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Abstract: In a triple semiconductor quantum well structure coupled by two
external fields, we investigate the influence of atomic coherence induced by
external fields and decay interference on the absorption and dispersion of a
weak pulsed light, and slow light can be achieved in this system. Quantum
well structure behaves as “artificial atom” and its advantage of ecasy
integration makes it has some practical applications.
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In a semiconductor quantum well structure, quantum coherence and interference produced due
to intersubband transitions between the states of an electron confined in this structure have
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induced a lot of interesting and unexpected physical consequences. Some of these
consequences are electromagnetically induced transparency (EIT) [1], pulsed-induced
quantum interference [2], coherent population trapping [3], carrier-envelope-phase dependent
coherence [4], gain without inversion [5]. In addition, the technology of quantum coherence
and interference is expected to have potentially important application in various fields such as
ultrafast optical switches [6] and quantum switches [7], quantum information storage and
retrieval [8], and preparation of entangled state [9].

As a class of quantum coherence and interference, spontaneously generated coherence
(SGC) has been studied in atomic system [10] and semiconductor dot system [11]. We know
semiconductor quantum well structures possess of intersubband transitions and behave as
“artificial atoms” [12]. Due to longitudinal optical phonon emission events at low temperature
[3], the population decay occurs. Some research groups have investigated spontaneously
generated coherence in quantum well structure [13]. SGC is the interference of spontaneous
emission channels, and the existence of such decay interference requires the nonorthogonality
of the two dipole moments. The recent studies show that decay interference can affect the
EIT, shot-pulse propagation, dark state, etc [14,15]. To the best of our knowledge, no further
theoretical and experimental work has been carried out to investigate the influence of SGC on
transmission of a pulsed light in a triple semiconductor quantum well driven by external light
fields, which motivates us to investigate effect of decay interference.

In this paper, we consider the effect of quantum interference in a triple semiconductor
quantum well with one ground subband and three excited subbands when driven by a pump
field and a control field. The influence of atomic coherence produced by coherent driving of
external fields on the absorption and dispersion of the pulsed field is investigated. In addition,
due to longitudinal optical phonon emission, coupling to the lattice phonon spectrum, and
interface roughness scattering, these excited subbands take place decay. According to the
theory of decay interference, we theoretically study the influence of decay interference on the
absorption and dispersion of a pulsed light in a quantum well. The effect of slow light is
investigated in this system. Being an attractive quantum coherent medium, semiconductor
quantum well structure has its own advantages: strong electron-electron interactions can
produce a collective oscillation, which can behave as a single quantum object, and its large
transition dipoles give rise to sizeable Rabi frequencies which are large enough to overcome
dephasing. In addition, compared with atomic system, semiconductor quantum well structure
has an advantage of easy integration, so the manipulation of absorption of light in this system
has a more practical value. Our work is based on existing physical model [5,9] and maybe our
theoretical studies have some reference value for the future experiments.

We consider a semiconductor quantum well structure that consists of a deep well and two
shallow wells. This triple quantum well is shown in Fig. 1(a), where the first excited state in
the deep well and the respective ground states in the two shallow wells mix to form three new
excited states of this system, and the ground state in the deep well and three excited states
created newly are expressed as |0), [1), [2) and |3), respectively, which refer to the
electronic wave functions (subbands). For the excited states, there are two different types of

dephasing rates; one is population decay rate which is represented by 7/ ( j=1,2,3), the other

is pure dipole dephasing rate which is stood for y}’ . For the population decay rate, it is due

primarily to longitudinal optical (LO) phonon emission events at low temperature, which is
different from atomic system where the excited state spontaneously decays to a lower lying
level, that is, population decay rates for atomic system are pure radiative decay. For the pure
dipole dephasing rate, it results from a combination of quasielastic interface roughness
scattering or acoustic phonon scattering, and this kind of dephasing rate is akin to atomic
collisional broadening in gases. The total dephasing rates are expressed as y, and are given by

=7+,
i it

For the dephasing rate in quantum well structure, the dominant phonon contributions come
from piezoelectric and Frohlich coupling to acoustic and optical phonon branches,
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respectively. In the two branches of coupling, the intersubband transition couples via the
phonon’s oscillating electric field [16], so the rates scale with Di]? (Dj s transition dipole),
just as natural atoms. The dipole dephasing rates of this structure are strongly dependent upon
the electronelectron scattering process. For simplicity, we assume our calculation is performed
at zero temperature, so the pure dipole dephasing rate due to scattering is negligible compared
with the population decay rates due to longitudinal optical phonon emission events at low
temperature.

In this paper, we consider the triple quantum well interacts with a weak pulsed laser field
(with central frequency , and amplitude E ) that couples transition between states |0) and

1), 1)« |2) and |1)«>|3) transitions are coupled by a strong control field
(with frequency , and amplitude E_) and a pump field (with frequency , and amplitude

E,), respectively. The schematic of the system interacting with three light fields is showed in
Fig. 1(b).
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Fig. 1. Band diagram of a triple semiconductor quantum well.

A deep 7.1-nm-thick GaAs well is coupled, on one side, to two shallow 6.8-nm-thick
Alg,GaggAs wells by a 2.5-nm-thick Aly4Gag gAs barrier. The two shallow wells are separated
by a 2.0-nm-thick Aly4GaggAs barrier. Both sides of quantum well contact with 36 nm
Alg4GagsAs. The electronic wave functions of the ground state of the deep well and the three

excited states are shown with respective energies of 52.8 (|o)), 197.1 (|1)), 206.2 (|2)), and

219.4 (|3)) meV. (b) the schematic of the system interacting with three light fields.

In the interaction picture, the wave function of the triple semiconductor quantum well can
be written in the form (at time t)|Ww(t))=C,(t)|0)+C,(t)|1)+C,(t)[2)+C,(t)[3), and the
corresponding time-dependent Schrddinger equation is (we let 72 =1)

(Cm Co Co Cm) =-v,(Co CO Cn Cm), (€
where superscript T denotes transpose, and the Hamiltonian Vv, describes the four-level

system interacting with three light fields. By using the completeness relation Z|k (k| =1 and

considering the effect of decay interference, the matrix form of the Hamlltonlan can be written
as

0 -Q) 0 0
v -Q, -A, -y /2 -Q -Q, @
' 0 -Q, —A A, =i 12 iy 12|
0 -Q, =PV 12 A A —iy, 12
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where o =D,E, /2h, O =D,E, /2n, and Q, =D, E, /2nh are the half Rabi frequency for the
intersubband transitions |0) <> 1), |1) «>|2) and |1) «>|3), respectively. A , A , and A, are
the detunings of the pulsed light, the pump light and the control field from their respective
optical transitions. The parameter p, stands for the alignment of two decay emission dipole
matrix elements and is defined as p,, = D,, «D,,/(|D,||D,)) =cos¢ With & being the angle

between the two dipole elements. In experiment, the decay interference requires the levels |2>

and |3> are close in our system, that is, they are two close-lying levels, and the corresponding

dipole matrix elements are not orthogonal. Theses rigorous conditions are rarely met in real
atoms. In the quantum well, energy spacing between the two higher excited states are easily
adjusted by changing the structure of well. Furthermore, in order to obtain significant decay
interference, the system satisfies the restriction that each field acts only on one transition. In
our paper, we assume choice of parameter p is theoretically unrestricted ( p €[0,1] ), and our

aim is investigating the influence of decay interference on the propagation of a pulsed light.

In the slowly varying envelope approximation, Maxwell’s equation that denotes the dynamic
response of the pulsed light is described by oE, /ot +coE / éz = iNw, D, C,C, . According to

Q, =D,E, /(2h), the Maxwell’s equation is rewritten as

o0, 160 .
o +l_atp —ixCC;, 3)
c

where k=N, D, /(2rc), N is the electron density in the coupled quantum well sample.

We now assume that the pulsed light is weak enough so that we can perform a
perturbation expansion of the amplitude, so the first order of the pulsed light o and the
amplitudes ¢ are retained [17]. In addition, we assume that the system of quantum well is

12,3

initially in the state [0) (c, ~1). Under the condition of the weak field approximation, we carry

out Fourier transformations ¢ (0 “de, With the Fourier transformation

23 ®= ﬁj: P

. 1 = . .
variable o for Eq. (1) and , () =—=[" A, (w)e™*de for Eq. (3), we obtain
N2z 0
" - (p§3;/273/4—(Ap+Ab+ia)+i;/3/2)(Ap+Ac+ica+i;/z/2))Ap (4)
! (7Ap7ia)7i71/2)(p§3}/273/47(Ap+Ab+ia)+i;/3/2)(Ap+Ac+ia)+iy2/2))f '
Q[ (A, +A, +io+iy, 1 2)+ (@0, 0.0, Puir.r: 121 =[O (A, +A, +iw+iy, [2)
OA )
P_i—A =ixa,. (5)
oz ¢ ° !

Substituting Eqg. (4) into Eq. (5), we then get oA /oz=iK(@)A,, where the frequency-
dependent propagation factor K(w) is given as K(w)=w/c-xe, /A, . In order to obtain the
properties of the propagation for the pulsed light, the propagation factor is expected into a
Taylor series as a function of the angular frequency o, so we obtain

K (@) = K(0) + K'(0)o+ K"(0)&’ 1 2+0(c),

where the real part of K(0) denotes the phase shift per unit length, the imaginary part of K(0)
stands for energy absorption, Re(1/K’'(0)) is the group velocity v , K"(0) is called as the

g!
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group velocity dispersion which contributes to the input pulsed shape change and additional
loss of the pulsed intensity, and O(«°) are the terms of high order.
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Fig. 2. Curves of absorption (dashed line) and dispersion (solid line) of pulsed light. Physical
parameters: x=0.5y,, 7, =7, 73=15y, Q. =6y, A, =A,=0. For (a), decay

interference p=0, Q =6y, is for black line, and Q, =2y, is for red line; For (b),
p=0.96 and Q =2y, .

Now, based on the various physical parameters of the system, we investigate the probe
absorption and dispersion and propagation of the pulsed light. We first consider influences of
atomic coherence induced by external fields. We choose physical parameters A, =A_ =0, that

is, the system is in the two-photon resonance. The curves of the probe absorption and
dispersion are shown in Fig. 2(a). From this figure, we find the system shows one transparent
window for the probe field, that is, EIT occurs, which is similar to phenomena produced in
cascade-type three-level atomic system [18]. In addition, if the intensity of the control field is
kept unchangeable and intensity of the pump field is changed, the width of transparent
window changes: decreasing the intensity of the pump field, the window becomes narrow (see
black dashed line and red dashed line in Fig. 2(a)). Under the condition of two-photon
resonance, if we consider the decay interference simultaneously, where we choose strong
effect of decay interference and let p=0.96, the plot of absorption is shown in Fig. 2(b).

This figure shows transparent window disappears. In the place of zero detuning, a weak
absorption peak appears, which can be explained as follows: decay interference destroys the
atomic coherence induced by external fields and destructive interference of the system
becomes weak, so the medium does not become transparent.

06 0.4
0.3
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Fig. 3. Curves of absorption (dashed line) and dispersion (solid line) of pulsed light.
=05y, 7, =9, 73 =15y, Q. =Q, =6y, p=0.For(a), Ay =2y, =—A_; For (b),
Ay =4y, =-A

¢
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Fig. 4. Curves of absorption (dashed line) and dispersion (solid line) of pulsed light. The
parameters are same as Fig. 3(b) but with p =0.6 for (a) and p =0.96 for (b).

Next, we consider the case where A, =—A_ =0 and the control field and pump field have

same Rabi frequency. Firstly, the effect of atomic interference based on induction of external
fields is considered. The curves of absorption and dispersion versus dimensionless detuning

A, 1y, may be plotted as shown in Figs. 3(a) and 3(b). The two figures show that two EIT

windows occur. With the increase of detuning A, and —A_, the central peak of absorption

become higher, and both sides of absorption peaks become lower. In this case, the occurrences
of two EIT windows result from the quantum interference effect induced by the control field
and pump field. Similar phenomena can also occur in the four-level atomic system [19,20]. If
we consider the effect of decay interference, the curve of probe absorption obviously changes
(see Figs. 4(a) and 4(b)), where the parameter p which denotes decay interference has

different value without changing other parameters noted in Fig. 3(b). Comparing Fig. 4 with
Fig. 3(b), we can find locations of transparent windows move significantly and the width of
windows narrows when the decay interference intensifies from p=0 to p=0.96, and it is

also to be seen the central absorption peak increases obviously and both sides of absorption
are inhibited significantly. In fact, in the case of p=0.96 which means strong decay
interference, the minimum value of curve of absorption approaches zero and do not reach zero
(see Fig. 4(b)), that is, strong decay interference affects destructive interference produced by
external fields, which makes weak absorption appear.
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Fig. 5. The plot of the ratio vg/c as a function of variable A ly,. p=0 for dashed line,

p =0.96 for solid line, and other parameters are shown in text.
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In this quantum coherence medium, if we choose y, =1.0x10°s™, x=0.5y,, y, =,
v, =15y, Q. =Q, =6y, A, =4y, =—A,, for different values of decay interference p, the
ratio v, /¢ of group velocity of pulsed light to the velocity of light is plotted in Fig. 5, where
the dashed curve means that decay interference is not considered ( p=0), and the influence of
decay interference on the group velocity is shown by solid curve ( p=0.96). We find, in the
places of absorption peaks (A, /y, =0,%5 for solid line, A /y, =0,+£10 for dashed line), the
pulsed light propagates in the coherent medium with minimum velocity that is far less than the
velocity of light (v, /c ~10™). In the locations of transparent windows (A, 1y, ~+25 for

solid line, A /y, ~+5 for dashed line), we find values of v, /c of solid line are less than

ones of dashed line, which means we can get slower light in transparent medium if we
consider effect of decay interference.

In summary, we have investigated and analyzed the influence of atomic coherence induced
by external fields and decay interference on the probe absorption and dispersion in a triple
semiconductor quantum well structure. One EIT window or two EIT windows can be obtained
by changing parameters of external fields. Strong decay interference can affect atomic
coherence and weakens destructive interference due to atomic coherence, and ultimately
transparent windows disappear or weaken. In addition, a new scheme to achieve slow
propagation of the pulsed field has been proposed. Compared with the case in atomic system,
semiconductor quantum well may easily be designed and integrated, so it has more practical
value. Slow light proposed in present work may lead to important applications such high
fidelity optical delay lines and optical buffers.
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