric coupled-quantum well

driven coherently by a pulse probe field and two controlled fields. This study shows that, by choosing appropriate

physical parameters, self-modulation can precisely balance group velocity dispersion in the investigated system, leading

to the formation of ultraslow optical solitons of the probe field. The proposed scheme may lead to the development of

the controlled technique of optical buffers and optical delay lines.
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There has been considerable interest in investi-
gating systems of semiconductor quantum wells be-
cause such systems are shown to have potentially
important applications in optoelectronics and solid-
state quantum information processing. For exam-
ple, some of these phenomena are tunnelling in-
duced transparency,!!! gain without inversion, !
electromagnetically induced transparency,*®! pulsed-
induced quantum interference,l®! electron inter-
subband bistability and

multistability,!8 etc. In addition, applying quantum

transitions,[”!  optical
optical coherence and interference effects between in-
tersubband transitions in quantum wells, people can
devise much useful devices such as ultrafast optical

[ sensitive infrared detectors,!'® and so on.

switches,
These electronic devices have some inherent advan-
tages, such as large electric dipole moments due to
the small effective electron mass, a great flexibility
in device design and high nonlinear optical coeffi-
cients. Furthermore, the transition energies, dipoles,
and symmetries can be engineered as desired. Study-
ing optical nonlinear and coherent effects of quantum
wells structure, one can find that many interesting
physical phenomena observed in quantum wells are

analogous to those seen in the system of atomic co-

ultraslow optical soliton, quantum well, group velocity

herence and interference. Recently, coherent quantum
interferences between the Stark-split of the ground
and first excited states of a semiconductor quantum
well have been demonstrated by Dynes and his co-
workers.['!] At the same time, they report optically
mediated coherent population trapping in asymmet-
ric semiconductor quantum wells."? The generation
of optical solitons in quantum well is introduced in
Ref.[13].

Optical soliton describes a class of fascinating
shape-preserving propagation phenomena of optical
fields in nonlinear media. The key to such a shape-
preserving propagation is the interplay between the
nonlinear effects and the dispersion properties of the
medium under optical excitations. With the develop-
ment of the technique of electromagnetically induced
transparency,'4=16) ultraslow propagation of an op-
tical field has been demonstrated.['”'¥] Recently Wu
has investigated the possibility of using such an index
enhancement technique to facilitate the formation of
ultraslow optical solitons in cold atomic media.[!9:20]
It is well known that semiconductor quantum wells
structures are closely analogous to separate atomic
levels. Ultraslow optical soliton in a quantum well is
investigated without controlled field.[™¥ In quantum
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coherent media with a strong coherent field, the ab-
sorption and dispersion of a weak probe field are inter-
ested in.[2'=24 One may naturally ask if such quantum
coherent technique can also be used to facilitate the
formation of an ultraslow optical soliton in semicon-
ductor quantum well driven coherently by controlled
laser field. In the present article, we present a system-
atic study to address this question. We investigate the
generation of ultraslow optical solitons in an asymmet-
ric coupled-quantum well driven coherently by a weak
probe field and two controlled field. We shall show
that the formation of such soliton in tunnel-coupled
double quantum well is universal phenomenon, and
we provide both analytical and numerical results on

our scheme.

We consider the asymmetric semiconductor cou-
pled double quantum well structures (see Fig.1)
that consist of 10 pairs of 5l-monolayer (145 A,
1A=0.1nm) thick wide well and a 35-monolayer
(100 A) thick narrow well, separated by a Alg 2Gag.gAs
buffer layer.[?>26] Level |1) in the narrow well and |2)

\ wide well
narrow
well
4)
<31~~~ —1
\
\
Qc,we 2y, wp
2p, wp
I Y

Fig.1.
coupled-quantum wells structure consisting of a wide well

Schematic band diagram of the asymmetric

and a narrow well. Level |1) and level |2) in a valence
band are the localized hole states, respectively. Level |3)
and level |4) in a conduction band are the bonding and
antibonding electron states of the coupled system. This
system interacts with two strong lasers (frequency w; and
Rabi frequency 242, j = b, ¢) and a weak pulsed probe
field (frequency wp and Rabi frequency 2(2;).

in the wide well are localized hole states. Levels |3)
and |4), respectively corresponding to bonding state
and anti-bonding state, are tunnel coupled new states
of the first electron level in the wide well and the nar-
row well. More details about this system are shown
in Refs.[25, 26].

Here we assume that there exist a probe field
(frequency w, and Rabi frequency 22,) and two con-
trolled fields (frequency w; and Rabi frequency 242,
j =b, ¢). From the coupled quantum well system, the
Hamiltonian has the form as

4
H=""e;j) (j] - h(Qeem et ke |3) (2]
j=1

+ Qbe*iwbtJrikb'T‘ |4> <2|
+ Qe wrttike T3y (1] 4 hic.), (1)

where k,, 1, . are the wave vectors of the probe and two
controlled fields, €, is the energy of state |j), and £2, =
D31E,/(2h), Q. = D3y E./(2h), Q5 = DuEy/(2h)
with dipole moment Dj; between states |k) and (/.
Taking e1 = 0 and Hy = h(wp, — we)|2) (2] +
Fuwp |3) (3] + A(wp — we +ws ) |4) (4], we have the Hamil-
tonian in the interaction picture as follows:

Hp = — A[2) (2] = A [3) (3] — A [4) (4]
— (2.6 [3) (2] + Qe T [4) (2|
T BT [3) (1] + he), 2)
where Ay = w, —e3/h, Ay = wp — we — 2/h, and
A = wp —we+wp —e3/h are single-, two-, and three-

photon detunings, respectively. The wave function of
the system can be written in the form

| W(1) = Ar(1) 1) + Ag(t)e’Fr kel |2)
+ A3(t)eikp-r |3> + A4(t)ei(kp—kc+kb)»r |4> ,
3)
where A;(t) is the probability amplitude of finding the
electron in state |j). According to the Schrodinger

equation in the interaction picture, we obtain the
equation of motion for the amplitudes as

04, . .

W = l.QpAg,

0A

6—; — (A +iv2) Ay = 125 As + 107 Ay,

% — I(AS + 1")/3)143 = iQCAQ + iQpAl,

0A . . .

8—154 —1(Agn +iv4)Ag = 1 Ag, (4)

where v; (j = 2, 3, 4) stands for the total decay rate
of level |7). In the quantum wells structure, vj=2, 3 4
include the population decay rates ;; and dephasing
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decay rates ;4 and are given by vo = yo; + Y24, V3 =
Y31 + Y3d, and 4 = ya; + Yad, Where 7y;4 is determined
by electron-electron, interface roughness, and phonon
scattering processes. [26]

Under slowly varying envelope approximation,
the dynamic response of the probe field is governed
by Maxwell’s equation

012, 1012,

Dz ¢ ot
where k13 = 2Nw, | Dy3|* /(he), N is the electron den-
sity in the coupled quantum wells sample.

= ik13A3A7, (5)

|Qb|2 — (Ar+w+iy2) (At +w +iv4)

For the weak probe field, we retain the first or-
der of the probe field {2, (ie.
assume that the system of quantum well is ini-
tially in the state |1) (A1 =~ 1). Under the condi-
tion that interaction between pulse laser and electron

linear term) and

is weak, then carrying out Fourier transformations
1 e .
Ai(t) = —/ i(w)e “!dw with the Fourier-
7() \/ﬁ e ﬁ]( )
transformation variable w for Eq.(4) and 2,(t) =

1 e ;
— Ay(w)e “dw for Eq.(5), we have the re-
v IR @.5)

sults

By = — Ayp,
D12 (At w i) 1B (Ae+w +i3) — (Ae +w +i3) (A + @+ iv2)(Aen +w i) T (6a)
QAin + w + 174) 92
62 - P} ( th w, 174) N 3 (6b)
[2]" = (A¢ + w +i72) (Aen +w + i)
2
= — B ) 6c
B (Ach+w+174)62 (6¢)
OA W )
8—2:1) — 12/11, = 1&1363. (7)
Substituting Eq.(6a) into Eq.(7), we then obtain
oA )
%0 K ()4, s)

where the frequency-dependent propagation factor K(w) is given as

w r1s(| 22 — (Ar + w +i92) (Agn + w + i74)

K(w) =

9)

¢ 2 (A 4+ w +iva) + [ (As + w + i73) — (A + w + i73)(Ar + w + 192) (An + w + i74)

In order to allow for a partial analytical calculation of the propagation effects of the weak pulsed laser field,
the propagation factor is rewritten by using a Taylor expansion as function of w, and then its Taylor expansion
can be expressed as

1
K(w)=K(0)+K'(0)w+ 5K“(O)w2 +.ee, (10)
where
K(0) = — ks (|2 — (Ae +iy2) (Aun + i) 1)
|2:)% (An + i74) + [ 2] (As +iy3) — (As +i73) (At + i72) (Aen + iva)
K'(0) = 1 " k13(A¢ +iy2 + Agn + iv4)
¢ (1927 (A +iva) + |27 (As + iv3) — (As + iv3) (Ae + i72) (Aen + i74)]?
" /‘613[|~Qb|2 — (A +iya)(Ar + i’Yz)][|9c|2 + |-Qb|2 — (As +iv3) (At +iv2) — (As + iys + A¢ + iy2) (Aen + 174)]
(19 (Awn + iya) + 12 (As + i73) = (As +173) (A + i72) (Aen + i72)]? (123
K"(0) = K13 — K13[|~Qb|2 — (An + i74) (At + 172)] (At + iv2 + Awn + 171 + As + 173)

(19261 (Awn + i74) + [ (As + i18) — (As + 193) (Ar + i72) (Ao + 172)]2
13| Qe]” + [26]® — (As +1i73)(Ar +i72) — (As + iy3 + Ar + i72) (Aen + i74)]
[192:7 (Aen + i7a) + 12> (As +iy3) — (As +T73) (Ae + i72) (Aen + i72)?
« H13[|Qc|2 (A +iv4)? + |~Qc|2 |-Qb|2 + |~Qb|4 -2 |-Qb|2 (A + i72)(Ar + iv2) + (A + i74)2(As + i72)?)
[19:% (Aun + i7a) + [25]7 (As + 173) = (As +i73)(Ar + i72) (Aen + i7a)]2 ‘

+

(13)
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The physical interpretation of Eq.(10) is rather clear.
K(0) = ¢ + ia/2 describes the phase shift ¢ per unit
length and absorption coefficient « of the probe field,
K'(0) gives the group velocity V; = Re[1/K’(0)], and
K" (0) represents the group-velocity dispersion which
contributes to the probe pulse’s shape change and ad-

Ay (2, w)

explik(0)z] o

With the ob-
tained dispersion coefficients, we now investigate the

ditional loss of probe field intensity.

nonlinear evolution of the probe field. Following the
method introduced in Refs.[19,20], we take a trial
function 4,(z,w) = A,(z,w)exp[iK (0)z] and substi-
tute it into Eq.(8), then we can obtain

=i [K'(O)w + %K”(O)uﬂ} Ay (2, w)explik(0)z]. (14)

To balance the interplay between the dispersion and nonlinear effects of the quantum well system with three

optical fields, we need to reconsider the polarization in the right-hand side of Eq.(5), and to analyse the nonlinear

polarization of the pulsed laser field, i.e.

2 2 2 2
inig A A7 = i3 AL [AL] = g ALY [1—<’A§1)‘ + |48 + A )]

2 2 2
— i1 AD — iy ALD <]Agl>; +[a[ 4 |4 )

= ir134" + NLT,

(15)

2 2 2
where NLT = —imgAgl) (’AS)‘ + ’Aél)‘ + ‘AS)’ ) means the nonlinear terms and we have made use of the

following relations:

A =A" 4 =APAD, A3=4PA0, 4, =aPAD,

2 2 2 2

AP+ 4]+ AP+ 4] =
A0 107 = (Aun + 17a) (A + 172)

’ |-Qc|2 (Agn + iya) — |.Qb|2 (As +iv3) + (Awn + iv4) (As +iy3) (Ar + i~y2)’

W _ (A +iva) 2 AW

|27 = (Awn + i74) (As + 172)
1

AL b A

* Ay iy, 2

In order to obtain the nonlinear evolution equation for the weak probe field (2,, we perform the inverse Fourier

. 1 o _ .
transformation £2,(z,t) = N / Ay(z,w)e “'dw for the Eq.(14), we get
T J—c0

_iaf}p(z,t) oy(2,t) 1,

0z ot 2

_ i) 2%l | L g ) 2520

= Wexp(—az)

(2, t)f 2y(2.1), (16)

ot?

where the Qp(z, t) is the slowly varying envelope, and the nonlinear coefficient W is given by

|27 = (Agn + i74)(Ar + i72

~—

W =iki3 2 : 2 X ; X X
[02:]7 (Aen +172) — [2]7 (As +1iv3) + (Aen +172) (As +i73) (Ar + iy2)
2

y |27 = (Agn + i74)(Ar + i72)

1262 (Awn +174) — |25 (As + iy3) + (A + i72) (As +i73) (Ar +i72)

2
o | 0, (Aen + i74) 927
x| = | + |- : ; : —| +1
Apn + 174 At +1va| |27 — (Agn + iva) (Ar + iy2)
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Defining a moving frame represented by & = z, and
n=1t— K'(0)z, we can get the following relations:
e O
0z  0& an
g 0
ot oy

Basing on the above relations, we rewrite Eq.(16) as

,8Dp(z,t) 1_, 82.(Zp(z,t)
o R O
— _ Wexp(—af) fzp(z,t)ffzp(z,t). (17)

According to mathematical expressions of K(0),
K"(0), and W, if a reasonable and realistic set of
physical parameters can be chosen to achieve the ab-
sorption coefficient a ~ 0, K" (0) = K/'(0)+iK/ (0) ~
K/(0), and W = W, +iW,; = W,, we can derive
the standard nonlinear Schrodinger equation govern-
ing the pulse evolution

~a‘Qp(27t) _1 ” a2f)p(zvt)
~ 2
- W, Qp(z,t)‘ 2,(2,1). (18)

Analysing Eq.(18), we shall demonstrate the forma-
tion of ultraslow bright and dark optical solitons. As is
well known, equation (18) admits of solutions describ-
ing the bright solitons or the dark solitons depending
on the sign of product K//(0)- W, (K/(0)-W, < 0 for
the bright solitons and K/(0) - W, > 0 for the dark
solitons). The fundamental bright soliton is given by

2p = Qpo sech (n/7)exp(—=iEW, |20 /2)

x exp(—1K(0)&), (19)

where sech(n/7) is the hyperbolic secant function.
Amplitude (2,0 and width 7 are arbitrary con-
stants, subjecting only to the constraint |Qp0|2 =
2K!(0)/W,. By numerical method, we now choose
a set of appropriate physical parameters to demon-
strate the existence of ultraslow bright optical soli-
ton in our coupled double quantum well. We consider
a system where the decay rates are 74 = 2.5meV,
v3 = 1.2meV, v = 0.02meV, A; = 0meV, Ay, =
12meV, A; = 10meV, 2. = 0.5meV, 2 = 0.11 meV,

and k13 = 10meV. Basing on this set of parameters,

we obtain the absorption coefficient v ~ 0.015 cm_l,

Vy/c = 0.0084, and K/ (0) - W,. < 0, which show that
the ultraslow optical soliton can be generated in this
system . In Fig.2, we have given numerical simulations
of Eq.(17) for the fundamental bright soliton and the
result shows a good agreement with Eq.(19).

1.0
0.8

0.6

0.44..

(U 0
n/T

Fig.2. Plot of the amplitude of the generated fundamen-
tal bright soliton [2,/2y0|% exp(—a€) versus dimension-
less time n/7 and distance £/L under the boundary con-
dition [£2p(& = 0,71)/2p0|> = sech?(u/7) by the numeri-
cal simulations. The fitting parameters L = 1.0cm and
T=1.0x10"%s.

To sum up, we investigate the nonlinear evolu-
tion of the pulse probe field in an asymmetric coupled-
quantum well driven coherently by a pulse probe field
and two controlled fields. Applying the traditional re-
search method, we establish the standard nonlinear
Schrodinger equation governing the pulse evolution.
Our studies show that, by choosing appropriate phys-
ical parameters, self-modulation can precisely balance
group velocity dispersion in our system, leading to the
formation of ultraslow optical solitons of the probe
field. Such ultraslow optical solitons may provide a
new possibility for the development of the controlled
technique of optical buffers and optical delay lines.
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