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Laser-induced suppression of electron tunneling in a biased asymmetric double-quantum-well struc-
ture is numerically studied based on the Markoff master equation. A pump pulse is used to prepare ini-
tially the electronic wave packet which is irradiated by a cw laser. It is shown that if the bias voltage is
adjusted to align the upper two electronic states in the narrow well and the wide well, suppression can
occur before dephasing is complete. An analytical expression for the time evolution of the wave packet
is derived by a degenerate-two-level model to give a qualitative interpretation to the origin of the elec-

tron localization.

I. INTRODUCTION

Grossmann and co-workers' have shown that an elec-
tron in a quartic double well can be confined to one of the
wells by irradiation from a cw laser. An interesting
feature of this suppression (or coherent destruction) of
the electron tunneling is that the cw laser constructs a
proper superposition of the wave functions resulting in
electron localization. This work was later refined by
Bavli and Metiu,>2 who numerically integrated the
Schrodinger equation to obtain the time evolution of the
electronic wave packet, explicitly taking into account the
pulse rise time and the phase of the cw laser. In this
latter work, a claim is made that the extent of the locali-
zation is rather sensitive to the parameters of the cw
laser.

Since the systems studied so far have potentials with
(almost) the symmetric structure, it is unclear whether
laser-induced suppression of the electron tunneling can
occur in an asymmetric double quantum well (DQW).
Furthermore, in condensed systems, there exist dephasing
processes which must destroy the superposition state, i.e.,
electron localization. To investigate these effects on the
coherent destruction of electron tunneling, the semicon-
ductor DQW heterostructure® offers a convenient setting
because such a structure can be tailored to specific pur-
poses.

The observation of coherent dynamics in the DQW re-
quires experimental techniques with subpicosecond-time
resolution, because high quality samples typically have
dephasing times of a few picoseconds. However, the re-
cent development in femtosecond pulse generation makes
it possible to directly observe coherent tunneling of an
optically excited electronic wave packet* and even in-
terference between the wave packets created by phase-
locked pulses.’ Thus, the semiconductor DQW system
has the advantage of experimentally elucidating charac-
teristics of laser-induced suppression of electron tunnel-
ing.

For these reasons, we are concerned with the dynamics
of an electronic wave packet in a biased asymmetric
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DQW in the presence of a cw laser. The wave packet is
initially prepared by a pump pulse whereby the artificial
rise time of the cw laser can be avoided. To see the de-
phasing effects on the electron localization, the Markoff
master equation is used to determine the time evolution
of the wave packet. Special attention is paid to seeing
how the structure of the DQW as well as the properties
of the cw laser affect electron localization. Qualitative in-
terpretation of the laser-induced suppression of the elec-
tron tunneling is given based on a degenerate-two-level
model.

II. THEORY

Our calculations start from the Markoff master equa-
tion,% in which the dynamics of the relevant system is de-
scribed by the Hamiltonian

H'=H+V!+V!=H!+V} . (1)

The Hamiltonian of the electron in the DQW is H, and
the interaction between this electron and the cw laser (the
pump pulse) is given by V; (¥,), where

Vi=—puElos(wt +¢,) (2a)
and
Vi=—puf (DEScos(w,t +d,) (2b)

with the Gaussian pulse envelope function f (¢).
Introducing the double space (Liouville-space) nota-
tion,”® the master equation is written as (4=1)

%ip(t)»=—(iL'+F)|p(t)» , 3)

where the Liouvillian is given by
L'=L+K/+K,=L{+K,, (4)

which corresponds to the Hamiltonian in Eq. (1). The re-
laxation operator I' is characterized by the matrix ele-
ments

«mmIr‘p(t)»=7m(pmm(t)_Pfr?m) ’ (5a)
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with an equilibrium population of the mth level p%3, , and

{mn|Tlpt)N =y p,..(1), (mF*n), (5b)
where
+
e 50

with the pure dephasing rate y'2%.
The formal solution of Eq. (3) is expressed as

lp(2) )y =exp[ —(iL +T)t}lo(t))) , (6a)
with
lo(ON=U(t,—0)|lo(— )N

=exp |—i [ dr(KI(D)+KD} [lo(—)),

(6b)
where the operators in the interaction picture are defined
by

K (t)=exp[(iL +T)r]K/exp[—(iL +T)r], (7a)
and
K, (t)=exp[(iL +T')r]K exp[—(L +T)r] . (7b)

The time evolution of |o(¢))) is calculated according to
the second-differential scheme® generalized to the
Liouville-space-time evolution operator

lo(t +AD N —lo() ) =—2i At (KD +K (D)} |o(6) )

+0 (A1) . (8)

The excited electronic wave packet is obtained by
W(g,t)=«qq|P,lp(t)) , 9
where the projector
P,=3 |mn){mn|

represents the states concerned and it is summed from
the states m,n to all the excited states. If one wants to
obtain the occupation probability in some region R, it is
given by integrating W (q,?) over this region,

Pr(t)= [ dg Wig1). (10)

III. RESULTS AND DISCUSSION

We adopt the asymmetric DQW structure consisting of
an 80 A Aly ;Gay 9As middle barrier sandwiched between
190 and 145 A layers of GaAs, which is the same as used
in our earlier paper.'® For computational simplicity, in
this paper we are concerned with intersubband transi-
tions, and assume that only the lowest state is initially
(before pumping) populated. To realize such a situation,
the extended barrier regions are assumed to be doped
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with a suitable dopant to give free-electron carriers.
When there is no tunnelmg interaction nor external ﬁelds,
both the wide (190 A) well (WW) and the narrow (145 A)
well (NW) have two bound states, say |W, ) and |N,)
(k =1,2), respectively. Relevant to the bias voltage and
tunneling interaction, those four zero-order states are
mixed with each other to construct four eigenstates, say
|nY(n =1-4). These eigenstates can be numerically ob-
tained according to the procedure shown, e.g., in Ref. 11.
In our scheme, the excited wave packet associated with
the tunneling dynamics is created by the pump pulse
which coherently brings the ground-state population into
the two excited states |3) and |4). This wave packet is
irradiated by the cw laser. The potential profile together
with the energy levels of the eigenstates are illustrated in
Fig. 1(a). In this paper, we consider two cases of the bias
voltage. One of them, called the resonant case, is the case
where the zero-order excited states |W,) and |N,) are
aligned by adjusting the bias voltage. The other bias is
set to be 20% larger in magnitude than that in the reso-
nant case, and this is called the off-resonance case.

Figure 1(b) shows the absorption spectra. Since the
ground state in the presence of the bias voltage is almost
localized in the NW, and the two absorption peaks have
similar intensities, we can see that in the resonant case,
the excited states [3) and |4) are approximately
represented by the symmetric and asymmetric combina-
tions of the zero-order states | W,) and |N,).

First we consider the coherent destruction of electron
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FIG. 1. (a) Schematic picture of the energy diagram of the
DQW with four eigenstate levels at the resonant bias voltage of
6.36 kV/cm. (b) Absorption spectra in the resonant (solid line)
and off-resonant (dashed line) case of the bias voltage. The
values of the relaxation parameters are chosen as y;,=0.0,
¥3=74=0.06, Y =y%P=0.8, and ¥ =0.3 meV.
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tunneling in the resonant case and are concerned with the
time evolution of the population Pyw(?) of the excited
wave packet in the NW, Pyw () in the WW, and Py(1)
in the middle barrier, whose domains of integration in
Eq. (10) are, respectively, given by (ry, + o), (—ow,ry),
and (ry,ry) [Fig. 1(a)]. With the pump pulse, a very low
intensity (10° W/cm?) is chosen so that the excited popu-
lation is built up only by a single-photon-absorption pro-
cess. The temporal peak is set to be t =0, and the central
frequency is tuned to

€;1¢€,
w,= 3 —€—Qp , (11a)
with the Rabi frequency
Qp=2[(4|u|3)||E?| . (11b)

The intensity of the cw laser is set as 10° W/cm?, because
a more intense laser induces a larger Stark shift which
may cause unexpected optical transitions. (The 10°
W/cm? intensity gives a 10.92 meV Rabi frequency.) For
the sake of comparison, in Fig. 2(a) we show the time
evolution of the excited population in the WW and the
NW in the absence of the cw laser. The other parts in
Fig. 2 are calculated by employing several values of the
frequency of the cw laser. We can see that laser-induced
suppression of tunneling also occurs in the asymmetric
DQW in our pump-probe excitation scheme. A high
power cw laser is needed for establishing the electron lo-
calization, though the intensity used in our calculation is
stronger than that used in Ref. 2 by three orders of mag-
nitude. The qualitative interpretation to the suppression
of the tunneling will be given later by the degenerate-
two-level model.
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FIG. 2. Time evolution of the population Pyw(?) of the excited
wave packet in the NW (solid line), Pww(t) in the WW (dashed
line), and Pyp(t) in the middle barrier (dot-dashed line). A 1073
W/cm? pump pulse is used, whose temporal full width at half
maximum is 300 fs. The results calculated in the absence of the
cw laser are shown in (a). Those in the presence of the cw laser
are given in the other figures, with the detuning factor
A=w,—(€,—¢€;), (b) 0.0, (c) —0.5, and (d) 1.0 meV. The inten-
sity and the phase of the cw laser are, respectively, set to be 10°
W/cm? and ¢, =0.
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Figure 3 shows the relaxation effects on the coherent
destruction of tunneling. In a typical DQW system, the
dephasing rate can be estimated to be in the range 1-0.1
meV from the quantum beat experiments.* In the present
calculation, we employ a fixed value of 0.8 meV for pure
dephasings between the ground and excited states, y'5%
and y %%, while that between the excited states y{? is set
to be (a) 0, (b) 0.1, (c) 0.2, and (d) 0.3 meV. The results in-
dicate that localization can take place before the dephas-
ing associated with the tunneling motion is complete.
Comparing Figs. 2(a) and 3(a), on the other hand, the de-
phasing associated with the pump process makes little
contribution to the coherent destruction of tunneling.

So far, we have discussed tunneling suppression in the
resonance case. Here we show the time evolution of the
excited population in the off-resonance case of the bias
voltage, which is given in Fig. 4. The calculation is per-
formed by choosing the same intensity 10° W/cm? for the
cw laser, however, no electron localization can be ob-
served. This result is unchanged even when we employ
other frequencies of the cw laser, or employ a more in-
tense cw laser, e.g., 107 W/cm?, which gives a Rabi fre-
quency larger than that in the resonance case by a factor
of ten.

We are now in a position to give a physical interpreta-
tion to the suppression of tunneling based on an analyti-
cal expression. For this purpose, we make following ap-
proximations and/or assumptions. The intensity of the
pump pulse is assumed to be weak enough that the in-
teraction ¥, can be treated as perturbation together with
the rotating-wave approximation (RWA). The validity of
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FIG. 3. Dephasing effects on the time evolution of the popu-
lation in the resonant case of the bias voltage when irradiated
by a 10° W/cm? cw laser with frequency at w,=€,—¢€;. The
phase of the cw laser is set to be zero. The solid, dashed, and
dot-dashed lines represent the time evolution of the population
of the excited wave packet in each region, Pyw(?), Pww/(?), and
Pyg(t), respectively. The pump pulse is the same as that used
in Fig. 2. The values of the relaxation rate constants associated
with the optical pump are set to be Y& =y%"=0.8 meV. The
pure dephasing rates associated with the tunneling y%? are
chosen as (a) 0.0, (b) 0.1, (c) 0.2, and (d) 0.3 meV, while
y3=v4=+y%? is used to determine the T rates.
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FIG. 4. Time evolution of the population Pyyw(¢) of the excit-
ed wave packet (solid line), Pyww(?) (dashed line), and Pyp(t)
(dot-dashed line) in the off-resonant case of the bias voltage
when irradiated by a 10° W/cm? cw laser with frequency at
®;=€4,— €3 and phase u¢;=0. The same pump pulse as that
used in Fig. 2 is employed. All the relaxation parameters are
set, in value, to be zero.

these approximations can be checked by numerical calcu-
lations. As for the temporal width of the pump pulse, we
make the assumption that it is much shorter than the
time scale of the evolution of the excited population.
Moreover, we neglect the relaxation terms since suppres-
sion occurs before the dephasing is complete. Under
these conditions, the dynamics of the excited population
is determined by the Schrodinger equation, whose solu-
tion is

except for a constant factor. Here the initial condition at
time ¢, (at the temporal peak of the pump pulse) is given
by

[9(2)) =p313) +pgld) , (13)

along with p;;=(3|u|1) and p, =(4|ul1), and the
time-development operator is

U,(1,15)=T exp {—iftthHS’] : (14)
0

We note that the phase of the pump pulse does not
remain in these approximate expressions. Actually, we
can see from the numerical results that this is also true in
the case of finite-pulse pumping.

Apparently, exact closed-form solutions to Eq. (12) are
known only for the case of degenerate energy levels.
Rahman!? has derived the asymptotic solution when

[oe]

Qg2
g

= (15)
(64_63

and pointed out that the two-level system irradiated by a
strong laser behaves as a degenerate system. In the reso-
nant and off-resonant cases of the bias voltage, the values
of the parameter A are 12.4 and 2.4, respectively, for the
cw laser intensity of 10° W/cm?. To obtain a qualitative
understanding, we proceed with our analysis based on
this degenerate-level model.!®> It is known that there ex-
ists a new basis set

.
|+)= 1/5('3>i|4>)’ (16)

in which the Hamiltonian H! is diagonal. These are
dressed states in the sense that the matrix elements are
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(£|H{|£)=exiQ(1), (17a)
and
(£|H!|F)=0, (17b)
where € could be €; or €, and
Q(t)=Qgcos(w,t +¢) . (18)

These dressed states give a description of the state vector
in Eq. (12) as the superposition

lp(e))=C.(|+)+C_(t)|—) . (19a)
Here in

C.(t)=exp{—i[e(t —ty)L&(1)]}Cy(ty) , (19b)
along with

&n=14 [, draun) (19¢)

the initial condition C.(#;) can be determined by Eq.
(13).

If the system is prepared in one of these dressed states
at time ¢,, then subsequent times find no change in the
probability. This is the case when we employ the reso-
nant bias voltage. That is, the transition moments p3
and pu,, have almost the same magnitude but opposite
sign (due to our choice of the phases of the eigenstates),
so that the initial state |¢(zy)) is approximately ex-
pressed by the dressed state |— ). Furthermore, as can
be seen from the absorption spectra in Fig. 1(b), the
eigenstates |3) and |[4) are the bonding and antibonding
electron states of the DQW system, which means that the
dressed state | — ) almost localizes in the NW. Contrary
to this, the initial state in the off-resonant case is
represented by a linear combination of the two dressed
states, so that the wave packet continues to oscillate be-
tween two wells. The calculated time evolutions of
Pyw(t) and Py (1) are shown in Fig. 5(a) in the resonant
case of the bias voltage and (b) in the off-resonant case.
These model calculations qualitatively reproduce our nu-
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FIG. 5. Time evolution of the population Pyw(#) (solid line)
and Pyww(t) (dashed line) calculated based on the degenerate-
two-level model (a) in the resonant case and (b) off-resonant case
of the bias voltage. The intensity, frequency, and phase of the
cw laser are set as in Fig. 4.
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merical results, i.e., the electron is localized by the irradi-
ation of the cw laser in the resonant case, while no
suppression of the tunneling can be seen in the off-
resonant case.

There exists another problem for the suppression of
electron tunneling concerning effects of the phase of the
cw laser, which has been pointed out especially by Bavli
and Metiu.? According to the degenerate-two-level mod-
el, the change of the phase is simply equivalent to a
change of time origin, and the phase does not seem to
play an important role. It should be noticed that in our
analytical model, all the excited states are assumed to be
resonantly prepared by the pump pulse [Eq. (13)]. In
fact, if we assume that the pump pulse has large enough
energy width to satisfy such a situation, then the numeri-
cal results show that the electron localization has no
phase dependency. To realize such an ultrafast optical
pumping, we need to consider the interband transition
because the pump pulse must have a temporal width less
than 100 fs. However, a femtosecond-laser pulse has al-
ready been successfully applied to DQW systems to ob-
serve electron oscillations between the wells.* Therefore,
it is expected that by applying a cw laser to the electronic
wave packet prepared by a femtosecond-laser pulse, the
laser-induced suppression will be observed without the
phase problem of the cw laser.
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IV. CONCLUSION

We have numerically solved the Markoff master equa-
tion to see whether a cw laser can prevent an electron
from tunneling in the biased asymmetric DQW structure.
In our scheme, the excited electronic wave packet associ-
ated with the tunneling motion has been initially generat-
ed by the pump pulse. The results have shown that a cw
laser of intensity 10° W/cm? causes laser-induced
suppression of tunneling in the resonant case of the bias
voltage, while no localization can occur in the off-
resonant case. We have given a physical interpretation of
these results based on the degenerate-two-level model.
According to the numerical results, as well as the approx-
imate analytical expression, if the electronic wave packet
is initially prepared by a very short pump pulse whose en-
ergy width is large enough to cover the Stark broadened
excited states, we expect that the laser-induced suppres-
sion of the tunneling can be observed without concern
about the phase of the cw laser.
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