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We propose a new approach to producing the qubits in electron ballistic transport in low-dimensional struc-
tures such as double quantum wells or double quantum wires. Next, we examine the possibility to produce quantum
entanglement in the framework of the Jaynes–Cummings model and shown that at least in principle, the entangle-
ment can be achieved due to series of “revivals” and “collapses” in the population inversion due to the interaction
of a quantized single-mode EM-field with a two-level system.
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1. Introduction

It is well known that by the proper adjusting of the
double-quantum wire structure parameters, the system
can be designed in such a way as to produce, due to
the electron tunnelling across the structure, an assigned
transfer of the electron wave function between two wires,
while the ballistic electrons move along the wires. It gen-
erates the physical qubit which consists of two adjacent
quantum wires, while the logical state |0〉 would be de-
fined by the presence of a single electron in one of them
and the logical state |1〉 by the presence of the electron
in an another one [1–3]. We propose here a different ap-
proach, in which the qubit could arise as a result of quan-
tum entanglement of the symmetric and antisymmetric
states of electrons in the double quantum well (DQW)
structure. These states arising due to tunnelling across
the structure, while entanglement could be produced and
controlled by means of the source of non-classical light.

2. The model

We consider the DQW which interacts with classi-
cal source of light of the Hamiltonian of the Jaynes–
Cummings model (JCM):

Ĥ =
1

2
~ωσz + ~Ωa†a+ ~

(
a+ a†

)
(gσ+ + g∗σ−) , (1)

where the part 1
2~ωσz is the two-level Hamilto-

nian, ~Ωa†a corresponds to free-field Hamiltonian and
~
(
a+ a†

)
(gσ+ + g∗σ−) stands for interaction operator.

This model, despite its conceptual simplicity, exhibits in-
teresting and nontrivial features. Namely, it turns out
that the Rabi oscillations, which are the common feature
of two-level “atom” interacting with classical EM field,
are damped independently of the number of photons, a
result that is sometimes called “Cummings collapse” (see
Ref. [4] for details). However, for longer times, the sys-
tem exhibits a series of “revivals” and “collapses”, which
in our opinion, could be used to make the electrons in
DQW-structure to be entangled.

As the the DQW structure we choose the material
which can be produced on the basis of Si1−xGex/Ge-
heterostructure [5], where two Si-wells are separated by

the Si0.16Ge0.84-barrier of about 0.35 eV height. The pu-
rify of Si and Ge in such structure up to 1011 cm−3 or
even 1010 cm−3 is possible [6].

In Table I we present the results of our simulations for
different values of the well a and barrier b widths.

TABLE I

Table I. Results of simulations for different values of the
well a and barier b widths.

a b U0 ε1 ε2 ∆SAS ω × 1013

[nm] [nm] [eV] [eV] [eV] [eV] [Hz]
1 4 2 0.355 0.1188 0.1765 0.0577 8.7624
2 5 3 0.355 0.1039 0.1264 0.0225 3.4169
3 5 4 0.355 0.1087 0.1209 0.0122 1.8494
4 6 4 0.355 0.0779 0.1088 0.0309 4.6838

These simulations was performed for the following val-
ues of parameters: m∗well = 0.041me, m∗bar = 0.0594me

(here m∗well, m
∗
bar are the electron effective masses in the

well and in the barrier, respectively and me is the free
electron mass). The ε1 and ε2 correspond to the ener-
gies of two quantum levels arising due to splitting of the
ground states caused by the electron tunneling across the
barrier; ∆SAS is the splitting, U0 is the height of the bar-
rier, while ω is nothing else but ω = ∆SAS/~.

Fig. 1. The energy spectrum of Si0.16Ge0.84/Ge double
quantum well and the corresponding stationary wave
functions (colored dashed curves).
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In Fig. 1 we depicted the energy spectrum of our
DQW-structure which is composed of two quantum wells
of 8 nm width each and the barrier of 2 nm width.

In this case we have four quantum levels arising due
to tunneling across the barrier: ε1 ≈ 0.0552 eV, ε2 ≈
0.0734 eV, ε3 ≈ 0.227 eV and ε4 ≈ 0.286 eV. The cor-
responding splittings are equal: ∆

′

SAS = 0.0182 eV and
∆

′′

SAS = 0.0591 eV and the corresponding frequencies are:
ωSAS1 = 2.7711× 1013 Hz and ωSAS2 = 8.98× 1013 Hz.
The simulations were made by means of Piece-Wise Con-
stant Potential Barriers Tool [7]. In order to carry out
these simulations, we determined the widths of the suc-
cessive layers of which the DQW-structure is composed,
the values of electron effective mass within each layer as
well as the dependence of potential on the space coordi-
nate. The energy spectrum of DQW-structure and the
wave functions were calculated with the use of transfer
matrix method [8].

The results of electron concentration calculations in
the conduction band of Si, on base of which the DQW-
structure could be constructed, are presented in Fig. 2.

Fig. 2. Electron concentration in Si conduction band
vs. donor concentration Nd and the temperature.

Fig. 3. Layout of possible experiment: 1 — SET, 2 —
DQW (see text).

One can easily notice that the electron concentration
in the conduction band is n � 1 up to the temperature
of 80 K. Similar to [2], in order to inject the electrons
into DQW-structure one by one, we propose to use the
single-electron transistor (SET). The possible layout of
the structure is depicted in Fig. 3.

3. Entanglement

It is well-known that in order to create entangled states
out of product states one needs to have interactions. In
our case it is nothing else but the interaction of electron
in DQW structure with quantized EM field (photons).
This interaction can be described in terms of the Jaynes–
Cummings model. Using the basis of dressed states and
taking into account that the detunig is not necessarily
small, it is convenient to describe the dynamics of the
Jaynes–Cummings model in terms of probability of the
two-level system to be excited, or in terms of “population
inversion” (see [4, 9, 10]):

W (t) = (2)
∞∑
n=0

|α|2n e−|α|2

n!

(
∆2

Ω2
n

+
4g2(n+ 1)

Ω2
n

cos(Ωnt

)
,

where W (t) is the “population inversion” at t > 0,
Ωn =

√
∆2 + 4g2(n+ 1) is the Rabi frequency, ∆ is the

detuning which in our case is equal to ∆ = ∆SAS − ~Ω ;
we assume it to be ∆ ≥ 0; g is the strength of interaction
between the two-level system and radiation field, which
is also assumed to be greater than zero. Another impor-
tant parameter characterizing the model is |α|2, which is
nothing else but the initial number of photons at time
t = 0, before the interaction between two subsystems
(two-level “atom” and the photons) starts.

Analysing the dynamics of JMC in terms of probability
(2) of the two-level system to be excited, we have shown
that one can obtain the entangled states of the form
| Ψent〉 ≡ (β | 0〉⊗ | n〉+ γ | 1〉⊗ | n− 1〉) ,

with the coefficients β and γ which are equal

β = sin(ϑn/2) =
1√
2

(
Ωn(∆)−∆

Ωn(∆)

)1/2

,

γ = cos(ϑn/2) =
1√
2

(
Ωn(∆) +∆

Ωn(∆)

)1/2

,

where ϑn = arctan
(

Ωn(0)
∆

)
. These entangled states ap-

pear, for some periods of time, during the “revival” and

Fig. 4. “Revivals” and “collapses” in population inver-
sion in two-level system interacting with quantized EM-
field.
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“collapses” in population inversion in two-level system in-
teracting with quantized EM-field.

For the following values of parameters: ∆ = ω − Ω =
5 × 109 Hz, ω = 5 × 1012 Hz, g = 4.15 × 108 (CGS) we
obtain the following “revival” and “collapses”, see Fig. 4.

In order to carry out quantum computations we should,
at first, adjust the clock frequency of hypothetical quan-
tum computer to the “frequency” f = 1/T of series of
revivals and collapses.

4. Conclusions

The qubit would arise as a result of quantum entan-
glement of the symmetric and antisymmetric (with re-
spect to inversion symmetry) states of electrons in DQW-
structure. These states arise due to tunneling across
the structure, while entanglement could be produced and
controlled by means of the source of non-classical light.
We examined the possibility to produce quantum entan-
glement in the framework of JCM and have shown that at
least in principle, the entanglement can be achieved due
to some interesting phenomena related to JCM, namely
series of “revivals” and “collapses” in the interaction of
a quantized single-mode EM-field with a two-level sys-
tem. The other characteristic feature of the entanglement
which we propose to get in the ballistic transport in the
DQW-structure is that in accordance with our calcula-
tions, it can be achieved at relatively high temperature
of about 80 K. To our mind, the second advantage of the
proposed approach is that one could construct the quan-
tum register by means of single DQW, since the number
of quantum levels and hence, the number of symmetric
and antisymmetric states and in the consequence, the
number of qubits depends only on the depths of QWs
and their geometric characteristics. The initial number
of quantum levels in a single QW (when the tunneling
does not occur) cannot be made of course too great; it is
restricted by the available semiconductor materials and
it is very unlikely to be greater than four or five. Never-
theless, in this way one can get a small quantum register
by means of only the single DQW-structure.
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