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Abstract

®

CrossMark

Transfer and manipulation of coherence among the ground state and indirect exciton states
via tunneling in quadruple and multiple quantum dots is analyzed. By applying suitable
amplitudes and sequences of the pump and tunneling pulses, a complete transfer of coherence
or an arbitrary distribution of coherence of multiple states can be realized. The method, which
is an adiabatic passage process, is different from previous works on quantum dot molecules
in the way that the population can transfer from the ground state to the indirect exciton states
without populating the direct exciton state, and thus no spontaneous emission occurs. This
investigation can provide further insight to help the experimental development of coherence
transfer in semiconductor structures, and may have potential applications in quantum

information processing.
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(Some figures may appear in colour only in the online journal)

1. Introduction

Quantum coherence in atoms or semiconductor structures
with discrete energy levels lies at the heart of many interesting
phenomena. Atomic coherence resulting from laser fields and
atoms is responsible for many important physical effects, such
as coherent population trapping [1-3], electromagnetically
induced transparency [4—6], stimulated Raman adiabatic pas-
sage (STIRAP) [7-10] and Stark-chirped rapid adiabatic pas-
sage [11, 12]. On the other hand, atomic coherence can be
created by the incoherent processes of atoms such as sponta-
neous emission: this type of atomic coherence is called spon-
taneously generated coherence [13-17].

1612-2011/16/125205+10$33.00

Although atoms are excellent media for fundamen-
tal investigations of quantum coherence, they are rather
unsuited to practical applications because of the compli-
cated experimental setup [18]. The current trend is to study
similar effects in solid-state systems, such as semiconduc-
tor quantum dots (QDs). One advantage of QDs is that
their energy scales and physical features can be flexibly
designed, not only by the composition, but also by the exter-
nally applied voltages. The creation of quantum coherence
in QDs via laser fields has been demonstrated by several
groups [19-22]. The process, which is known as Rabi oscil-
lation, is a proof of the exciton qubit rotation. Furthermore,
two or more QDs coupled together can form quantum dot

© 2016 Astro Ltd Printed in the UK
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Figure 1. (a) The schematic of the setup of the QQDs. (b) The schematic of the level configuration of the QQDs.

molecules (QDMs). In QDMs, the tunneling between the
QDs can be used to induce quantum coherence. Vertical and
lateral types of QDMs can be experimentally fabricated by
the self-assembled dot growth method, and the number of
QDs per molecule can be controlled by the growth condi-
tions [23-31]. Additionally, theoretical and experimental
studies into generating and employing coherence in QDMs
[32-49] have been reported.

The STIRAP technique has proven to be a robust and
efficient way for complete or selective coherent population
transfer between two discrete states [7—10]. Via this process,
coherent control of the atomic system to a particular state
[50, 51] or coherent creation and manipulation of superpo-
sition states [52-55] can be obtained. Although coherent
population transfer in double quantum dots (DQDs) has also
been reported [56, 57], there is no investigation into transfer
and manipulation of coherence in QDMs. Therefore, in this
paper, we report a method to transfer and manipulate coher-
ence among the ground state and indirect exciton states of
quadruple quantum dots (QQDs) and multiple quantum dots
(MQDs) via groups of pump and tunneling pulses. By vary-
ing the amplitudes and sequences of pump and tunneling
pulses, we can obtain a complete transfer of coherence or
an arbitrary distribution of coherence among multiple states.
In the whole process, the population can transfer from the
initial ground state to the indirect exciton states without
populating the direct exciton state, and thus no spontane-
ous emission takes place. Furthermore, in such a system, the
tunneling pulses are controlled by the external voltage, so
unlike the process of STIRAP, no additional laser pulses are
needed.

2. Quadruple quantum dots

We consider lateral QQDs containing four self-assembled
InAs QDs, and the schematic of the setup of QQDs is shown
in figure I(a). Experimentally, such semiconductor struc-
ture can be fabricated by molecular-beam epitaxy, and the
number of QDs per molecule can be controlled by the InAs
growth conditions. In QQDs, each QD can have different
optical transition energies and can be optically addressable
with a resonant laser frequency. Additionally, by adjusting
the voltage bias, the electrons in QQDs can coherently tunnel

between the four dots. When the gate voltage is not applied,
the conduction-band electron energy levels are out of reso-
nance; therefore, the electron tunneling between the neighbor
QDs is quite weak. On the contrary, when the gate voltage is
applied, the conduction-band electron energy levels are reso-
nant; therefore, the electron tunneling between the neighbor
QDs becomes very strong. The hole tunneling is neglected
due to the off-resonance of the valence-band energy levels in
the latter.

Under the resonant coupling of a pumped laser field with
QD1, an electron is excited in QD1. Then, with the tunneling,
the electron can be transferred to other QDs. Thus, the QQD
structure can be treated as a five-level system (figure 1(b)): the
ground state |O>, where there are no excitations in any QDs; the
direct exciton state |1>, where the electron and hole are both
in QD1; the indirect exciton states \n> (n = 2,3,4), where the
hole remains in the first dot and the electron is in nth dot.

In the rotating-wave approximation, the expression of H(¢)
under the coupling of the pump and tunneling pulses can be
written as

0~ 0 0 0
—Qut) 6 B L) T
Hny=h| 0 -DH@) é6p—wn O 0 | (D
0 —Tx(1) 0 bp— w3 0
0 -T) 0 06— wis

Here, €,(¢) is the Rabi frequency of the pump pulse, and
Ti(t) (i = 2,3,4) are the tunneling pulses, which can be con-
trolled by varying the bias voltage. In the following calcul-
ations, Q,, and T; (i = 2,3,4) denote the peak value of the
pump and tunneling pulses, and all the pulses have the same
pulse duration 7. The energy splitting of the direct exciton
state |1) and ground state |0) is wio, and the energy split-
ting of the direct exciton state |1> and indirect exciton states
|i> (i=2,3,4)isw; = w — w; (i = 2,3,4), with fiw; being the
energy of the state |i > 0p = wyo — wp denotes the pump detun-
ing (wp is the frequency of the pump pulse). Additionally, in
QQDs the energy splitting wy; depends on the effective con-
finement potential and is much smaller than w;g. For simplic-
ity, 6, and wy; are time-independent.
At any time 7, the state vector can be written as
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(W) = ao(0)|0) + ai(n)|1) + ax(1)]2) + a3(t)|3) + aa(t)]4).
@)

The time evolution of the probability amplitude
A(t) = [ag(t), ai(t), ax(t), as(t), as()TF can be described by the
Schrodinger equation

d i
EA(I) = —gH(t)A(t) — A(@), 3)

where A is dissipative process, which contains two elements:
spontaneous decay process and pure dephasing. Substituting
equations (1) and (2) into equation (3), we can obtain the fol-
lowing dynamical equations for atomic probability amplitudes

in the interaction picture
iag = —Qpay, (4a)

ia = —Qpag — Day — Taz — Thas + (6, — iyDai, (4b)

idy = —Thar + (6p — w2 — ip)a, (4¢)
ids = —Ta; + (6, — wiz—ip)as, (4d)
ias = —Tya) + (6, — wi4—iv,)ay. (4e)

Here, v, = %1’}0 + 'yf.lo (i = 1 — 4)is the typical effective decay
rate, with T}y being the radiative decay rate of populations
from|i) — [0) and 75, being the pure dephasing rates.

In the following, we will investigate the transfer and
manipulation of coherence among ground state and indirect
exciton states of QQDs via multiple tunneling; therefore, the
time evolutions of population of each state and the coherence
dynamics between the ground state and indirect exciton states
are necessary. The density matrix element is

*
aiaj

. 5)

oy

If i=j, |p,| represents the time evolutions of population
B (i =0-4), while if i=j, |p;
dynamics.

In our calculations, the realistic values of QDM param-
eters are hlr34~ 1 —10meV, Ay, ~0.002 — 0.01 meV and
V=K== 10’3fy1 [42]. For simplicity, the pump-pulse
detuning and the energy splitting are supposed to be zero.
With these parameters the adiabatic condition can be fully
satisfied. Moreover, the initial population is assumed to be in
state [0), that is, ag(—00) = 1, a,(—o0) =0 (n = 1,2,3,4).

Our first aim is to transfer coherence among the ground
state and the indirect exciton states, and we show the corre-
sponding results in figure 2. The sequence of pump and tun-
neling pulses can be separated by three steps (Step-I, Step-1I
and Step-III: see figure 2(a)).

First, in the left column, Step-I prepares the coherence

between state |0) and state|2) by using the fractional-STIRAP
(F-STIRAP) among states |0), [1) and [2) [53]. With the

represents the coherence

pump pulse €2,(¢) and tunneling pulse T5(¢) (left column of
figure 2(a)), the system-state vector goes to

[W_1) = cos 6]0) — sin 6]2). (6)

Here, tan@ = Q,(¢)/Tx(¢), with 6 being the first mixing
angle. In this step, according to equation (5), the popula-
tion of the ground state |0) and indirect exciton state |2)
are |cos @]> and [sin O, respectively, while the population
in the direct exciton state |1> and indirect exciton states \3>
and |4) are zero, for [¥_) has no component of these three
states. Moreover, only the coherence |py,| is not zero, which
is |cos # sin §|. With the same value of 0, 1 and 75_y, at the
end of Step-L |[¥;) = (|0) —|2))/v/2; thus Py_; = P,_ = 1/2
and |pg,_j|= 1/2. As in the left column of figures 2(b) and (c)
reveals, half of the population is transferred from state |O> to
state |2>, and coherence| p02| rises from zero to 1/2.

Second, in the middle column, we transfer the coherence
from p, to py; in Step-II by using the STIRAP among states
| 1>, \2> and |3> The pulse sequences of tunneling 75(¢) and T5(¢)
are shown in the middle column of figure 2(a). During this
process, the probability amplitude of |0> is unchanged, while
the probability amplitude of |2> is changed to the superposi-
tion states of |2> and |3> Thus, the system-state vector goes to

[U_n) =[]0) — (cos p|2) —sinp3NI/N2. (7

Here, tan ¢ = T5(¢)/T5(¢) with ¢ being the second mixing angle.
In this step, the population Py = 1/2, P, i = |cos ¢[*/2
and P37H = |Sil’1 ¢|2/2, while P1,H = P4,H =0. And the
coherence  |pg,_y|=|cos olIN2, |Po3_u|=]sin ¢/\2  and
|p23_u|=|cos @sin 6], while the other coherence remains
zero. At the end of Step-II, \ILH> goes to (|0> +|3>)/\/§; thus
Py_y = Ps_i1 = 1/2 and |pg;_y|= 1/2. As can be seen in the
middle column of figures 2(b) and (c), the population in state

|2> is completely transferred to state |3>, and the population
in state |O> is unchanged. Meanwhile, the coherence between
state |0> and state |2> is fully transferred to that between state
|0) and state|3).

Third, in the right column, we transfer the coherence from
Po3 10 pgq in Step-III by using the STIRAP among states |1>,
3) and|[4). The pulse sequences of tunneling 73(¢) and Ty() are
shown in the right column of figure 2(a). During this process,
the probability amplitude of |0> is unchanged, while the prob-
ability amplitude of |3> is changed to the superposition states
of |3> and |4> In this case, the system-state vector goes to

i) =[]0) + (cos ¢[3) — sin p[4))]/V2. (8)

Here, tan ¢ = T5(¢)/T4(t) with ¢ being the third mixing angle.
In this step, the population Py = 1/2, P5_p = |cos ¢[*/2
and HlflII = \sin (p|2/2, while PlfllI = P27III =0. The
coherence | py;_yyy|=|cos NG | Pos—m|=[sin ¢/\2  and
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Figure 2. (a) The pump and the tunneling pulses, (b) the time evolutions of population P, (i = 0 — 4), (c) the coherence dynamics

. The

Pij

peak value of /€2, iy, iT; and hT, in three steps are all 4meV, T = 5ps, iy, = 0.01 meV and v, = 3, = 7, = 107,

|p34_m|=|cos Osinf|, while other coherence becomes
zero. At the end of Step-III, [¥_y) = (|0) —[4))/v/2; thus
Po_m = Py_m = 1/2 and |py,_y|= 1/2. So at last, the popu-
lation in state |3> is completely transferred to state |4> and
the population in state \O> is kept unchanged (right column of
figure 2(b)). At the same time, the coherence between state \O>
and state |3) is fully transferred to that between state |0) and
state [4) (the right column of figure 2(c)).

So during these three steps, the population in the ground
state can be transferred to the indirect exciton states, with-
out populating the direct exciton states. Most important, the
coherence transfer among the ground state and the indirect
exciton states can be obtained.

In the following, we will try to obtain the coherence trans-
fer by using the pump and tunneling pulses with the same
amplitudes, but the different sequences, and we show the
corresponding results in figure 3. The whole process can also
be separated into three steps and the pump pulse and tunneling
pulses are shown in figure 3(a).

The first step is the same as that in figure 2, therefore, at the
end of Step-1, |\II_1> = (|0> —|2>)/\/§, and half of the popula-
tion is transferred from state |O> to state \2> and coherence| p02|
rises from zero to 1/2 (left column of figures 3(b) and (c)).

Second, in Step-II, we use STIRAP among states |O>,
|1> and |3> by applying the pump and tunneling pulses €2,(¢)
and 73(¢) (middle column of figure 3(a)). During this pro-
cess, the probability amplitude of |2> is unchanged, while
the probability amplitude of |0> is changed to the superposi-
tion states 0f|0> and |3> In this case, the system-state vector
goes to

[W_yr) = [(cos $|0) — sinp[3)) —|2)1/4/2. 9)

Here, tan ¢ = Q,(¢)/T3(t) with ¢ being the second mixing
angle. At the end of Step-IL, [¥_y1) goes to (—|2) —|3>)/\/§.
As can be seen in the middle column of figure 3(b), the popu-
lation in state |O> is completely transferred to state |3> and
the population in state |2> is unchanged. However, the middle
column of figure 3(c) reveals that the coherence | P02711| and
| p037H| both decreases to zero at the end of Step-11.

Third, in Step-III, we use STIRAP among states |0), |1)
and |4> by applying the pump and tunneling pulses €2,(¢) and
Ty(¢t) (right column of figure 3(a)). Since the initial system-
state vector is (—|2) —|3))/v/2 and all of the population is in
states |2> and |3> the state vector remains the same and no
population is transferred. As can be seen in the right column
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Figure 3. (a) The pump and the tunneling pulses, (b) the time evolutions of population P, (i =0 — 4), (c) the coherence dynamics ‘pl-j‘. All

the parameters are the same as those used in figure 2.

of figures 3(b) and (c), during this last step, the population of
each state is unchanged; therefore, all the coherence |P02 p03|
and | p04| remains zero.

Comparing the results in figures 2 and 3, it can be con-
cluded that the different pulses sequences may result in the
different population and coherence distribution, although the
amplitudes of the pump and tunneling pulses are the same.

Our next aim is to control the coherence distribution in
QQDs. In figure 4, we use the pulses with the same pulses
sequences as in figure 2, but with different pulse amplitudes.
The whole process can be separated by three F-STIRAP steps,
and as in the above analysis, the system-state vector in each
step can be easily obtained. These are

[W_1) = cos 0]0) — sin6]2),

g

(10a)

[W_i1) = cos 6]0) — sin B(cos ¢[2) — sin¢|3)), (10b)

[W_py;) = cos 0]0) — sin 0[003 ¢[2) — sin ¢(cos ¢|3) — sin @\4»],

(10c)
where tan 6 = Q,(1)/T(t), tan¢ = Tr(t)/Tx(t), and tanp =
T;(2)/Ty(t). Correspondingly, the amplitudes of population and
coherence in each step can be obtained by equation (5) and are
relative to the three mixing angles 6, ¢ and (.

First, in the left column, Step-I prepares the coherence
between state |0) and state [2) by using the first F-STIRAP
among states |0), |1) and |2). The ratio of the peak value
and T_1 is V3 (left column of figure 4(a)). As can be seen
from the left column of figures 4(b) and (c), at the end of the
step, the population in state |0> decreases from 1 to 1/4, while
the population in state |2> increases from O to 3/4. Meanwhile,
the coherence | p0271| rises from zero to </3 /4.

Second, in the middle column, we distribute the obtained
coherence to pg,, py; and p,; in Step-II by using the second
F-STIRAP among states [1),|2) and |3). The ratio of the peak
value T>_yy and T3_qy is J2 (middle column of figure 4(a)).
As can be seen in the middle column of figure 4(b), some
of the population in state [2) is transferred to state |3) dur-
ing Step-1I, with the final value of them being P, = 1/4
and P;_y = 1/2, respectively. The population in state |0> is
unchanged. Meanwhile, the coherence between state |O> and
state|2)is distributed among states |0),|2) and|3), with the final
value of them being|py,_y|= 1/4 and|py;_y|=|ps3_u|= v2/4
(middle column of figure 4(c)).

Third, in the right column, we distribute the coher-
ence among the desired states in Step-III by using the third

F-STIRAP among states |1), [3) and |4). The ratio of the
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Figure 4. (a) The pump and the tunneling pulses, (b) the time evolutions of population P, (i = 0 — 4), (c) the coherence dynamics

Pij

Q1 = 4meV, Ty =(4/ V3)meV, il = 4meV, El_y = (42 )meV, AT = 4 meV and ATy = 4 meV. Other parameters are the

same as those used in figure 2.

peak values Tz3_y and Ty are the same (right column of
figure 4(a)). In this last step, half of the population in state
|3> is transferred to state \4>; thus the population is equally
distributed among the four states |O> 2>, 3> and |4> and state
|l> is empty during the whole process (the right column of
figure 4(b)). Furthermore, as the right column of figure 4(c)
revealed that the coherence of py; and p,; transferred to
that of py,, py, and p;,, the coherence is equally distributed

to the coherence among the ground state |O> and the three
indirect exciton states |2), |3) and |4), with the entire value
pij,m‘: 174 (i,j = 0,2,3,4; i <j). So by using three
F-STIRAP processes and choosing the suitable value of the
amplitude of the pump and the tunneling pulses, we success-
fully distribute the coherence among the desired states, and
the results coincide with the coherence amplitude equations.

Then, we will show that the coherence distribution can also
be achieved by other pulse sequences. In figure 5, we use the
pulses with the same pulses sequences as that of figure 3, but
with the different pulse amplitudes. The whole process can
also be separated by three F-STIRAP steps; thus the system-
state vectors in each step are

being

[W_1) = cos 0]0) — sin6]2), (11a)

[W_y1) = cos f(cos ¢|0) — sinp[3)) —sinb|2). (11b)

[W_pp1) = cos H[COS ¢(cos ¢|0) — sin @\4))— sin ¢\3>]

— sind)2), (11¢)

where tan 0 = Qu(1)/Ta(t), tan ¢ = Qu()/T3(¢), and tanp =
Qp(t)/T4(t). Correspondingly, the amplitudes of population
and coherence in each step can be obtained by equation (5)
and are relative to the three mixing angles 6, ¢ and (.

First, in Step-I, the ratio of the peak value Q,_; and T>_;
used in the first F-STIRAP process is 1/\/§ , as shown in
the left column of figure 5(a). Thus, the population in state
|0) decreases from 1 to 3/4, while the population in state [2)
increases from zero to 1/4. Meanwhile, the coherence | p02_1|
rises from zero to v/3 /4 at the end of the step (left column of
figures 5(b) and (c)).

Second, in Step-II, we distribute the obtained coherence to
Pop» Po3 and p,3, and the ratio of the peak value €2,y and T3y
used in the second F-STIRAP process is 1/+/2 (middle column
of figure 5(a)). As shown in the middle column of figures 5(b)
and (c), some of the population in state |0> is transferred to state
|3) with the value of them being Py_yy = 1/2 and Ps_y; = 1/4,
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Figure 5. (a) The pump and the tunneling pulses, (b) the time evolutions of population P, (i = 0 — 4), (c) the coherence dynamics

Pij

Yy, 1= (4/ J3)meV, K1 =4meV, i), i1 = (4/ V2 )meV, ATy = 4meV, i), i = 4meV and AT, _y; = 4 meV. Other parameters are

the same as those used in figure 2.

respectively. Meanwhile, the coherence value among states
10).]2) and (3 ) is | pg, | =|po3 1| = V2/4 and |P23—n|= 1/4.
Third, in Step-III, we distribute the coherence among the
desired states by using the third F-STIRAP process. The
ratio of the peak value €2,_yy and T4 _yyy are 1 (right column of
figure 5(a)). In this situation, some of the population in state \O>
is transferred to state \4>, and finally all the ground state |0> and
the indirect exciton states |2),|3) and |4) have an equal popula-
tion (the right column of figure 5(b)). Also, as the right column

of figure 5(c) reveals, the coherence is distributed equally to

pym| (i = 0,2,3,4; i < j), with the value being 1/4.

Comparing the results in figures 4 and 5, it can be con-
cluded that by applying suitable amplitudes of the pump and
the tunneling pulses, even when the pulse sequences are dif-
ferent, the equal distribution of population and coherence
among the ground state and the indirect exciton states is
possible.

3. Multiple quantum dots

To obtain a general case, the MQDs are also analyzed. The
number of QDs is N and it can be controlled by the growth
conditions. In MQDs each QD can have different optical

transition energies and can be optically addressable with
a resonant laser frequency. By adjusting the voltage bias,
the electrons in MQDs can coherently tunnel between the
dots, and the hole tunneling is neglected. Under the reso-
nant coupling of a pumped laser field with QD1, an elec-
tron is excited in the latter. Then, with the tunneling, the
electron can be transferred to other QDs. Thus, the MQDs
can be treated as an N+ 1 level system (figure 6(b): the
ground state |O>, where there are no excitations in any QDs;
the direct exciton state |1> where the electron and hole are
both in QD1; the indirect exciton states |n> n=2,3,..,N),
where the hole remains in the first dot and the electron is in
the n-th dot.

The expression of H(?) in the rotating-wave approximation
can be written as

0 Q0 0 .. 0
—0 & DO . —Ty0)
Ho=h| o (12)

—T(1) 6p—w12 0
0 —Tn() 0 . 6p—w1N

Here, €Qp(f) is the Rabi frequency of the pump pulse,
T.(t) (n =2,3,...,N) are the tunneling pulses, which can



Laser Phys. Lett. 13 (2016) 125205

S-C Tian et al

(@)

®)
: - )
o [0 5, 1re
12) ; e o
3) LI

Figure 6. (a) The schematic of the setup of the MQDs. The pump pulse transmits QD 1. (b) The schematic of the level configuration of the

MQDs.
First Step Second Step (N-1)-th Step
1) 1) )
Tz(t) I W Tz(l) T3(i_ W T\—l(i TN%
@ (20| T3 P T B o M
|0)—— |0)}— |0)—
1) 1) )
Tz(l) _ T Ta(i_ W TN%
® o) Ty P M e, B o0 = WU
0)—— |0)}—— |0)——

Figure 7. The pump and the tunneling pulses. (a) The first case; (b) the second case.

be controlled by varying the bias voltage. The energy
splitting of the direct exciton state |1> and ground state
|0> is wyg, and the energy splitting of the direct exciton
state [1) and indirect exciton states |n) (n =2,3,..,N) is
Wiy = Wy — wy, (n=2,3,...,N), with fw; being the energy of
the state n (n = 2,3,...,N). §, = wip — wp denotes the pump
detuning (wy, is the frequency of the pump pulse). At any time
t, the state vector can be written as
N
(W(1)) = >~ an@®)|n). (13)
n=0

Additionally, the time evolution of the probability ampl-
itude is A(t) = [ao(t), a\(t), ..., ay(t)]'. From equation (3), the
dynamical equations for atomic probability amplitudes in the
interaction picture are

iao = —pa, (14a)
N
ia) = —Qpao — Y Tha, + (6, — ipa, (14b)
n=2
ian = —1ya + (6p — Win — i’yn)an’ (n = 2’ 39 ’N) (14C)

where v, = %1"”0 + 730 (n=1,2,..,N) is the typical effec-
tive decay rate, with I}y being the radiative decay rate of

populations from |n> - |0> and 720 being the pure dephas-
ing rates. The initial population is assumed to be in state |0>,
which means ag(—o) =1, a,(—0)=0(n=1,2,...,N).

The creation and transfer of coherence in MQDs can be
obtained by applying several sequences of pump and tun-
neling pulses. Here, we use N — 1 F-STIRAP processes. The
sequence of the pulses can have many possibilities, but here
we just give two cases for example.

The first case is shown in figure 7(a), which is similar to
figure 4(a). It can be seen that 2,(¢) is only used in the first
step, Ty(t) is only used in the last step, and the other tun-
nelings T,(t) (n = 2,3,...,N — 1) are used in both (n — 1)th
and nth steps. T»(¢) precedes €2,(¢) in the first step, and they are
switched off simultaneously. And 7, 1(¢) precedes T,(¢) in nth
step, where n = 2,3, ..., N — 1, and also two tunneling pulses
are switched off simultaneously in each step. By using the first
F-STIRAP process, the coherence between states |0) and |2)
can be created. After other N — 2 F-STIRAP processes, the
final state vector goes to

N—1
|\If> = cos 01|0> + Z(fl)”’lsinel sin@, - - - sin,_1 cos 0n|n>
n=2

+ (=D sinysin 6, - - - sinOy_,sinOy_1|N),  (15)
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where, 0 = Q,(t)/Tx(t) and 0, = T,()/T,+1(t) (n = 2,3, ...,N — 1).
Using equations (5) and (15), the coherence dynamics
between the ground state and indirect exciton states can be
calculated. Thus, by applying the suitable amplitudes of the
pump and the tunneling pulses, the arbitrary distribution of
coherence can be obtained. For example, equal distribution
can be obtained by using the following peak value,
T,=Ty/[N—(n — D> (n=2,3,...,N — 1) in the (n — 1)-th
step, T, =Ty (n=2,3,...,N) is the nth step, and 2, = Ty.

Then we show the second case in figure 7(b), which is
similar to figure 5(a). In this case, {2,(¢) is used in all N — 1
steps, and T,,(¢) (n = 2,3, ..., N) is used in (n — 1)-th step. In
each step T,(t) (n = 2,3,...,N) precedes €)(¢), and they are
switched off simultaneously. The coherence between states
|0) and |2) can also be created by the first F-STIRAP process.
Then, after other N — 2 F-STIRAP processes, the final state
vector goes to

|\Il> =cos0;cos by - - - cos 0N,1|0> — sin 91\2>

N
— > cosb;---cosb, osin Gu—1|n), (16)
n=3

where, 0, = Qp(t)/T,11(t) (n = 1,2,..,N —1). Using equa-
tions (5) and (16), the coherence dynamics between the
ground state and indirect exciton states can also be cal-
culated. Therefore, the arbitrary distribution of coher-
ence is possible by using suitable amplitudes of the pump
and tunneling pulses. For instance, equal distribution can
be obtained by using the following peak value, which is
Qp=Tv//N—n (n=1,2,..,N — 1) in nth step, and all the
tunneling pulses have the same value 7, = Ty (n = 2,3, ..., N).

4. Conclusions

In this paper, we have theoretically demonstrated that it is pos-
sible to transfer and manipulate coherence among ground state
and indirect exciton states in QQDs and MQDs via multiple
tunneling pluses. We show that with the same amplitudes of
the pump and the tunneling pulses, different pulse sequences
may result in the different distribution of population and
coherence, and on the other hand, with suitable amplitudes
of the pump and tunneling pulses, different pulse sequences
can still lead to the same equal distribution of population and
coherence. Moreover, in the whole process the system-state
vector has no component of the direct exciton state; thus no
population occupies this state and no spontaneous emission
occurs. Such semiconductor nanostructures have essential
applications in quantum information processing based on the
coherence effect, such as slow-light storage, quantum logical
gates, and so on.
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