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Spatial weak-light ring soliton in self-assembled quantum dots*
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By using semiclassical theory combined with multiple-scale method, we analytically study the linear absorption and
the nonlinear dynamical properties in a lifetime broadened A-type three-level self-assembled quantum dots. It is found that
this system can exhibit the transparency, and the width of the transparency window becomes wider with the increase of
control light field. Interestingly, a weak probe light beam can form spatial weak-light dark solitons. When it propagates
along the axial direction, the soliton will transform into a steady spatial weak-light ring dark soltion. In addition, the
stability of two-dimensional spatial optical solitons is testified numerically.
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1. Introduction

Spatial optical solitons are localized optical beams that
form in an optical medium when the combined effects of re-
fractive nonlinearity and beam diffraction can compensate for
each other. It is promising for practical and potential applica-
tions in optical signal processing, optical networks, and optical
telecommunication. '~ The previous research on spatial opti-
cal solitons is limited to conventional nonlinear mediums. 4!
In conventional nonlinear media, such as two-level atomic
medium,™ a large nonlinear refractive index is always as-
sociated with large absorption, which is a basic limitation
to producing solitons at very low light intensities.!'™ For-
tunately, electromagnetically induced transparency (EIT) has
been found to lead to a great enhancement in nonlinear ef-
fects even under a weak driving optical pulsed field.>~!3! So,
the spatial optical solitons in EIT media, such as waveguide,
atomic media, and quantum well, have received increasing

attention. 14~

271 Among these media, the atomic system plays
a leading role in studying the spatial optical pulse with vanish-
ing absorption solitons. However, one potential shortcoming
of the atomic system is that it cannot be conveniently used in
devices with good scalability. The basic concept of forming
spatial optical solitons in an atomic system can also be ap-
plied to optical processes in the fields of the semiconductors
quantum dots (QDs) and quantum wells. For example, epitaxi-
ally grown single QDs feature discrete spectrally sharp optical
transitions, arising from their atomic-like energy level struc-
tures. In particular, the mature semiconductor manufacturing
technologies in addition to the molecule beam epitaxy growth
technology highly promote the development of the semicon-
ductor devices.[?%2]

In QDs as compared with quantum wells, coherence times
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are rather long, so the dots seem to be an optimal semiconduct-
ing medium for EIT. Various EIT processes have also been ex-

plored experimentally as well as theoretically in QDs.[?8-33]

1.B% found that it is possible to use

For example, Villas et a
Rabi oscillations to coherently control the electron tunneling
in an asymmetric double QDs system. Yang et al.®!l also tes-
tified that the slow optical soliton pairs can form and stably
propagate in semiconductor QDs with a four-level biexciton—
exciton cascade configuration. She er al.*?) showed the tem-
poral optical solitons can appear in a four-level quantum dot
molecule system. To our knowledge, a classical EIT scheme
is a three-level system in which two of the transitions, con-
trol and signal, are dipole-transition-allowed and the third,

is the dipole transition-forbidden. Li et al.[*%

put forward
an efficient scheme for producing spatial weak infrared-light
solitons based on interband transition in GaAs—Al-GaAs QD
structures operating within optical communication wavelength
band under a mechanism of EIT. Especially, Marcinkevicius et
al.B* observed a lifetime broadened A-type three-level self-
assembled QDs in pump-probe experiment on a ten layer op-
tically thin InGaAs/GaAs structure. However, for single QDs,
there is little literature dealing with the physics properties of
three-level quantum dots. This is a reason that a QD ensemble
has a serious drawback, namely, the inhomogeneous broaden-
ing, which severely affects manifestation of EIT. Fortunately,
in self-assembled QDs, the inhomogeneous broadening is typ-
ically 20 meV or more, which should be compared with an EIT
window of about 1 meV. That is to say, a A-type three-level
system has been realized experimentally in lifetime broadened
self-assembled QDs.3*! As far as we know, there is little rele-
vant theoretical work on exploring spatial solitons with weak-
light intensity in the three-level QDs, which motivates us to
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carry out the present work.

In this paper, we study the linear absorption and the non-
linear dynamical properties of an EIT medium consisting of
A-type three-level semiconductor single QDs interacting with
a weak probe light and a strong coupling light field. It is found
that this system exhibits a transparent window, and its width
widens with the increase of control light field. Subsequently,
the dynamical property of the spatial soliton is investigated in
detail. We find that a weak probe light beam can form spa-
tial weak-light dark solitons, which will transform into steady
spatial weak-light ring dark solitons when it propagates along
axial direction.

2. Model and linear characteristics

The self-assembled A-type three-level QDs system is
produced in GaAs (001) substrates by molecules beam
epitaxy.’#! In this experiment, the control and signal beams
have linear polarizations aligned along the [110] and [110]
axes of the sample and are focused into spots of 100 um and
20 pm in diameter respectively.?*! The average signal power
is 0.02 mW; the control beam power varies between 0.05 mW
and 5 mW.*! The sample temperature changes between 5 K
and 150 K.B4 According to these experimental conditions,
we consider here a A-type three-level QDs model as shown
in Fig. 1.1*¥ Transitions between the ground state |0) and
state |2) and between states |1) and |2) are dipole-allowed
while transition |0) — |1) is dipole-forbidden. When a strong
control field is applied resonantly to the nonabsorbing transi-
tion |1) — |2), the quantum interference between the dipole-
allowed transitions makes the normally absorbing transition
|0) — |2) transparent. A probe field (with central angular fre-
quency @, and half Rabi frequency £,) and a control field
(with central angular frequency @. and half Rabi frequency
Q.) couple the transitions |0) — |2) and |1) — |2) respectively.
We assume that the control field is strong and not depleted dur-
ing propagation. In the interaction picture the equations of the
states amplitudes and probe field can be written as

.0 . *
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where A; is the probability of the state |j) (j=0,1,2) satis-
fying the conservation condition [Ag|* + |A; > + |42 = 1, QF
is the conjugate of Rabi frequency €., E represents the opti-
cal field of the system, A; = @, — @, — (@ — ) is the two-
photon detuning of the interband probe pulse with the exciton
resonance, while Ay = @, — (@, — @) is one-photon detun-
ing, 7; is the total decay rate of level |j) and has been added

phenomenologically into the probability amplitude equation,
P = NyYj01 {ijAgA;‘. expli (kjz— wjt)] +c.c} represents
the electric polarization intensity, with c.c denoting the com-
plex conjugate and N, ¢, and &) being the electron density, the
light speed, and dielectric coefficient in vacuum respectively.

12)

0)
Fig. 1. A-type three-level self-assembled quantum dots scheme.

In the limit of weak probe field, almost all electrons will
be in the ground state and we may use the steady-state approx-
imation. The susceptibility of the probe field is

Nuoy .,
= ArA
Xp eoE, 24

(2cKds/@pD) (1+W |Qp|2)71

S R Fo N )

where di = A1 +iy, drp = Ay +ip, D = ‘chz —didy, W =
(192 + |da2)/IDP, and 5"
ceptibility and third-order self-Kerr susceptibility of the probe

field respectively. Let xé,l) = Rexlgl) + iImngl), then we will

and xp3 denote the linear sus-

have
Regll = 2ex Ay (|~Qc|2 —A132> —-Ay; |
@ (IQC|2—A1A2+7172> +(Ap+M4n)
(3a)
gl 2% v (10: +71722) +43 |
% (19 = Ao+ nn) +din+Am)
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In fact, Im)(l[(,1> and Re)(r(,l)

coefficients of the probe field and linear refractive index re-

characterize the linear absorption

spectively.

According to the experimental parameters of the self-
assembled A-type three-level QDs,**l we here choice k¥ =
0.0366 cm™!-meV, hwp ~ 1.6 eV, y; = 66 peV, and P =
10~*y,. Figure 2 shows variations of Imxél) with Ay /7 for
different strengths of the control field. It can be seen from the
figure that in the absence of the control field, only a Lorentz
line-sharp absorption peak appears [see the solid curve of
Fig. 2]. This implies that the absorption of the probe field
is maximum near the central frequency of the probe field. The
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contrary case is in the presence of the control field. When the
strength of the control field is rather weak, the absorption pro-
file [see the dashed curve of Fig. 2] splits into two separate
peaks, meanwhile, a deep dip on the optical absorption line
can be produced. In this case, the absorption of the probe field
is largely suppressed. With increasing the strength of the con-
trol field, such as the strength . = 0.4 meV [see the dotted
curve of Fig. 2], the dip becomes a transparent window. This
phenomenon is similar to the EIT phenomenon in the atomic
system. So, we can conclude that this system exhibits the EIT
phenomenon. By comparing the dashed line and the dotted
line, it is easy to conclude that the width of the transparent
window increases as the strength of the control field increases.

Imyx (/107"

10

Fig. 2. Variations of linear absorption Imxr(,l)

the different strengths of the control field. The solid, dashed, and dotted
curves correspond to the strength Q. = 0 meV, 0.01 meV, and 0.4 meV

with detuning A; /7y, for

respectively. The other parameters used are iwjg = 1.6 eV, y; = 66 peV,

1 =10"*y, K = 0.0366 cm~!-meV, and Ay = 0.

3. Spatial light solitons characteristics

In the conventional nonlinear medium, the interaction be-
tween optical and atoms is described by density matrix equa-
tion. For EIT medium, the density matrix equation can be
replaced by the probability density equation.'*>! And the cou-
pling field is usually regarded as a constant!®! because it varies
slowly with time. So, the time-derivative terms in Eq. (1)
can be safely neglected. We obtain the following nonlinear

Schrodinger (NLS) equation:

. 0Q > 19 X

17P+L <2+)QP+K2P2
dz 2w, \9r> rar D(1+W |2

where kK = N, @, \poz|* /2hegc, and r = \/x2 + y2. For a weak
probe pulse field, by expanding the last term on the left-hand

=0,(4)

side in Eq. (4) around ’Qp|2 = 0 and introducing the dimen-
sionless parameters s = Lgi}fz, R=R'r, and u = Q,/Q0
(where Lgist = a)pR2 /c, Rll, and Qy =1/ VW represent the
characteristic diffraction length, the beam radius, and the typ-
ical Rabi frequency of the probe field respectively), a dimen-
sionless NLS equation can be given by

Qu 179> 19 )
18s+2<8R2+R8R)u+a(1_|u|)u_o’ ®)

where a = kd)Lgifr/D. According to the realistic param-
eters of the self-assembled A- type three-level QDs,?¥ we
choose 71 ~ 66 neV, p ~ 107y, k¥ = 0.0366 meV-cm™',
Q.=1.0meV,A; =0.1 meV, and Ay =
conclude that the imaginary part of the coefficient a is much

0.4 meV. It is easy to

less than its real part, so the absorption of the probe field can
be safely neglected. In what follows, we preserve only the real
part of the coefficient a.

Subsequently, we set u = A(s,R) exp[i¢(s,R)]. Substitut-
ing it into Eq. (5) and then separating the real part from the
imaginary part, we have

dp 10°A A [(de 1 0A 3
s TR <8R) Togog AT =0
and
0A 0Adp Ad*@ 1 do
os Torar T2 or T2k ok = @

Since the above equation is nonintegrable, its analytical so-
Iutions cannot be obtained directly. Here we introduce a
multiple-scale method®®38] to make an asymptotic expan-
sions, i.e., A=1+b(&,7) = 1+&2bo(€,7) +€*h1(€,7) +
and ¢ = —s+ @(§,7) = —s+epo(&,7) +¢1(§,7) +
where € is a small parameter characterizing the relative ampli-
tude. Slow variables & = &(R — Cs) and T = &’s characterize
the evolution of optical soliton, with C being the dimension-
less velocity. Substituting them into Eqs. (6) and (7), and sep-
arating them from each order in terms of € respectively, from
Eq. (6) we have

d
Zabo—C% — 0, ®)
29, 0% g 1 (0p)?
U e A T A 1
+5 522 — 3ab}, 9)
and from Eq. (7), we have
dby 19%qy
c% 2o = 0, (10
b 19701 b dPp 1 Ig abo
9E 2082 T 2 082 ' 2CtT 9E
dby 8q)0
+ff' (11)

By comparing Eq. (8) with Eq. (10), we find C? = a. Similarly,
by comparing Eq. (9) with Eq. (11), we obtain

dbo 8b0

b 4C

5 + by =0. (12)

Setting w = €2bg, and using the transformations & =
£(R—Cs) = &R’ and 7 = &35, one has
ow ow 1 Pw 1

W oW 2 o, 13
o5 CYor T8cors T " 3
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To our knowledge, this equation is a typical cylindrical
Korteweg-de Vries equation, of which the single soliton solu-

tion reads3”)

w = k(s)sech®{A(s)[R — B(s)]}. (14)

Here, k = koexp[—2In(s+ s9) /3] is the amplitude of the soli-
ton, where kg and so correspond to the initial amplitude and
the initial axial position of the soliton respectively.

A = Cy/—2koexp[—2In(s +s0)/3]
is the width of the soliton, and
B = 3sCkoexp[—21In(s+s0) /3] + 1,

where [ is a real constant.

To verify the stability of the soliton solutions, we carry
out numerical simulations of Eq. (14) with a small perturba-
tion initially implanted to see whether the propagation is sta-
tionary. About five percent of the amplitude k(s) is initially
added as the perturbations. The profiles of w? changing with
beam diffraction direction R at the different axial positions are
plotted in Fig. 3. It is observed that the two-dimensional spa-

tial optical soliton obtained is stable.!!]
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Fig. 3. Variations of w? with beam diffraction direction R at different
axial positions. The solid, dashed, dotted, and dashed—dotted curves
correspond to the strengths s = 3.0, 8.0, 12.0, and 18.0 respectively.
The parameters used are so = 1.0, kp = —1.0,1/ =0.0, and a = 1.5.

Since the soliton may propagate stably, we then study the
dynamical properties. To be exact to the first order, the soliton
solution of Eq. (5) is

u= {1+k(s)sech’[A(s)(R'— B(s))]}exp(ip). ~ (15)

In order to obtain visually the dynamical behaviors of the
spatial weak-light soliton in the self-assembled A-type three-
level QDs, we calculate the intensity distribution of the probe
field along different axial positions in Fig. 4. Here so = 1.0
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Fig. 4. Density distributions of the probe field at axial position s = 3.0 (a), 8.0 (b), 12.0 (c), and 18.0 (d). The parameters used are the same as those of

Fig. 3.
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is chosen as the initial position of the forming soliton. From
Fig. 4(a), one finds that when s = 3.0 in the center in the
plane there exists a minimum density circular macula and the
minimum value of the density comes down to zero. Obvi-
ously, there is a spatial weak-light dark soliton due to the
balance between the beam diffraction and refractive nonlin-
early. When the soliton propagates to the axial position s = 8.0
[see Fig. 3(b)], the density of the circular macula in the cen-
tral area is nonzero and the minimum density circular ring is
away from the center of the plane. It illustrates that the spa-
tial weak-light dark soliton transforms into a spatial weak-light
ring dark soliton and it is in a growing process. For the axial
position s = 12.0 [which is shown as Fig. 4(c)], we find that the
minimum density circular ring spreads along the radial direc-
tion. Meanwhile, a platform appears in the center area, which
means that the density of the center in the plane is equal to that
of the background. It shows that the spatial weak-light ring
dark soliton has been fully formed. When the soliton propa-
gates at the axial position s = 18.0 [see Fig. 4(d)], the areas
of the central platform and the ring dark soliton expand along
the radial direction further. By comparing with Fig. 4(c), the
width and amplitude of the ring dark soliton keep unchanged
nearly, which illustrates that the ring dark soliton is dynami-
cally stable.

4. Conclusions

In this paper, we analytically studied the optical ab-
sorption properties and the soliton characteristics in lifetime
broadened A-type three-level self-assembled quantum dots.
First, by using semi-classical theory, we derived a Maxwell—
Schrodinger equation which describes the energy-level con-
formation of the self-assembled quantum dots. Subsequently,
by solving the Maxwell-Schrodinger equation, the linear ab-
sorption of the probe field and linear refractive index were
obtained. Furthermore, numerical calculations show that the
linear absorption of the probe optical field is greatly sup-
pressed. This system exhibits a transparent window, and its
width widens with the increase of control light field. Finally,
we studied the soliton propagation properties with a weak
probe light beam, and obtained a typical cylindrical Korteweg-
de Vries equation which describes the amplitude of the Rabi
frequency of the probe field. By numerical calculation, it is
found that a weak probe light beam can form spatial weak-
light solitons. When it propagates along the axial direction, the
soliton will transform into a steady spatial weak-light ring dark

soltion. And the width and amplitude of the ring dark soliton
keep unchanged which possesses dynamic stability. Due to
the fact that the absorption of the probe field is greatly sup-
pressed, it is sure that the spatial weak-light ring dark soliton
can propagate stably without attenuation.
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