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Abstract

We investigate the probe absorption properties in an asymmetric coupled double quantum-well
structure for both the transient and steady-state processes. Beyond the rotating-wave
approximation, we directly simulate the transient dynamics with the density-matrix equations.
The probe absorption is found to be completely eliminated under the condition of two-photon

resonance, without requiring the one-photon resonance condition. More interestingly, our
results show that the absorption properties can be tuned by changing the tunnelling barrier.

It is well known that the optical dispersive and absorption
properties of weak probe fields can be controlled by
strong coherently coupled fields under the condition of
electromagnetically induced transparency (EIT) [1, 2]. EIT
and similar phenomena have been deeply studied in dense
atomic gases [1-10] starting from its observation in sodium
vapours [11], and disclosing new possibilities for nonlinear
optics and quantum information processing. In particular, the
suppression of both two- and three-photon absorptions in the
four-wave mixing (FWM) and hyper-Raman scattering (HRS)
has been analysed and discussed in resonant coherent atomic
media [7-9].

Compared with the implementation of EIT in dense
atomic gases, it is difficult to realize EIT in solid-state media
due to a shorter coherence time constant [1]. Nevertheless,
some investigations have shown that it is possible to realize
EIT and related phenomena in quantum-well (QW) structures
[12-17] and molecular magnets [18]. For example, Sadeghi
et al [13] showed that EIT may be obtained in an
asymmetric QW with appropriate driving fields, provided
that the coherence between the intersubbands considered
is preserved for a sufficiently long time. So quantum
coherence and interference in QW structures have attracted
great interest due to their potentially important applications in
optoelectronics and solid-state quantum information science.
In fact, phenomena such as Autler-Townes splitting [17],
gain without inversion [19], modified Rabi oscillations and
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controlled population transfer [20, 21], largely enhanced
second harmonic generation [22], controlled optical bistability
[23, 24], ultrafast all-optical switching [25, 26] and other
novel phenomena [27-33] have been theoretically studied
and experimentally demonstrated through the intersubband
transitions (ISBT) of semiconductor QWs.

We take note of the model for an asymmetric
semiconductor coupled double quantum well [34], in which
the realization of coherent sub-millimetre-wave emission
was demonstrated by controlling the quantum interference.
Instead of the previous work, in this work we focus on the
absorptions of a weak probe field based on the condition
of two-photon resonance, and analyse the probe absorption
properties for the transient and steady-state processes in
such a system. Our results show that the probe absorption
can be completely eliminated under the condition of two-
photon resonance without requiring the one-photon resonance
condition. Different from the three-subband quantum well
system [14], the absorption properties in our structure can be
tuned by changing the tunnelling barrier.

1. The physical model and equations of motion

Let us consider an asymmetric semiconductor coupled
double quantum well structure consisting of ten pairs of a
51-monolayer (145 A) thick wide well and a 35-monolayer
(100 A) thick narrow well, separated by a Aly>Gag gAs buffer

© 2009 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Conduction subband diagram, with a wide well (WW)
and a narrow well (NW). A coherent coupling field and another
weak probe field have the frequencies w, and w,, with the detunings
A, and A, respectively. We define one- and two-photon detunings
as A, and A, — A, respectively. The fields propagate along the
growth direction (z axis) with the transverse polarizations.

(b) Corresponding dressed-state picture for the case A, = 0, i.e. the
three dressed states |+), |0) and |—), respectively.

layer [34], as shown in figure 1. In this coupled QW structure,
the first (n = 1) electron level in the wide well and that in
the narrow well can be energetically aligned with each other
by applying a static electric field, while the corresponding
n = 1 hole bands including heavy holes (hh) and light holes
(Ih) are never aligned for this polarity of the field. The
electrons then delocalize over both wells while the holes
remain localized. The subbands E3 and E, of the new bonding
(13)) and antibonding (|4)) eigenstates of the system are created
through the tunnelling, i.e. the coupling effect by the first
(n = 1) electron levels in the wide well and the narrow
well. The energy difference 2A of the bonding state and
anti-bonding state is determined by the subband splitting, and
can be controlled by an electric field applied perpendicular
to coupled-quantum wells [35]. Different composites for
the narrow and wide wells such as GaAs/Al,Ga;_,As,
GaN/Al,Ga;_,NandIn,Ga;_,As/AlAs, can likewise be used
here to examine the probe absorption properties at different
wavelengths, in which the transition in the ultraviolet or visible
regions has very large dipole moment length (10~% m). For
more details on the parameters for this system we refer the
readers to the literature [36].

As shown in figure 1, the transitions |2) < |4) and
|2) <> |3) are simultaneously driven by a coherent coupling
field with the half Rabi frequency 2. = w4y E./2h, and a weak
probe field is applied to the transitions |1) <> |[4) and |1) <> |3)
simultaneously with the half Rabi frequency Q) = p41 E,/2h.
E. and E,, are the amplitudes of the strong-coupling field and
the weak probe field, respectively. u;; = w;; - ey, is the dipole
moment for the transition between states |i) and |j) with e,
being the unit polarization vector of the corresponding laser
field. As shown in figure 1(a), the probe and the coupling
lights propagate along the growth direction (z axis) with the
transverse polarization, for coupling a large component of the
polarization normal to the layer for the intersubband absorption
measurements [31].

In this paper, we focus on the transient and steady-state
absorption properties of a weak probe field in our CQW
structure. It is well known that treating the transient regime

with rotating-wave approximation (RWA) is valid only for
the stationary cw driving or slowly varying amplitude driving
pulses. In order to examine clearly the absorptions for the
transient regime, the interaction Hamiltonian beyond rotating-
wave approximation (RWA) can be written as
Hin/h = —(Ap — Ac) [2) 2] = (A + Ap) 13) (3]

+(A = Ap)4) (4 — [Q2:(1+ B)|4) 2

+kQ(1+ B*)13) 2] +Q,(1 + A")|4) (1]

+q2,(1+A")3) (1] +H.cl], €))
with A = e 2%/ B = e™2*_ For simplicity of analysis, we
have taken |1) as the energy origin. And the corresponding
density matrix equations [23]

Pas = —Vapas +iQ2p(1 + A") p14 +iQc(1 + B ) pos + c.C.,

2
P33 = —y3p33 +igQp(1 + A%) p13 +1kQ.(1 + B*) pp3 +c.C.,
3)
P22 = =202 + V3033 + Vapas +1kQ2:(1 + B) p32
+iQ2.(1 + B)pg +c.C., @
P34 = id34p34 + 1k Q2 (1 + B*) pp4 +igQ, (1 + A*) p14
—iQc(1+ B)p32 —i2,(1 + A)p31, (5
P24 = idr4 P24 +1kQ(1 + B) p3g —12:(1 + B) (022 — p44)
—iS2,(1+ A)pay., ©6)
P14 =1d14p14 +1g 2, (1 + A) p34 —12,(1 + A) (011 — p44)
—iQ.(1 + B)p12, (7
P23 = idp33 023 +1Q2.(1 + B) py3 — 1kQ2:(1 + B) (022 — p33)
—igQ,(1+ A)pa, ¥
P13 = idizp13 +iQ2,(1 + A)pgz —ig2,(1 + A)(p11 — p33)
—ikQ.(1 + B) p12, ©)]
P12 = idpp1n +ig 2, (1 + A)p3p +i2,(1 + A)pan
—ikQc(1+ B*)p13 —iQ(1 + B*) py4, (10

together with p;; = p;?i and the carrier conservation condition
P11 + P22 + p33 + paa = 1. Here the parameters k = s/ an
and ¢ = u3;/u4; represent the ratios between the dipole
moments of the subband transitions, and dzy = 2A + iys4,
dyy = A—=Ac+iyn, dig = A—Ap+iyis, doy = —A— A +iyns,

dz = —Ap — A+ i)/13, dp = A, — Ap +iyp. A =
(6041 —a)31)/2, w3 = a)p+A,,—A, w4y = a)p+A,,+A
and wy; = w, + A, — w. — A, where 2A represents the

frequency splitting between states |4) and |3); w31, w4 and
wy are subbands splitting between the states |1) and |3),
states |1) and |4), and states |2) and |3), respectively; A,
and A, denote the probe and coupling field detunings (we
define one- and two-photon detunings as A, and A, — A,
respectively). The population scattering rates y; are primarily
due to the longitudinal optical phonon emission events at low
temperature. The total dephasing rates y;; (i # j) are given by

vio = (P +12) /275 = (Y2 413) /2. y1a = (v 2"+ 1a) /2,
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v = (3 + 1t 1)/2 v = (] + 92+ 1s)/2 and
V34 = (y3d f Ly Y3+ y4) / 2 [23], where the pure dipole dephasing
ysph are assumed to be a combination of quasi-elastic interface
roughness scattering and acoustic phonon scattering [17]. It
should be noted that the electron sheet density of the quantum
well structure considered here is small such that additional
broadenings induced by the carrier—carrier effect have very
small influence on our results [13, 37], and the additional
broadening can be readily included by first deriving the motion
equations (2)—(10). A more complete theoretical treatment
[38] for the dephasing rates should involve incorporation of
the decay mechanisms into the Hamiltonian of the system.
Here we have adopted the phenomenological approach of
treating the decay mechanisms, which has proven to be well
studied for modelling quantitatively experimental results [31].
Besides, we should address that the model can only be applied
to direct band-gap semiconductors and also for cases (such as
AlGaAs structures) in which there is low mass dispersion in
the conduction subbands as given by Kane’s model [12].

Due to the states |3) and [4) being bonding and
antibonding states, we can take k = —qg = 1 (u3
M4t = Wp, U32 = M4 = W¢) to simplify our numerical
calculations. Besides, we take y;, = 0 according to [39].
In the limit of a weak probe, the absorption coefficient for
the probe field is governed by the imaginary part of the time-
dependent polarization P(t) = pp[p31(t) + ps1(¢)]. In the
following sections, we will directly examine the transient
absorption of the weak probe field by numerically integrating
equations (2)—(10) with a given initial condition. Our analysis
is valid to examine the transient-state absorption by using
Im[p31(¢) + p41(t)] as long as w,, is much larger than the decay
rates. With the initial conditions p1;(0) = 1, 022,3344(0) =0
and p;;(0) = 0 fori # j (i,j = 1,2,3,4), we solve the
time-dependent equations (2)—(10) by a standard fourth-order
Runge—Kutta method, with the integration time (y¢) step 0.05.
Note that, in this paper, the parameters Q. ,, A p, Vi, vij and
A are set in units of constant y (y = 2y34) in our numerical
simulations.

2. The probe absorption for the transient process

In figure 2, we show the time evolution of the absorption
coefficient under the resonance condition A, = A, = 0
with the parameters w, = 16y, o, = 12y, Q, = 0.01y,
Q. =3y, 3 = y4 = 0.4y and yfji.ph = 0.2y. By decreasing
A, the corresponding oscillatory frequency decreases, but the
oscillatory amplitude increases. The probe field shows the
same oscillatory curve versus the time before reaching its
steady state, with similar periodic absorption and amplification
behaviour as in high density atomic systems. Initially
the probe absorption increases rapidly to a maximum peak
value, then it decreases gradually and again oscillates to
a steady-state value. In the atomic system, the transient
behaviour of the probe field is strongly dependent on
the external coherent coupling field, and the oscillatory
frequency is determined by the Rabi frequency of the coherent
coupling field. The superiority of our four-subband model

T A=3y
——————— - A=2y
0.004 A=1y

0.002

Probe absorption

—0.002

15 20 25 30

Figure 2. Numerical simulation for time evolution of the probe
absorption with different splitting A under the resonant condition
A, = A, = 0. Other simulation parameters used are w, = 16y,
w.=12y,Q, =0.01y, Q. =3y, y3 = y4 = 0.4y and

dph
v;; =02y.
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Figure 3. Numerical simulation for time evolution of the population

distribution p;; and p33 + p44 With A = 3y. Other parameters used
are the same as those in figure 2.

in QW structures compared with the atomic system can be
obviously seen, namely the transient behaviour of the probe
field can be tuned by changing the frequency splitting 2A
through adjusting the tunnelling barrier, as illustrated in
figure 2. In figure 3, we give the time evolution of the
populations p;; and p33 + psq. From figure 3, one can find
that almost all particles are trapped in the ground state |1).

For our coupled QW structure, when the subband splitting
between the two upper states vanishes, A = 0, our model
can be reduced to a standard A-configuration three-subband
system (TSS) (such as the three subbands |1), |2) and
[3)) [14]. Thus, we can briefly compare our results with
the corresponding TSS. We show in figure 4 the transient
absorption of the probe field versus the probe dimensionless
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Figure 4. The transient absorptions of the probe field as a function
of the dimensionless probe detuning A, /y at the time ¢t = 2/y with
Q, =0.0ly and A, = 0, where A = y and A = 0 correspond to
four-subband and three-subband systems, respectively. Other
parameters used are the same as those in figure 2.
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Figure 5. The transient absorptions of the probe field as a function
of the dimensionless detuning A, /y by choosing t =2/y, A, =0
and A = y with different coherent coupling fields. Other simulation
parameters used are the same as those in figure 2.

detuning A ,/y. At the centre of the probe detuning, A, =0,
the magnitude of the transient absorption, marked as A, is
much smaller than that for a standard TSS, marked as B. With
the appropriate values of the parameters we show in figure 5
the transient absorption spectra for a four-subband coupled
QW structure for different intensities of the coupling field €2..
From figure 5, one can find that the notch in the absorption
spectra becomes deep accordingly as the value of 2. increases,
as expected for the coherent EIT process. At the same time,
the transparency width becomes more pronounced as the Rabi
frequency of the coherent coupling field increases. From the
above analysis, we can conclude that the transient absorption
of the probe field at the centre of the detuning in our four-
subband coupled QW model, A, = 0, can be considerably
suppressed and much smaller than the corresponding TSS.

The transient absorption for such a weak probe laser
versus the subband splitting, 2A, is shown in figure 6,
in which the dashed line describes the magnitude of the
probe absorption coefficient for a standard TLS under the
condition A, = A. = 0, while the solid curve describes
our four-subband system, in which the line CD corresponds
to the minima of the probe absorption. We observe that the
magnitude of the transient absorption coefficient for the probe
field is always smaller than that in a TSS. As shown in figure 7,
we plot the absorption profiles versus the dimensionless probe
detuning A, under the two-photon resonance condition, i.e.
A, = A.. For this case, we also find that the maximal
absorption peak is always smaller than that in a standard TLS.
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Figure 6. The transient absorptions of the probe field as a function
of the dimensionless splitting 2A /y at the time t = 2/y with

A, = A, =0and A = y. Other simulation parameters used here
are the same as those in figure 2.
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Figure 7. The transient absorptions of the probe field as a function
of the dimensionless probe detuning A, /y at the time ¢ = 2/y with
A = y under the two-photon resonance condition A, = A,. Other
simulation parameters used here are the same as those in figure 2.

10 12

3. The probe absorption under the steady-state
condition

Based on the above transient-state analysis, the initial
populations are in the ground state |1), i.e. p;; =~ 1 and
022 > p33 = paa = 0. Under the rotating-wave approximation
and the steady-state condition (dp;;/dt = 0), the general
steady-state solutions for equations (2)—(10) can be derived
analytically. Then under the perturbation expansion p;; =
> ,o,.(j]f), where ,oi(f) is the kth-order part of p;; in terms of €2,
it can be shown that ,0.((.)) =0 (G # j) and pg;) = pg? =

ij
pﬁ) = 0. We can readily obtain

o ikqdsQ. o _ (gdsdi +iq|Q)<;

2=""p5 P13 = D ’
ikq| Q17

o =, a

where D = idy|Q2.|? + id3(dad) — K?|2.|?) with d} = A, —
A[, + iy, dy = —Ap — A+iyzand ds = A — A[, + iy14.
From equation (11), one can also find the tedious and intricate
expressions for the solutions, but without a clear physical
insight. So we perform the numerical calculation here, as
shown in figures 8 and 9. The present result is most clearly
understood according to the dressed states produced by the
strong coupling field w, as shown in figure 1(b), i.e. the
transitions |2) <> |3) and |2) <> |4) together with the coupling
field treated as a total system forming the dressed states (this
standard method has been described in [40] and [26] can also
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Figure 8. Imaginary part of the susceptibility for the probe field as a
function of the dimensionless detuning A, /y with A =y and

A, = 0 under the steady-state condition. Other parameters used
here are the same as those in figure 2.

be referred to for the semiconductor QW structures). Under
the action of the coherent coupling field, the two upper states
could be split into three dressed states |+) and |0). The
eigenstates of the dressed states for the case A, = 0 can
be given by

= —Zepy 1A B 1848, 0y
B 2 B 2 B
0y = 22y = Be gy, Fe gy (13)
B B B
= Loy tax B TAZB gy
B 2 B 2 B

with B = \/A? +2Q2. The corresponding eigenvalues are
givenby 1o = 0 and A = £,/A? + 2Q2 and the dressed-state
transition dipole moments can be derived as 4 = (+| P |1) =
wps ot = (01 P 1) =0and u—y = (—| P[1) = pp, where
P = u,(|3) (1] + |4) (1]) represents the polarization operator
of the probe transition.

Based on the above analysis, it is straightforward to
show that the transition between dressed states |0) and |1) is
forbidden due to the couplings of |[1) <> |3) and |1) < |4). We
can observe in figure 8 two symmetric absorption peaks with
the same amplitude on the probe spectra in the case of A, = 0
because of the relation py; = w—_;. The two absorption
peaks correspond respectively to the dressed-state transitions
[1) < |+) and |1) < |—), so the peaks are always located
at A, = +,/A?+2Q2, and the difference between them
becomes large as €2, increases. Since the transition |1) < |0)
in the dressed-state picture is cancelled out by the interference
and this interference always makes a negative contribution
to the probe absorption, thus it can be understood that the
probe absorption at the centre can be completely suppressed
asexpected. Asshown in figure 9, we plot the probe absorption
profile versus the probe detuning A,. One can find that
the probe absorption spectra are always approximately equal
to zero within a wide range of the splitting frequency 2A.
This means that if the two-photon resonance is satisfied,
we can observe the transparency window without requiring
the condition that one- or two-photon detuning exactly
vanishes.
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Figure 9. Imaginary part of the susceptibility for the probe field as a
function of the dimensionless detuning A, /y with A = y under the
condition of two-photon resonance in a steady-state regime. Other
parameters are the same as in figure 2.

4. Discussions and conclusion

In the present study, we only focus on the condition of
low temperatures up to 10 K, and have neglected other
many-body effects such as the depolarization effect, which
renormalizes the free-carrier and carrier-field contributions.
These contributions and their interplay have been investigated
quite thoroughly in the literature [38, 41, 42]. Note that, due
to the small carrier density considered here, these effects only
give a small correction.

In conclusion, we have analysed the probe absorption
properties in a coupled QW for the transient process by directly
integrating the density matrix equations (2)—(10) beyond the
RWA. In the transient-state regime, the magnitude of the probe
absorption at the centre of the probe detunings, A, = 0, can
be greatly suppressed. Compared with the EIT scheme in the
TSS system [14] (corresponding to A = 0 in our coupled
QW structure), our results show that the transparency window
is much broader due to the existence of the tunnel-coupling
splitting 2A. Besides, we do not require the condition that one-
photon detuning (A ) or two-photon detuning (A, — A)) is
exactly zero. In addition, we also numerically and analytically
show the probe absorption mechanism for the steady-state
process under the RWA. In the steady-state process, the probe
absorption can be largely suppressed with the coupling field
resonance, A, = 0, and eliminated completely under the
condition of two-photon resonance, A, = A.. As aresult, the
present investigation may provide the possibility for obtaining
transparency in solids by using an asymmetric coupled QW
structure. Our calculations also provide a guideline for the
optimal design to achieve very fast and low-threshold all-
optical switches in such semiconductor systems which are
much more practical than those in atomic systems due to their
flexibility.
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