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Dynamical control of quantum tunneling due to ac Stark shift
in an asymmetric coupled quantum dot
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Dynamical suppression and enhancement of the quantum tunneling in an asymmetric coupled-quantum-dot
structure is predicted to occur when a laser field drives a subband transition in one of the dots. The laser field
induces the splitting and shift of the quasiresonant energy levels, i.e., ac Stark~or light! shift. As a result, the
tunneling between the energy levels perturbed by the laser field and another level in the neighboring dot is
strongly modified as the amplitude of the laser field is increased. Furthermore, it is shown that the amount of
the ac Stark shift has an oscillatory behavior for large amplitudes of the laser field, which is not predicted from
the conventional rotating-wave approximation for the matter-light interaction.@S0163-1829~97!08340-9#
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The problem of coherent tunneling through the barrier
a double well or a superlattice in the presence of an exte
laser field has received a considerable amount of atten
recently.1–10 Grossmannet al.2 reported on an interesting e
fect of a cw laser acting on an electron in a double well
the electron is initially localized in one of the two wells, an
if the laser power and frequency are chosen appropriat
the radiation field can prevent the coherent tunneling~or co-
herent oscillation!. They called this phenomenon ‘‘cohere
destruction of tunneling.’’ Bavli and Metiu3 reported on a
more complex situation. They showed that a semi-infin
laser field, which acts on a ground-state~delocalized! elec-
tron, localizes it in one of the wells and then confines
there. Tsukadaet al.9 reported that the localization of th
electron on one of the wells is realized if the ratio of the fie
magnitude and the field frequency is a root of the ordin
Bessel function of ordern for n-photon-assisted resonance
They also pointed out that the ‘‘miniband collapse’’ of th
superlattice and the ‘‘destruction of coherent tunneling’’
physically an identical concept.

Recently, Kilin, Berman, and Maevskaya11 proposed a
scheme to dynamically suppress the tunneling by a la
field. The system considered by them is a molecule tha
placed in an appropriate host medium. The molecule is c
acterized by two electronic states with double-well potent
for the ground and excited states. The ground-state pote
is symmetric, but the excited-state potential does not pos
this symmetry. The two lowest eigenstates of the grou
state potential have symmetric and antisymmetric wave fu
tions, while the excited-state wave function is localized
the one of the wells of the excited-state potential. A coher
~laser! field drives transitions between the ground and
cited states. The interaction in this three-level system is a
lyzed semiclassically in the rotating-wave approximati
~RWA!. In effect, the laser field suppresses the tunneling
lifting the degeneracy of the ground state, provided that
Rabi frequency is greater than the energy-level separatio
560163-1829/97/56~15!/9231~4!/$10.00
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In this paper, we adopt their idea to a semiconduc
coupled-quantum-dot system without RWA. Figure 1 illu
trates an asymmetric coupled-quantum-dot structure inve
gated in this paper. The large dot has two energy statesua&
and uc& but the small dot has only one energy stateub&. The
statesua& and ub&, and the statesuc& and ub& are coupled by
the tunneling through the barrier, and the statesua& and uc&
are coupled by a coherent electromagnetic~laser! field
E(t)5Evsin(vt1d) having the frequencyv and the phased.
Furthermore, a bias voltageE0 is applied perpendicular to
the barrier layer. As the bias voltage is varied, the stateub& in
the small dot is scanned with respect to the statesua& anduc&
in the large dot. Here we assume that the linear polari
laser field is applied parallel to the barrier layer. In this si
ation, the laser field does not change the relative potentia
the energy states in the dots. This situation just correspo
to one investigated in Ref. 11. The situation in which t
direction of the electric field of the laser beam is perpendi
lar to the barrier layer will be a future study. Figures 1~a!–
1~c! show unbias, first resonance@close alignment of both
n51 states (ua& andub&) of the large and the small dot#, and
second resonance@close alignment of then52 state (uc&) of
the large dot andn51 state (ub&) of the small dot#,
respectively.12

We consider the time evolution of the electron occupat
probability in the statesua&, ub&, anduc&. The time evolution
of the wave functionc(t) is treated by the time-depende
Schrödinger equation

FIG. 1. Schematic potential profiles of a coupled-quantum-
system under an external electric field at unbias~a!, first resonance
~b!, and second resonance~c!.
9231 © 1997 The American Physical Society
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i\@]c~ t !/]t#5Hc~ t !, ~1!

with Hamiltonian

H5k~ ua&^bu1ub&^au1uc&^bu1b&^cu!

1pE~ t !~ ua&^cu1uc&^au!1eE0dub&^bu1\v0uc&^cu,

~2!

wherek is the tunneling matrix element,p the dipole tran-
sition moment,d the center-to-center separation of the qua
tum dots, andv0 the separation energy between the stateua&
and the stateuc&. We express the eigenstate of an electron
the double-dot quantum structure as a linear combinatio
the three wave functionsc j ( j 5a, b, andc) of the isolated
quantum dots, i.e.,c(t)5a(t)ca1b(t)cb1c(t)cc . Here
the coefficients satisfy the simple normalizatio
ua(t)u21ub(t)u21uc(t)u251, which implies that the prob
ability for finding the electron in a state other thanca , cb ,
or cc is zero. For convenience, the energy of the stateua& is
chosen to be zero in Eq.~2!.

Substitutingc(t), H, andE(t) into the Schro¨dinger equa-
tion ~1! and we can obtain a coupled equation as follows

da~ t !/dt52 ikabb~ t !2 iVvsin~vt1d!c~ t !, ~3a!

db~ t !/dt52 iDb~ t !2 ikbaa~ t !2 ikbcc~ t !, ~3b!

dc~ t !/dt22 iv0c~ t !2 ikcbb~ t !2 iVvsin~vt1d!a~ t !, ~3c!

whereD5eE0d/\, Vv5pacEv /\, pac is the dipole transi-
tion moment between the stateua& and the stateuc& andk i j is
the tunneling~coupling! coefficient between the stateu i & and
the stateu j & due to the interdot tunneling.Vv is the interac-
tion energy frequency, or Rabi frequency, for the transit
between the statesua& anduc& induced by the laser field, an
v0 is the energy difference between the statesua& and uc&.

The coupled system given by Eq.~3! is similar to the
situation of the two-level atomic system driven by pump a
probe laser fields,13 in which the atomic levels perturbed b
the strong pump field are monitored by the weak probe fie
In the system of Eq.~3!, the information of the energy state
in the large dot perturbed by the laser field can be probed
varying the bias voltage, i.e.,D in Eq. ~3b! being the relative
energy of the stateub&. In other words, the stateub& in the
small dot acts as a probe of the perturbed energy statesua&
and uc& in the large dot.

If we consider that the tunneling coefficientsk i j ’s are
very small compared withVv , k i j ’s can be considered as
perturbation and, therefore, Eqs.~3a! and~3c! can be decou-
pled from Eq. ~3b!. The coupled equations obtained fro
Eqs. ~3a! and ~3c! neglectingk i j ’s represent the two-leve
system interacting with a laser field that is familiar to t
fields of laser physics and quantum optics.14,15 The eigenen-
ergies of the combined system of the atom and pump fi
are obtained in the dressed-atom approach within the R
~Refs. 16 and 17!. With strong atom-field interaction, th
energy-level structure appears as an infinite set of equ
spaced doublets. The splitting between two states in a d
blet can be obtained from degenerate perturbation theory
is given byV5@(v02v)21Vv

2 #1/2 which is the generalized
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Rabi frequency. The two dressed states are symmetric
located with respect to the unperturbed levels.

In this paper, we intend to probe the dressed states of
bare statesua& and uc& in the large dot by the stateub&
through the tunneling process between the dots. We num
cally solve the coupled equations@Eqs. ~3a!–~3c!# without
RWA for the inter-subband coupling between the statesua&
anduc& induced by the laser field. The numerical calculatio
are carried out by means of the ‘‘NDSOLVE’’ program based
on the Runge-Kutta method inMATHEMATICA . We restrict
our calculations within the resonant case of the subband t
sition (v05v) and assumek i j 5k and d50. We assume
throughout this paper that the electron is initially in the st
ub&, i.e., ub(0)u251, andua(0)u25uc(0)u250.

First we investigate the first resonance that the stateua& is
resonant with the stateub&, i.e.,D50 @see Fig. 1~b!#. Figure
2 shows one of the results on the suppression behavior o
quantum tunneling by the laser field. The parameters use
the calculation arev5v0520, k51. The solid line shows
the electron population in the stateub&, i.e., ub(t)u2, and the
dotted and the thin dashed line represent the populatio
the stateua& and the stateuc&, i.e., ua(t)u2, and uc(t)u2, re-
spectively. In the absence of the laser field (Vv50), the
electron population initially in the stateub& ~or in the small
dot! is almost completely transferred into the stateua& ~or
into large dot!, as expected from the resonant coupling of t
statesua& and ub& @Fig. 2~a!#. Very small ripples ofuc(t)u2
are due to the off-resonant coupling between the statesub&
and uc& through the tunnelingkbc or kcb . As the laser field
increases, the oscillation amplitudeub(t)u2 gradually de-
creases and nearly completely suppressed atVv580 @see
Figs. 2~b!–~d!#. Note that the populationuc(t)u2 becomes
larger than the populationua(t)u2 at Vv55. This is due to
the quantum interference effect between two coupling rou
from the stateub& to the stateuc&, i.e., b→a→c by the
tunneling and the successive laser field excitation, andb→c
by the tunneling.

Next, we investigate the maximum transfer rateTmax as a
function of the detuningD of the probe stateub&. Tmax is
defined by the maximum population transfer rate from
small dot~stateub&) to the large dot~statesua& anduc&), i.e.
Tmax is the maximum value ofua(t)u21uc(t)u2. Tmax is very
useful quantity to investigate the inter dot coupling rate a
probe the dressed states of the bare statesua& and uc& per-
turbed by the laser field. The spectra ofTmax for various
values of the laser fieldVv are shown in Fig. 3. In the
absence of the laser field, the spectra ofTmax have two peaks
@A andB in Fig. 3~a!# as a function of the bias fieldD. They
correspond to the first and the second resonance as show
Figs. 1~b! and ~c!. As the spectrum is symmetric abou
D510, we do not plot the spectrum forD,210. The width
of the resonance lines is given by the coupling coefficienk
~half-width at half-maximum corresponds toD5k51). For
the laser fieldVv55, each peak (A andB) splits into dou-
blets, i.e.,A→A1 ,A2 andB→B1 ,B2, the splittings of which
vary as a function of the laser field amplitudeVv ~Rabi
frequency!. It should be noted that many narrow lines oth
thanA1, A2, B1, andB2 appear in the region of the largeD.
These peaks may correspond to the dressed states of the
statesua& and uc&. As expected from the dressed-atom a
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proach, a pair of lines appear near integer multiples of
laser frequency, i.e.,D56nv (n50,1,2,3 . . . ) and their
splitting frequency, which we call ‘‘ac Stark shiftVs , ’’ is
nearly given by the Rabi frequency (V5Vv55) expected
from the dressed-atom approach. The width of the lines
come narrower and narrower asn increases. It is, therefore
difficult to find the doublets expected atn54 (D580). For
the laser fieldVv515, the splitting frequency~Stark shift!
increases and is still given by the dressed-atom appro
(V5Vv515). As the laser field is increased furth

FIG. 2. Time evolution of the electron populationua(t)u2 ~dot-
ted line!, ub(t)u2 ~solid line!, and uc(t)u2 ~thin dashed line! in the
levelsa, b, andc for different values of the electric field amplitud
Vv : ~a! Vv50, ~b! Vv55, ~c! Vv520, and~d! Vv580.
e

e-

ch

(Vv520), the splitting peaks originated from different ba
statesua& and uc&, i.e., A2 andB1, converge into one line a
D510. The splitting frequency~the Stark shift! Vs becomes
nearly 20, but slightly less than 20, as we can see from
double-peak spectra of the higher-order peaks nearD550
(C2 and D1) and 70 (D2 and E1). For Vv530, the Stark-
shift Vs exceeds the subband transition frequencyv0520
@see Fig. 3~e!#. The peaksA2 and B1, therefore, cross a
D510. As the laser field is increased further, the Stark s
Vs becomes a maximum, and then decreases@see Figs. 3~e!–
~g!#. Note that the width of the resonance lines increases
decreases in a complex manner as the laser field is increa

A simple physical interpretation of the above results
given in terms of the dressed-state model.16,17 As described
above, for the resonant case as our calculations (v5v0), we
can expect the spectrum with infinite doublets separated
an intervalV5Vv and with the frequency separation b
tween two adjacent doublets being the laser frequencyv.
The numerical results of the peak positions for the relativ
small amplitudes of the laser field (Vv,20) @see Figs. 3~a!–
~d!# exactly correspond to the spectrum which is predicted
the dressed-state approach. The spectrum for large am
tudes of the laser field (Vv.20), however, strongly deviate
from those expected from the dressed-atom approach.
may be due to the neglect of the counter rotating compon
of the laser field or, in other words, to the neglect of mu
photon coupling processes in the dressed-atom appro
within RWA.

We can also see in Fig. 3 that the suppression behavio

FIG. 3. Maximum transition amplitudeTmax vs D, the detuning
of the levelb from the levela, for various values of the laser field
amplitudeVv : ~a! Vv50, ~b! Vv55, ~c! Vv515, ~d! Vv520,
~e! Vv530, ~f! Vv554, and~g! Vv568.
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9234 56BRIEF REPORTS
the coherent electron oscillation~or suppression of transfe
rate T max between dots! at D50 as shown in Fig. 2. The
suppression of the maximum transfer rateTmax is due to the
level splitting caused by the laser field, i.e., the ac Stark s
of the energy states.Tmax gradually decreases as the las
field is increased. In contrast, we can also see in Fig. 3
Tmax is very small in the absence of the laser field atD510.
When the laser field is increased, however,Tmax gradually
increases, becomes a maximum when the splitting peakA2
and B1 converge into one peak, and then decreases and
creases again and so on. This behavior is summarize
Figs. 4~a!–~d!, which correspond to forD50, 10, 20, and
30, respectively. ForD50 and 20, we can see the suppre
sion behavior of the tunneling. On the other hand, the
hancement behavior of the tunneling against the laser fie
observed forD510 and 30. The enhancement behavior
the tunneling against the laser field is also observed
D550, 70, . . . @see Figs. 3~d!–~g!#.

Finally, we illustrate the normalized amount of the
Stark splittingVs /v against the normalized amplitude of th

FIG. 4. Suppression and enhancement behaviors of the tun
ing by the laser field:~a! D50, ~b! D510, ~c! D520, and ~d!
D530.
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laser fieldVv /v. The linear property of the ac Stark shift
supported insofar asVv /v<1. This property is expected
from the dressed-atom approach within RWA~see lineA).
For the strong laser fieldsVv /v>1, the ac Stark shift
strongly deviates from the dressed-atom approach and sh
the oscillatory behavior~line C). The central frequency o
the oscillation (V/v51) is shown by the lineB as a guide
to the eye. The ac Stark splitting shown in Fig. 5 is a u
versal property that does not depend on the parameters
in the numerical calculations wheneverv@k.

In conclusion, we have shown that the quantum tunnel
for the asymmetric coupled-quantum-dot structure can
suppressed or enhanced by means of coherent electro
netic excitation. The dynamical control of the quantum tu
neling is due to the splitting into doublets of the states t
are resonant or quasiresonant with the laser field, well kno
as the ac Stark~or light! shift. Furthermore, it was shown
that the amount of the ac Stark shift has an oscillatory
havior for the large amplitudes of the laser field, which is n
predicted from the conventional RWA for the matter-lig
interaction. The coherent tunneling between the asymme
dots presented in this paper may present a new schem
directly observe the dressed states, whereas the dressed
have not been directly observed and indirectly observed
fluorescent transitions or absorptive transitions in atomic
molecular systems.

This work was partially supported by a Grant-in-Aid fo
Scientific Research on Priority Areas from the Ministry
Education, Science, Sports and Culture~Grant No.
08217216!.
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FIG. 5. Normalized ac Stark shiftVs /v vs normalized laser
field amplitudeVv /Vv . Line A shows the ac Stark shift obtaine
by the RWA. C shows the numerical result of the ac Stark sh
without RWA. C oscillates around a center lineB (Vv /v51).
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