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Abstract. We investigate charge dynamics in a two-electron double quantum dot. The
quantum dot is manipulated by using a time-dependent external voltage that induces charge
oscillations between the dots. We study the dependence of the charge dynamics on the external
magnetic field and on the periodicity of the external potential. We find that for suitable
parameter values, it is possible to induce both one-electron and two-electron oscillations between
the dots.

1. Introduction

The search for a working realization for a quantum bit has been going over a decade. The
proposal of Loss and DiVincenzo of using spin of a single electron trapped in a quantum dot [1]
has been one of the most popular candidates for a qubit. Also a setup of spins of two electrons
in a quantum dot has been studied. The quantum dot confinement potential may be realized
by surface acoustic waves, where a single or several electrons are trapped in a surface acoustic
minimum. The electrons move along the surface acoustic wave, making possible a realization of a
flying qubit [2, 3, 4]. Recently Kataoka et al. [5] observed coherent dynamics of a single-electron
wave function in a surface acoustic wave quantum dot. When the electron in a moving quantum
dot enters a region with different confinement potential, the sudden change in the potential
induces excitations into the higher energy states. This causes tunneling of electrons into an
adjacent empty channel. The charge in this channel causes a measurable current. The rapid
control of external gate voltage in two-electron double quantum dots has been demonstrated by
Petta et al. [6, 7].

Motivated by these experiments, we study numerically charge dynamics in two-electron
quantum dots operated in a similar fashion. Our studies show that charge dynamics may be
manipulated by choosing suitable values for parameters.

2. Model and Method

We model the system with two-electron Hamiltonian
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where the confinement potential (illustrated in Fig. 1) is

V (r) =
h̄

2
ω2[x2

− λ tanh(x/δ)x − dx] +
h̄

2
ω2y2. (2)
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Here d is the detuning parameter, which describes the linear dependence of the potential on the
x-coordinate and has length as its unit. The confinement strength is h̄ω= 3 meV, δ=10 nm,
and the two potential minima are at points x = ±L, y = 0 if we set

λ = Lδ/[L(1/ cosh2(L/δ)) + δ tanh(L/δ)]. (3)

We initialize the system so that both electrons are in the same potential minimum. This
is done by setting the position of the potential minima to L=80 nm and the initial value for
the detuning parameter d=4.6 nm (dashed line in Fig. 1), creating a ground state where both
electrons are in the right dot (see Fig. 2). Then, we lower the detuning in 5 ps to d=1.1 nm and
simultaneously move the positions of the potential minima to L=40 nm (solid line in Fig. 1).
For these values, the ground state of a single electron in the right dot is degenerate with the first
excited state of a single electron in the left dot (see Fig. 3). Hence, charge oscillations between
the two dots are now possible.

If the detuning parameter is lowered to d=0 nm instead of 1.1 nm, the two-electron ground
states become degenerate in both dots. This enables the oscillation of both electrons between
the dots. We also simulate a scheme with oscillating detuning d=2.8 nm+1.8 nm × cos(2πt/τ),
where the period τ has values between 28 ps and 66 ps.

For numerical analysis of the problem, we discretize the four-dimensional Schrödinger
equation using finite difference method. We solve the ground state of the system using Lanczos
diagonalization. The time evolution ψ(t+ ∆t) = exp(−iH∆t/h̄)ψ(t) is calculated using Krylov
subspace methods [8, 9].

−150 −100 −50 0 50 100 150
−30

−20

−10

0

10

20

30

x (nm)

V
 (

m
eV

)

Figure 1. The confinement
potential with L=80 nm,
d=4.6 nm (dashed) and with
L=40 nm, d=1.1 nm (solid).
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Figure 2. The initial
charge density when the
whole charge is in the ground
state of the right dot.
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Figure 3. Charge density
when half of the charge is in
the excited state of the left
dot.

3. Results and Discussion

We study the effect of detuning on the charge oscillations using several detuning values,
illustrated in Fig. 4. We sweep the detuning from 4.6 nm to its final value in 5 ps, and after that
keep the detuning constant in a zero magnetic field. For zero detuning, both electrons oscillate
between the dots with period τ ≈ 300 ps, as the ground states containing two electrons in one
dot are degenerate. When the final detuning is changed to 0.35 nm, the charge dynamics changes
completely, only a fraction of the charge goes to the other dot. This is due to the fact that now
the two-electron ground states in the dots are not degenerate. When the final detuning is raised
to 0.7 nm, more charge is moving to the other dot. When the final detuning is 1.1 nm, we have
a situation where the first excited state of one electron in the first dot is degenerate with the
ground state of two electrons in the second dot. Now one electron oscillates between the dots
with significantly faster oscillations than in the case of degenerate ground states in the dots,
having a period τ=20 ps. Using this detuning, it is possible to induce faster charge dynamics.
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The switching speed of the detuning (5 ps) is chosen so that the behavior of the charge
dynamics is sufficiently smooth. If the switching is done in shorter time, the overall dynamics
is similar, but shorter scale oscillations with a small amplitude emerge. This phenomenon is
depicted in Fig. 5, where we have calculated the dynamics corresponding to the uppermost
curve in Fig. 4 using switching times between 1 and 5 ps. The amplitude of the shorter scale
oscillations increases slightly with decreasing switching speed, but the period and amplitude of
the longer scale oscillations remain the same.
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Figure 4. Charge dynamics for constant
detuning parameters from down to up
d=0 nm (blue), 0.35 nm (red), 0.7 nm (black),
and 1.1 nm (green). The detuning was
switched in 5 ps. Adjacent curves below the
uppermost are offset by -1 for clarity.
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Figure 5. Charge dynamics for zero
magnetic field and detuning d=1.1 nm for
different detuning switching times: τ=1 ps
(blue), 2 ps (red), 3 ps (green), 4 ps (black),
and 5 ps (magenta).

Next, we apply an oscillating detuning potential and also a non-zero magnetic field. The
Zeeman term in the Hamiltonian (Eq. (1)) is small compared to the exchange energy, and the
electrons remain in the S = 0 state. We use two different periods for the detuning voltage,
namely τ=33 ps (Fig. 6) and τ=66 ps (Fig. 7). In Fig. 6, one can see that for small magnetic
fields there exists a slower oscillation in a 200 ps timescale, and a faster oscillation having the
same period as the detuning voltage. When the magnetic field increases to 0.3 T, the one-
electron states in the dots are not degenerate anymore. Consequently, the charge oscillations
have smaller amplitude. For a stronger magnetic field of 1 T, we find that the shorter scale
oscillations are damped, but the longer scale oscillations have now larger amplitude. In Fig. 7,
same parameters are used as in Fig. 6, only with the exception that the detuning oscillation
period is now two times as long. The resulting charge oscillations are nonetheless quite different.
The shorter scale oscillations have now a smaller amplitude, and the charge dynamics is now
determined by the longer scale oscillations. For zero magnetic field, the charge stays mainly in
the other dot. Only momentarily there is a significant net charge in the other dot. For magnetic
field value 0.03 T, the oscillations are completely different. Now the one-electron charge moves
completely to the other dot and back, having a period around 800 ps. When the magnetic field
values increase, the longer scale oscillations vanish as the system is not degenerate anymore. The
shorter-scale oscillations dominate the dynamics, which becomes more chaotic with increasing
magnetic field. We also studied other periods for the detuning, but for values that where not
multiples of 33 ps in zero magnetic field, we did not observe any longer scale oscillation, and the
charge dynamics was more chaotic. Obviously, for period 33 ps we have a kind of eigenfrequency
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for the system, although the period differs from the period 20 ps of the oscillations in the case
of a constant detuning parameter in Fig. 5.
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Figure 6. Charge dynamics for detuning
oscillation period τ=33 ps, detuning 1.1 nm
and different magnetic fields from up to down:
B=0 T (green), 0.03 T (blue), 0.05 T (red),
0.3 T (black), and 1 T (cyan). Adjacent
curves after the first are offset by -1 for clarity.
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Figure 7. Charge dynamics for detuning
oscillation period τ=66 ps, detuning 1.1 nm
and different magnetic fields from up to down:
B=0 T (green), 0.03 T (blue), 0.05 T (red),
0.3 T (black), and 1 T (cyan). Adjacent
curves after the first are offset by -1 for clarity.

4. Summary

In this work, we studied charge dynamics in a two-electron double quantum dot. We found
parameters for controlling the detuning voltage that enable charge oscillations between the dots.
By calculating numerically the two-electron dynamics, we observed two different oscillations, a
slow oscillation of two unit charges and a rapid oscillation of a single unit charge between the
dots. The time used in switching the detuning to a constant value did not affect the charge
dynamics. For oscillating detunings, regular and chaotic dynamics were found.
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