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Abstract: Large Kerr susceptibilities are investigated in a three level semiconductor multiple quantum

well with ladder-type excitation scheme in the regime of electromagnetically induced transparency. We

report to have identified the existence of large Kerr (or third order) nonlinear susceptibility of the order

~1072m?/V? at pump wavelength of ~ 6.7 um . The group velocity of the probe pulse also has been

reported to be slowed down by 10* times compared to the speed of light in vacuum.
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Introduction

In recent years, tremendous research effort has
been exerted both theoretically as well as
experimentally towards the enhancement of
optical susceptibilities and to reduce the of group
velocity by using electromagnetically induced
transparency (EIT) in semiconductor quantum
wells (SQWSs) [1-3]. This keen interest is due to
their potential applications in nonlinear optics
with low power level. It is well known that EIT
can be used to retardate a light pulse in a
dispersive media, sometimes even bring them to
a complete stop [2,3]. This excellent property has
attracted great attention due to the potential
applications in optoelectronics and solid state
quantum information science [4-6]. The devices
based on intersubband transition (ISBT) in SQW
have inherent advantages over those atomic
systems, such as large dipole moments due to the
small effective electron mass, great flexibility in
device design by choosing the materials and
structure dimensions, high nonlinear optical
coefficients, transition energies as well as
symmetries that can also be engineered as
desired [7,8]. The devices based on intersubband
transition in SQW have great flexibility in device
design by choosing the materials and structure
dimensions [9]. In the present paper we have
investigated the response of a probe laser pulse
in a cascade type three level semiconductor
multiple quantum well (MQW) system driven by
an additional coupling field. We have studied the
EIT phenomenon by employing density matrix
method and obtain the Kerr nonlinear
susceptibilities at the probe laser frequency.

Physical Model and Governing

Equations

We have considered a three level
semiconductor quantum well structure with
ladder-type excitation configuration as
shown in Fig.1 (a) [10], where all possible
transitions are dipole allowed. A weak probe
laser pulse with angular frequency w, is
coupled to to |1) — |2) transition and a
strong control laser beam with angular
frequency w, is coupled to |2) - |3)
transition, as shown in Fig. 1(a). The system
considered here can be designed to possess
transition energies E,; = 128 meV and
E;, = 182 meV  with matrix elements
Zy1 = 1.87 nm and Z3, = 2.76 nm
respectively. The semi-classical Hamiltonian
of the system in the Schrodinger picture is

given by,
A=

i1 hooiXi| — h{Que' P erD2)(1] +
Qceltkez=0ch)|3)(2| + h.c.} (1)

where hAw; is the energy associated with the
state |i) of the QW structure and |i){j| are
projection operators. (1, and (), are the Rabi
frequencies for the laser driven intersubband
transitions |1)<—|3) and |2)—|3),
respectively, which are defined as Q, =

—(MB:”)EP and Q.= —(ﬁnfcwc. The [, =
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e(m|z|n) is the dipole matrix elements for
the transition [m) S |n). The density-matrix
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e =w;—EE and yyy, ya0, ¥z are the

population decay rates. The susceptibility

equations of motion for the system can be

. can be divided into linear and nonlinear parts
written as follows,

as follows: xp = P (w,) + x®|Ep|?,
where we have retained only up to third
order terms and neglected higher order
terms. The linear and the third order
susceptibilities at the probe frequency can be
written as follows:

P21 = i(Ap + iV21)P21 +iQ,(p11 — p22) +
i0ep31 2)

P32 = i(Ac +iy32)p3z + iQc(p22 — p33) +

iQ;P31 (3)
1) — Nlpgsl® (1)
A . . . heoQp T21 7
P31 = i(Ap + Ac + i¥31)p31 + iQcp21 — (5)
iQ
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where intersubband transition detunings 4,
. _ (E2—E1)
and A. are defined as 4, = w, -
() (b)
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Fig-1: (a) Excitation scheme for the QW under consideration. Waterfall of imaginary (b) and
real (c) parts of linear susceptibilities with the variation of control field Rabi frequency. (d)
Real parts of Kerr susceptibility with the variation of control field Rabi frequency, (e) real
parts of Kerr susceptibility with the variation of control field detuning and (f) normalized
group velocity as functions of normalized probe detuning for different values of control field

Rabi frequency. Other system parameters are mentioned in the text.
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The density equations (2) to (3) leads to
solutions PS) and ps(,i) of the equations (5)
and (6). We are now in a position to analyse
the first and the third order nonlinear
susceptibilities taking into account different
parameters associated with the MQW
system.

Results and Discussions

Though our primary concern is to
investigate the third order or Kerr nonlinear
susceptibilities, but for sake of
understanding the EIT phenomenon, we first
discuss the first order or linear
susceptibilities. For our investigation, the
system parameters taken as, N = 1022 m~3,
Hiz = 2990 X 107> mC, w, = 27.65X
1013571, decay rates y,; = 10'%s71 and
Y31 = 4.10 x 102571, The imaginary part
of the first order susceptibility Im ()((1))
represents the linear absorption while the
real part Re ()((1)) has a direct relation to
the linear refractive index of the system.
From the profile of Im (y™) in Fig. 1(b),
we have seen that when the control field is
switched off i.e. 2./y,; = 0, the probe field
at the central frequency (A,/y;1 =0) is
largely absorbed appearing a strong
absorption peak. With the enhancement of
0¢/Y21, the absorption profile (Im (y™))
splits into two separate peaks, which is the
signature of forming the EIT window.
Meanwhile, Re ()((1)) changes from
positive to negative at £1./y,; = 0 as shown
in Fig. 1 (c). With the enhancement of
0./Y21. within the TW the profile of
Re ()((1)) reverses, indicating the change in
group velocity from anomalous dispersion
region to normal dispersion region.

In Fig. 1 (d), we have plotted the profile of
Re ()((3)) as a function of probe detuning
A,/v21 at resonant control field (i.e.A./

Y21 = 0), tuning the values of £./y,, from
0 to 8 The plot of Re (x®) depicts that
within the TW we have large Kerr nonlinear
susceptibility of the order ~10712m?/V2.
In order to study the effect of the control
field detuning A./y,; on Kerr nonlinearity,
we have depicted profile of Re ()((3)) as a
function of A, /y,, for different control field
detunings (A./y,; = —5to 5), as shown in
Fig. 1(e). From Fig. 1(e), it is evident that,
the symmetry of the profile of Re (y®) is
revered when the value of A./y3;; changes
from positive to negative or vice versa and
its value is still very large (of the order
~10712 m?/V?). Thus, it is clear that within
the EIT window, the exhibited Kerr
nonlinearity is very large which could be
tuned to any desired probe frequency by
tuning the Rabi frequency and detuning of
the control field.

Since it is clear from the Fig. 1(c), that
the Re ()((3)) curves display a very steep
positive slope at the centre of the EIT
transparency window, therefore the group
velocity of the probe laser can be slowed
down with negligible absorption. Fig. 1(f)
demonstrates the dependency of group
velocity of the probe pulse on control field
0./v21- We have depicted the variation of
Vy/c with A, /y,, for different values of
0./v21- From the Fig. 1(f) it is evident that
with the enhancement of (2./y,;, initially
V;/c decreases but it poses a hump at and
near the central probe frequency, thereafter
it increases again. At the positions, A,/
y21 = 8 for corresponding value of
0./y21 = 8, the group velocity of the probe
laser pulse is reduced by 10* times as
compared to the velocity of light in vacuum.

Conclusion

By solving the steady-state Schrodinger
equation analytically, we have demonstrated
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the linear and nonlinear susceptibilities for a
weak probe and a coupling field in an
asymmetric MQW nanostructure with a
ladder-type configuration. Our system has
achieved Kerr nonlinear susceptibilities of
the order ~1072m?2/V? at low absorption
level facilitate by EIT. The group velocity of
the probe laser pulse has been found to be
slowed down by 10 times than the velocity
of light in vacuum.
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